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ABSTRACT: Fine particulate matter (PM, ) is a key indicator of

urban air quality. Secondary organic aerosol (SOA) contributes NO

substantially to the PM,; concentration. Discrepancies between OGH.

modeling and field measurements of SOA indicate missing sources VY . C,H,0,

and formation mechanisms. Recent studies report elevated )v/ RO.* g":"%‘ﬁfg’) B
concentrations of reactive chlorine species in inland and urban N 7 c:HzCI‘_z(tgﬁ'(z)z)',_,oz
regions, which increase the oxidative capacity of the atmosphere o

and serve as sources for SOA and particulate chlorides. Chlorine- -

initiated oxidation of isoprene, the most abundant nonmethane (CINO,, HCI, Cl,...) SOA

but the effects of anthropogenic influences in the form of nitrogen

oxides (NO,) remain unexplored. Here, we investigate chlorine—

isoprene reactions under low- and high-NO,, conditions inside an

environmental chamber. Organic chlorides including C;H;,ClO;, C;HyClIO;, and CsHyClIO, are observed as major gas- and particle-
phase products. Modeling and experimental results show that the secondary OH—isoprene chemistry is significantly enhanced under
high-NO,, conditions, accounting for up to 40% of all isoprene oxidized and leading to the suppression of organic chloride formation.
Chlorine-initiated oxidation of isoprene could serve as a source for multifunctional (chlorinated) organic oxidation products and
SOA in both pristine and anthropogenically influenced environments.

)
hydrocarbon, is known to produce SOA under pristine conditions, !

KEYWORDS: secondary organic aerosol (SOA), chlorine chemistry, isoprene chemistry, anthropogenic—biogenic interactions,
reactive chlorine compounds, organochlorides

H INTRODUCTION heights contributing to increased concentrations. Under typical
ambient conditions, ClI concentrations are thought to range

3, one or several orders of
1 20-22
)

Air pollution causes millions of premature deaths each year
globally." In particular, exposure to fine suspended particulate
matter (PM with a diameter of 2.5 um or smaller), or aerosol,
is shown to be a leading cause of increased morbidity and
mortality' * and is expected to worsen for urban popula-
tions.”® Aerosol can be primary (i.e., directly emitted) or
secondary (e.g, produced from atmospheric chemical
processes). Ample evidence shows that secondary organic
aerosol (SOA) can contribute substantially to total fine aerosol
mass,” but the exact contribution by SOA remains highly
uncertain. Numerous studies have reported the under-
estimation of SOA by air quality models,”®~'% necessitating a
better understanding of SOA sources and formation processes.

In addition to oxidation chemistry driven by ozone (O;),
hydroxyl radicals (OH), and nitrate radicals (NO,), chlorine
radical (Cl) chemistry has been shown to substantially

from 10 to 10° molecules cm™
magnitude lower than concentrations of the OH radica
10° molecules cm™3. However, Cl sources tend to be
spatiotemporally localized, with maximum concentrations
reaching ~10° molecules cm™3.>*7% Elevated levels of reactive
chlorine species, such as molecular chlorine (Cl,), hydro-
chloric acid (HCI), hypochlorous acid (HOCI), and nitryl
chloride (CINO,), have been observed in the ambient
atmosphere,' "' >'7**7** with CINO, concentration reaching
as high as 8 ppbv.*" CINO, is produced heterogeneously via
the reactive uptake of dinitrogen pentaoxide involving chloride
(CI")-containing particles.32’33 CINO, accumulates at night
and rapidly photolyzes in the early morning to produce Cl
radicals and nitrogen dioxide (NO,). CINO, and CI

contribute to the atmospheric degradation of anthropogenic Received:  October 20, 2021
emissions,'”'* inorganic aerosol formation,"’ and secondary Revised: ~ May 23, 2022
organic aerosol formation (SOA).'” These impacts have been Accepted:  May 24, 2022

the strongest during wintertime in polluted urban environ- Published: June 14, 2022

12,1319 7. . . L
ments, likely due to increased combustion activities,
increased biomass burning, and lowered boundary layer
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productions are heavily influenced by anthropogenic activities
and are known to occur in coastal, industrial, and urban
regions.'¥****3>3% Modeling studies show that CI chemistry
can dominate the early morning organic peroxy radical
production and increase the oxidative capacity by enhancing
the production of hydrogen oxide radicals (HO,) and
ozone.'”*’7**3* Non-negligible levels of CINO, and molecular
chlorine (Cl,) have also been reported well into mid-
day.'"**7*>3% Furthermore, the use of chlorine-containing
products such as cleaning solutions could be a significant
source of indoor air pollution (e.g, hundreds of ppbv of
reactive chlorine species and ~10’ molecules cm™ of CI
radicals) and a health threat to building occupants.®~*" All
told, the impact of Cl chemistry on air quality and health may
be more pervasive than previously thought.'”~'%%2¢2%4!

Despite recent advances, significant knowledge gaps remain
regarding the source, oxidation chemistry, reaction products,
and the fate of reactive chlorine species.'”** Cl-initiated SOA
production from biogenic (e.g., a-pinene, isoprene, d-
limonene) and anthropogenic (e.g., alkanes, toluene, polycyclic
aromatic hydrocarbons) volatile organic compound (VOC)
precursors have been reported in environmental chamber
studies.*>** 7% Cl oxidation products have been observed in
the gas and particle phases under ambient conditions,”
notably isomers of 1-chloro-3-methyl-3-butene-2-one
(CH.CIO), ie., “CMBO”, a well-known tracer for Cl—
isoprene chemistry.”>>'~>* Isoprene (2-methyl-1,3-butadiene,
CsHg) is the most abundantly emitted biogenic nonmethane
hydrocarbon with an annual emission rate of roughly 500 Tg.>
Globally, vegetation accounts for over 90% of isoprene
emission,”® but anthropogenic isoprene sources such as traffic
emissions could become important in urban environments,
especially during winter months when biogenic emissions are
low.>’ =" Isoprene chemistry has far-reaching implications for
air quality,60 climate,’’ and health.®” Under most ambient
conditions, OH radicals are the dominant sink for isoprene.42
OH—isoprene oxidation initiates via OH addition to the less
substituted terminal carbons (i.e, ~70% to C; and ~30% to
C,) followed by a reversible O, addition.** The resulting RO,
radicals can undergo termination reactions with hydroperoxyl
radicals (HO,) to form isoprene hydroxyhydroperoxide
(ISOPOOH, CiH,,0;), undergo isomerization reactions, or
react with nitrogen oxide (NO). ISOPOOH can further react
with OH radicals to form either isoprene epoxydiol (IEPOX,
CsH,00;), which can undergo acid-catalyzed reactive uptake
reactions,”>™®® or a dihydroxy hydroperoxy peroxy radical
(CsH;,Og), which can produce highly functionalized, low-
volatility reaction products.”~"* Due to its fast reaction rate
coefficient with OH radicals (~1 X 107'® cm® molecules™ at
298 K), isoprene could act as a OH scavenger and suppress
SOA formation from other VOCs, such as monoterpenes and
aromatics.”*~7¢

The reaction rate coeflicient of Cl with isoprene is 4.1 X
107" cm® molecules™ at 298 K, roughly 4 times higher than
that of OH with isoprene.**”””® Cl—isoprene reaction occurs
via Cl addition (85%) and H-abstraction (~15%).°"%°
Quantum chemical calculation suggests that Cl addition favors
terminal carbons, C; (36.9%) and C, (45.7%) present on the
double bonds, with H-abstraction favoring tertiary hydrogen.”
Theoretical calculations also suggest that the RO, radicals
produced from Cl-C, addition could undergo rapid intra-
molecular H-shift (0.2 s™"), allowing for further O, addition via
the autoxidation mechanism,*® which is rapid enough to
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compete with reactions with NO (1.4 s™') and termination
with HO, radicals (0.02 s™') under typical ambient
conditions.””” Given the high abundance of isoprene and
the localized, elevated reactive chlorine concentrations, Cl—
isoprene oxidation could be a significant source of SOA and
highly oxygenated organic molecules (HOMs).”® Our previous
study shows that the Cl-initiated oxidation of isoprene under
dry, low-NO,, conditions produces multifunctional chlorinated
and nonchlorinated oxidation products based on gas-phase
chemical ionization mass spectrometry (CIMS) measure-
ments.”> Formation of particulate organic chlorides was
expected based on the gas-phase composition but could not
be directly verified at the time using aerosol chemical
speciation monitor (ACSM) measurements alone. Similarly,
little is known about Cl—isoprene chemistry under high-NO,
conditions beyond the composition of first-generation gas-
phase products.”"””*!

In this study, we investigate the chlorine-initiated oxidation
of isoprene under low- and high-NO, conditions in the
presence of neutral or acidified seed particles through a series
of environmental chamber experiments. We show the
formation of multifunctional gas-phase products and, for the
first time, SOA production from Cl—isoprene reactions under
high-NO, conditions. Using the Filter Inlet for Gasses and
AEROsols (FIGAERO)-CIMS, we were able to confirm the
presence of organic chloride in Cl—isoprene SOA produced
under both low- and high-NO, conditions. Our experimental
and modeling results show that the presence of NO,
significantly enhances secondary OH chemistry during Cl—
isoprene oxidation, resulting in the formation of products
typically attributed to OH—isoprene chemistry.

B MATERIALS AND METHODS

Experiments were performed in a temperature-controlled 10
m® Teflon environmental chamber operated in batch mode at
room temperature.82 Molecular Cl, (Airgas, 100.3 ppm in N,)
was injected into the chamber as the CI precursor. For high-
NO, experiments, NO (Airgas, 97.7 ppm in N,) was injected
into the chamber. Isoprene injection was performed by flowing
dry, zero air supplied by a clean air generator (Aadco, 737R)
over microliters of isoprene liquid (Acros Organics, 98%)
placed inside a glass sampling tube (Kimble-Chase, 250 mL).
Seed particles were generated using either an aqueous 0.05 M
ammonium sulfate ((NH,),SO,) or an aqueous 0.005 M
sulfuric acid (H,SO,) solution with an aerosol generation
system (Brechtel, AGS model 9200) to explore the effect of
extreme pH. The seed particles generated from (NH,),SO,
were assumed to be near-neutral, while the seed particles
generated from H,SO, were assumed to be highly acidic.
Precursor concentrations were allowed to stabilize before
switching on the ultraviolet (UV-A) lights to photolyze Cl,
into Cl to initiate Cl—isoprene oxidation reactions. The UV
intensity was similar to solar irradiation® at a zenith angle of
53° based on the measured NO, photolysis rate at 0.37 min™".
The UV lights were switched oft after 60 min. The O; and
NO,, concentrations were measured using a photometric ozone
analyzer (Teledyne, 400E) and a chemiluminescence NO,
monitor (Teledyne, 200E), respectively. Between experiments,
the chamber was cleaned by first flushing zero air at >100 L
min~' (LPM) for >12 h; high concentrations of O; (>1 ppm)
were then injected into the chamber, and UV lights were
turned on for >6 h; finally, the chamber was flushed with zero
air for >12 h. For humid experiments, clean air was passed

https://doi.org/10.1021/acs.est.1c07048
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through heated DI water and injected into the chamber, which
was held at an elevated temperature. At the end of the
humidification period and prior to the injection of precursors,
the chamber temperature was restored back to room
temperature to increase the RH.

Experimental conditions are summarized in Table 1.
Experiments 1—3 were conducted under high-NO, conditions,
and exps. 4—6 were conducted under low-NO, conditions to
investigate the effects of NO, on gas- and particle-phase
oxidation product compositions. Experiments 4 and S were
conducted under dry (<5% RH) and humid (>60% RH)
conditions with identical precursor gas concentrations to
examine the effect of RH. Sulfuric acid seed particles were used
in exps. 3 and 6 to examine the effect of low aerosol pH.
Ammonium sulfate seed particles were used for the rest of the
experiments listed in Table 1. Cl and OH radical
concentrations during the photooxidation period were
estimated using the SAPRC model with a condensed carbon-
bond mechanism augmented with additional isoprene and Cl—
isoprene reaction pathways (see the Supporting Information
(S1)).** In particular, the fraction of isoprene oxidized by OH
radicals, fiyopron Was estimated using the model

MIsop +OH

fIsop +OH —

MIsop+OH + MIsop+C1 (l)

where Misp.on and Mg, ¢ are the cumulative amount of
isoprene oxidized by OH and Cl radicals by the end of the 60
min photooxidation period, respectively. The (secondary) OH
concentration may be experimentally estimated by monitoring
the decay of isoprene in experiments with and without benzene
added as a OH scavenger. This was not performed here due to
the lack of sensitivity of iodide chemical ionization mass
spectrometry (I"-CIMS) toward nonoxidized compounds such
as isoprene.

Bulk aerosol chemical composition was characterized by a
quadrupole aerosol chemical speciation monitor (ACSM,
Aerodyne Inc.) operated at a 200 ms amu~" scan speed with
a roughly 1 min resolution. Data were analyzed in Igor 8
(Wavemetrics Inc.) using the ACSM Local package (Aerodyne
Research Inc.). A default relative ionization efficiency (RIE)
value of 1.4 was used for particulate organics. Calibration with
dried, size-selected (300 nm) ammonium chloride (NH,CI)
particles yielded an RIE value of 1.44 for chloride, which is
similar to the default value of 1.3,%* which was ultimately used
here. Note that NH,Cl is nonrefractory and has higher RIE
values than semirefractory species, e.g., sodium chloride.*® If
organic chlorides are not nonrefractory, using RIE values
calibrated using NH,Cl may underestimate chloride concen-
tration. Particulate chloride concentration was estimated using
the m/z 36 ions (HCI*), which responds promptly to changes
in chloride concentration, unlike the m/z 35 ions (CI*).*>*
The response factor of NO; and the RIE of NH, were
determined using dried, size-selected (300 nm) ammonium
nitrate (NH,NO;) particles generated by nebulizing a 0.005S M
aqueous NH,NO; solution. The RIE of SO, was determined
using dried, size-selected (300 nm) (NH,),SO, particles
generated by nebulizing a 0.005 M aqueous (NH,),SO,
solution following standard procedures.”” The total SOA
concentration is calculated as the sum of organics, nitrate, and
chloride concentrations as measured by the ACSM, assuming a
collection efficiency of 0.5 for the ammonium sulfate seeds.*®
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Table 1. Summary of Experimental Conditions and Results”
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Figure 1. Comparison of select (a) bulk particle-phase species observed by the ACSM and (b) inorganic gas-phase species observed by the
FIGAERO-CIMS under high-NO,, (exp. 2, in solid markers) and low-NO, (exp. 4, in hollow markers) oxidation conditions. UV lights were turned
on at minute 0 to initiate photooxidation reactions and turned off at minute 60.

Wall loss was corrected using eq S3 based on the sulfate
inorganic seed ratio method.*

Gas-phase composition was characterized by iodide
chemical ionization mass spectrometry (I7-CIMS) with a
high-resolution time-of-flight mass analyzer (HTOF, Tofwerk
AG and Aerodyne Research Inc.). A methyl iodide permeation
source was flushed with a 2 LPM dry nitrogen flow, which was
then passed through a polonium-210 radiation source before
entering the ion—molecule reaction region of the HTOF
operated at 100 mbar. Although some deprotonated ions (i.e.,
[M — HJ]") were observed, we only consider I~ adducts, i.e.,
[M + I]” in our analysis. Particle-phase composition was
characterized by a Filter Inlet for Gasses and AEROsols
(FIGAERO, Aerodyne Research Inc.),”® which was operated in
the gas sampling mode for at least the first 60 min from the
start of photooxidation. Afterward, the FIGAERO alternated
between the gas sampling/aerosol collection and aerosol
desorption mode. In the aerosol collection mode, particles
are collected onto a polytetrafluoroethylene (PTFE) mem-
brane filter at 3 LPM for 15 min. The desorption cycle lasts for
4S min: 20 min for temperature ramp-up from 25 to ~200 °C,
1S min for soaking at ~200 °C, and 10 min for cool-down. For
experiments 1 and 2 (see Table 1), where the SOA loadings
were relatively low, the collection time was extended to 60 min
with no changes made to the temperature ramp-up procedure.
CIMS and FIGAERO data were analyzed using Tofware 3.2 in
Igor 8. Oxidation products containing five or fewer carbon
atoms are considered as monomers, while those containing six
or more carbon atoms are considered dimers/oligomers. It
should be noted that thermal decomposition is a known issue
for FIGAERO-CIMS and other thermal volatilization-based
detection techniques, where the breakdown of larger accretion
products could produce fragments resembling monomers.”’ ">
Multimodal thermograms are telltale signs of thermal
decomposition. Product ion intensities are normalized by the
reagent ion signal, I". To estimate the relative aerosol
composition, we assume a uniform response factor for all [M
+ 1]” ions and weigh their ion intensities by the molecular
weight of the neutral analyte. I"-CIMS is known to favor acidic
and moderately to highly oxygenated compounds.”* ™%
Intercomparison of the I"-FIGAERO-CIMS with a high-
resolution aerosol mass spectrometer (AMS), which functions
similarly to the ACSM for bulk aerosol quantification, has
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shown that the two instruments agree within +50% for OH—
isoprene SOA if a uniform sensitivity (i.e., that of formic acid)
is applied to the sum of I"-FIGAERO-CIMS ions.”

B RESULTS AND DISCUSSION

SOA production from Cl—isoprene oxidation was observed
under low- and high-NO, conditions, as shown in Figure la.
The bulk aerosol composition as measured by the ACSM was
predominately comprised of organics. The relative contribu-
tion by particulate NO;, presumably from organic nitrates, was
enhanced under high-NO,, conditions compared to that of low-
NO, conditions, as shown in Table 1. The initial Cl,
concentrations used are much higher than ambient levels,
which was necessary to drive oxidation chemistry and produce
sufficient SOA mass within the short time scale of environ-
mental chamber experiments (minutes to hours) relative to
ambient oxidation time scales (days to weeks). One result of
using the high precursor concentrations may be the increased
importance of RO, + RO, reaction pathways in these
experiments compared to the ambient.

Under low-NO, conditions, the increase in RH appears to
suppress the SOA formation, as shown in Table 1 for exp. 4
(91 ug m™> of SOA produced at <5% RH) and exp. S (62 ug
m™> of SOA produced at ~61% RH). Suppression of SOA
formation by increasing RH has also been reported for OH—
isoprene oxidation in the presence of NO,.”” Increased vapor
wall loss under humid conditions'® and reduced particle-
phase reactions due to the lower initial seed particle
concentrations may also contribute to the lower SOA
production in exp. 5 compared to that in exp. 4. The addition
of NO,, also appears to suppress SOA formation, as shown in
Table 1 and Figure S2 when comparing exp. 3 (76 ug m™> of
SOA produced under high NO,) and exp. 6 (97 ug m™> of
SOA produced under low NO,). Because the ACSM utilizes a
fragmentation table to estimate NO; mass based on the m/z 30
and 46 ions, the production of organic ions such as CH,O"
(m/z 30) and CH,O," (m/z 46) may contribute to the
apparent observation of organic nitrate under low-NO,
conditions. Furthermore, the chamber was not NO,-free
during low-NO, experiments, as evident in the production of
HNO; observed by I"-FIGAERO-CIMS (Figure 1b). The
presence of background NO,, e.g, from the production of
nitrous acid over Teflon surfaces®* is a known issue for
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Figure 2. Amount of isoprene oxidized by the OH radical as a fraction of the total amount of isoprene oxidized, i.e., by both OH and Cl radicals, as
estimated using eq 1 based on chamber model results. The respective ratios of Cl, and NO concentrations relative to that of isoprene prior to the
photooxidation period are shown on the y- and x-axes. The Cl,-to-isoprene and NO-to-isoprene ratios used in the experiments are indicated by a
triangle for exp. 1, a square for exps. 2 and 3, and a circle for exps. 4—6.

environmental chambers. The particulate organic chloride
concentration, qualitatively represented here by the ACSM
measurement of HCI" at m/z 36, was suppressed under high-
NO, conditions (exps. 1 and 2) compared to low-NO,
conditions (exps. 4 and S), as shown in the ratio of chloride-
to-organics (Chl/Org) in Table 1. The Chl/Org ratios as
measured by the ACSM for bulk aerosol composition were
higher when acidified seed particles were used, which was not
accompanied by an increase in the organic chloride content, as
measured by the FIGAERO-CIMS. This suggests that the
additional chloride could come from the uptake of inorganic
chlorides, such as HCI by the H,SO, seed particles (exps. 3
and 6), which behave more liquid-like than (NH,),SO,
particles.

Modeling of the Cl—isoprene oxidation chemistry under
high-NO,, conditions, shown in Figure 2, suggests that up to
40% of all isoprene consumed can be attributed to the
secondary OH radical chemistry. In contrast, the secondary
OH chemistry is negligible under the low-NO, condition,
accounting for less than 0.1% of the isoprene oxidized at all
times. The reduction in the relative contribution by particulate
chloride under high-NO, conditions may, in part, be explained
by the competition between OH-— and Cl—isoprene
chemistries. The fractional contribution of the organic signal
at m/z 82 (presumably C;H¢O") to the total organic signal
measured by the ACSM, fg,, was higher for SOA produced
under high-NO, or acidic conditions, as shown in Table I,
which points to the increased contribution from IEPOX SOA
as the result of the secondary isoprene—OH chemistry.'*" The
fractional contribution to total organic ions at m/z 91, fo,
presumably by C,H," fragments from particle-phase ISO-
POOH accretion products’> was not systematically different
between high- and low-NO, experiments. In addition to the
secondary OH chemistry, the enhanced production of other
reactive species such as O; and CINO, was observed under
high-NO, conditions, as shown in Figures 1b and S2.
Consistent with previous modeling studies,'”*’~>*** results
here show that the isoprene—chlorine chemistry in the
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presence of NO, could enhance the oxidative capacity of the
atmosphere.

Gas-Phase Composition. Oxidation products with the
highest ion intensities observed under low- and high-NO,
conditions are shown in Figure 3a,b, respectively. Reactions of
Cl, or HOCI with unsaturated VOCs such as monoterpenes,
furans, and isoprene have been reported previously,*”'*>'*?
although it only becomes significant for isoprene when its
initial concentration is very high (>10 ppm).** HOCI
concentration was negligible, and no increase in gas-phase
oxidation products was observed before the UV lights were
turned on, suggesting that dark reactions between Cl, and
isoprene were negligible under these conditions. Under low-
NO,, conditions, Cg organic chlorides (CxHyClZOu, abbreviated
as CHCIO) such as CsHgCl,0; CiHyClO,, CHyClOs;,
CsH,(CL,O,, and CsH,;,ClO; dominate. The presence of
dichlorinated compounds is indicative of multigenerational
oxidation chemistry driven by Cl addition to the unsaturated
carbon(s) present on initial oxidation products. Nonchlori-
nated organics (C,H,0,, abbreviated as CHO) also account
for a substantial portion of the gas-phase oxidation products
even under low-NO, (i.e., low OH) conditions (Figures 3a and
S4a,e), notably CsHgO5, possibly a HO, termination product
of RO, radical derived from H-abstraction of C;H4O, one of
the proposed oxidation products from the H-abstraction of
isoprene.”’ In addition, one of the most abundant gas-phase
oxidation products, CsH;;,0; has a molecular formula that is
consistent with ISOPOOH, IEPOX (OH oxidation product of
ISOPOOH), or Cs-alkene triol;***#”/7110%105 the yge of
chromatographic separation or tandem mass spectrometry is
required to differentiate these compounds. Its time series trend
(rapid increase followed by decay) represents that of a reactive
initial oxidation product. The scarcity of OH radicals produced
from Cl—isoprene oxidation under low-NO, conditions and
the prominence of CsH,,O; suggest that it may be an isomer
of ISOPOOH that is produced from non-OH-—isoprene
pathways. It is also possible that the I"-CIMS is more selective
toward CsH,,O; or that some key OH radical generation
pathways involving Cl—isoprene chemistry are not accounted

https://doi.org/10.1021/acs.est.1c07048
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Figure 3. (a) Time series of the most intense ions observed under low-NO, conditions from exp. 4. (b) Time series of the most intense ions
observed under high-NO,, conditions from exp. 2. The ion intensities are ranked based on their average over the photooxidation period, with the
corresponding neutral analyte formula displayed in the legend in descending order.

for in the condensed mechanism used in the model. In
addition to species resembling OH-—isoprene oxidation
products, isomer(s) of C,H,ClO;, CyHClO;, C,H,ClO,,
and C4H,ClO,, which have been observed in the atmosphere
but were attributed to traffic emission sources,'" were observed
from Cl—isoprene oxidation under low- and high-NO,
conditions (Figures 3 and $4b,f), where C,H,ClO, is one of
the dominant gas-phase products under low-NO, conditions,
as shown in Figure 3a. Thus, Cl—isoprene chemistry could
contribute to the formation of organic chlorides that would be
otherwise attributed to the degradation of anthropogenic
VOCs (e.g., C; and C, precursors).

A quantum chemical calculation study has proposed
CsHyClO, as the HO, termination product of CI—-C; addition
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to the RO, radical, whereas CH,ClO; and C;H,ClO, (not
shown in Figure 3a, but observed) were proposed to be
autoxidation products derived from the CI-C, addition RO,
radical.”” Cl—isoprene oxidation products such as CsH,CIO,
CH,ClO,, and C;HyClO; were observed by an I"-FIGAERO-
CIMS in the gas and particle phases in a polluted, semirural
environment.”> While C;HyClO, and C;H,ClO; have been
observed as two of the most abundant gas-phase oxidation
products under both low- and high-NO, chamber conditions,
we did not observe appreciable signals corresponding to
CH,ClO using I"-CIMS, i.e., [CsH,CIO + I]~, which would
occupy the same unit-mass with [CiH;,O; + I]7 that
dominates the signal at m/z 24S. As shown in our previous
work on the Cl—isoprene oxidation under low-NO, conditions,
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Figure 4. (a) Fractional contribution to the total gas-phase concentration by oxidized organic compounds (CHO), organic chloride (CHCIO),
organic nitrate (CHNO), and chlorinated organic nitrate (CHCINO). (b) Fractional contribution to the particle-phase concentration by CHO,
CHCIO, CHNO, and CHCINO. For both panels (a) and (b), ion intensities are weighted by the molecular weight of the neutral analyte to
represent the contribution of each group of species to the total concentration on a mass basis. C, oxidation products are assumed to be dimers.
The average gas-phase composition during the 15 min filter collection period and the blank-corrected, average particle-phase composition during
the 45 min filter desorption periods are shown in panels (a) and (b), respectively.

ions consistent with CMBO could be observed in the positive
ion mode using water-hydronium CIMS and presumably also
using proton-transfer-reaction mass spectrometry, as
[CsH,CIO + H]".* Because CMBO is one of the main
expected oxidation products from Cl—isoprene, this suggests
that I"-CIMS may not be sensitive toward lowly oxygenated
organic chlorides, such as chloroacetic acid (C,H;ClO,),
whose response factor by I"-CIMS is reportedly 3 times lower
than that of formic acid (CH,0,).”> However, the sensitivity
difference observed between chloroacetic acid and formic acid
may not apply to all chlorinated and nonchlorinated oxidation
products because I"-CIMS sensitivity can also vary substan-
tially for different compounds,'®*'°” and it was recently shown
to be structure-dependent based on isomer-resolved measure-
ments.'*® If a uniform response factor is assumed, CHCIO and
CHO dominate the gas-phase composition with negligible
contribution (<5%) by organic nitrate (CxHyNZOu, abbreviated
as CHNO) and organic nitroxychlorides (CxHyCIZNqu
abbreviated as CHCINO) under low-NO, conditions, as
shown in Figure 4a.

Under high-NO, conditions, CHNO dominates the total
gas-phase mass concentrations (>50%), whereas the contribu-
tion by CHCIO (<15%) is greatly suppressed, especially
dichlorinated species (Figures 3b and 4a; Table S1c). In molar
terms, Figure 3b shows that the most intense oxidation
products observed include CH,O, (presumably formic acid),
(ONO,)C,H,0,, CiH,,0; (e.g, isomers of ISOPOOH,
IEPOX, or Cs-alkene triol), (ONO,)CsHyO,, and (ONO,)-
CsHyO3, all of which have been also reported as major gas-
phase OH—isoprene oxidation products, which is consistent
with the enhanced secondary OH chemistry under high-NO,
conditions. Increase in the CH,0O, concentration under high-
NO, condition has also been reported for the OH—isoprene
oxidation and was attributed to fragmentation reactions.”!
Under high-NO, conditions, ISOPO, + NO competes with
ISOPO, + HO, to produce organic nitrate, as well as methyl
vinyl ketone (MVK) and methacrolein (MACR), which have
been observed from Cl—isoprene oxidation under low-NO,
conditions as well.***>*! Although ions consistent with MVK/
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MACR ([C,HO + I]7) were not observed by I"-CIMS due to
their low oxygen content, ions consistent with its OH + NO,,
oxidation products such as (ONO,)C,H,0,, methacrylic acid
epoxide (MAE, C,H,0O;), or hydroxymethyl-methyl-a-lactone
(HMML, also C,HgO;)*'%"° were observed in the gas
phase, as shown in Figures 3 and S4. In the presence of O; and
NO,, N,O; production and NOj; radical chemistry may be
viable. In addition, the decomposition of methacryloylperox-
ynitrate (MPAN) produces MAE/HMML and NO;, acting as
another potential source for NO; chemistry. Figure S4 shows
that MPAN was not among the most abundant products
observed, which suggests that its production was minor. It is
possible, however, that MPAN is unstable and could
decompose when analyzed using I"-CIMS. During the UV
irradiation period, ions associated with NO; radicals such as
[N,Os + I]~ were negligible. The SAPRC model also predicts
little contribution of NOj; radical chemistry to isoprene
oxidation during this period (<2% of the total amount
consumed). Therefore, the contribution of NO;—isoprene
chemistry to Cl-initiated photooxidation of isoprene under
high-NO,, conditions is likely minor.

Compounds with molecular formulae consistent with 2-
methylglyceric acid (2MGA, C,HO,), methyltetrol (MT,
CH,,0,), trihydroxyhydroperoxide (CsH;,0s), isomers of
methylerythronic acid or methylthreonic acid (C;H;,05) and
hydroxyl dihydroxyperoxy aldehyde (CsH,,O¢) were observed
as minor high-NO, Cl—isoprene oxidation products (see
Figure SSa). MT and 2MGA are expected products of reactive
uptake of IEPOX,"'""'* though recent studies point to
potential gas-phase formation mechanisms for these com-
pounds.'"® Compounds such as C;H;,05, CsH,,O5, CsH,4O,
and CsH,(O, have been identified as LVOC products of the
dihydroxy hydroperoxy peroxy radical, C;H,,Og, from the non-
IEPOX pathway of OH—ISOPOOH oxidation.”””® The
CsH,,0¢ radical may also undergo rapid isomerization
reactions (kg, > 0.1 s7'), which is competitive against
bimolecular reactions under ambient conditions, forming
products such as CsH,,O¢ (with HO,) and CsH,,O;
(decomposition).”
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Figure 5. (a) Thermogram of the summed CHO, CHCIO, CHNO, and CHCINO compounds observed in the particle phase by I"-FIGAERO-
CIMS in exp. 4 under low-NO, condition and (b) that observed in exp. 2 under high-NO, condition. C;H,,O; and CsH,,0,, whose thermograms
are shown in panel (b), are included in the total CHO. Ion intensity shown is weighted by molecular weights and therefore corresponds to the mass
concentrations.

The HO, termination product of CsH;;O¢ and one of the however, that the FIGAERO design used by Lopez-Hilfiker et

most abundant gas-phase oxidation products of OH-— al. (2016, ES&T) differs from commercial copies like ours,
ISOPOOH reactions, CsH,,O, identified as dihydroxy which could result in different desorption behaviors. In
dihydroperoxide (ISOP(OOH)Z),@ were not observed in addition, a distinct multimodal thermogram, which is an
either gas or particle phase during chlorine-initiated oxidation indicator for thermal decomposition, was not observed in this
of isoprene in this study. The HO, + RO, chemistry may not work for CsH,,0; and C;H;,0,. Nonetheless, the contribution
be competitive against RO, + NO and/or RO, + RO, of accretion products to the overall Cl—isoprene SOA mass is
reactions for C;H; ;O under the given chamber conditions. likely higher than Figure 4b would suggest, considering that
CsH,;O4 may have been scavenged by NO under our thermal fragmentation occurs inside the FIGAERO-CIMS.
experimental conditions, leading to the formation of (ONO,)- Under high-NO, conditions, negligible dimer concentrations
CsH,,0,, which was observed (Figure SSa), or CsH,,0s, an were observed in the particle phase for isoprene—OH
alkoxy radical.”® It is also possible that CsH,(O, (the precursor products.”’ Tt should be noted that these OH—isoprene
for CsH,,O) reacts with Cl, e.g., via H-abstraction, to form dimer fractions were estimated from experiments under dry
CsHyOs radical, which reacts with NO to form (ONO,)- conditions, whereas lower aerosol pH and/or highRH (>50%)
CH,0; or via Cl addition to form C;H,,ClO;, which can then have been shown to enhance dimer formation.””

undergo termination reaction with HO, to form C;H;,ClO;. Under low-NO, conditions, CHO and CHCIO account for

Both (ONO,)C;HoO; and C;H,(ClO; are among the most most (>90%) of the particulate mass observed by the I™-
abundant CHCIO products observed in the gas phase under FIGAERO-CIMS. CsH,430;_s monomers and Cg_g dimers

high-NO, conditions. Overall, our results show that while are among the most abundant CHO products, while
secondary OH chemistry may contribute substantially to the CsH,_,,Cl,_,0, 4 monomers are among the most abundant
initial oxidation of isoprene and product formation (ie., CHCIO compounds, as shown in Table S1b. Under high-NO,,
CsH,,0;) under high-NO,, conditions, Cl and NO chemistries conditions, CHO accounts for over 50% of the observed
heavily influence the subsequent multigenerational chemistries, particulate OA mass, with minor contribution by CHCIO,
resulting in distinct product composition. CHNO, and CHCINO compounds. CsHg 9,,05_5 species are
Particle-Phase Composition. The bulk SOA composition among the most abundant CHO compounds observed, with
estimated using I adducts detected by FIGAERO is shown in CsH,0, (e.g., isomers of methyltetrol) and CsH,,0; (e.g,
Figure 4b, and the thermograms of CHO, CHCIO, CHNO, isomers of ISOPOOH and C;-alkene triol) alone accounting
and CHCINO compounds are shown in Figure Sa,b for a low- for more than 10% of the observed SOA mass. Prominent but
NO, (exp. 4) and a high-NO, (exp. 2) experiment, supposedly volatile species such as C,H,O; observed in the
respectively. Overall, accretion products (C,s compounds) particle phase may be thermal decomposition products of
account for a substantial fraction of the particulate mass under accretion products. Compounds such as CsH;,Os and
both low- and high-NO, conditions (>30%; Figure 4b), unlike CsH(Os (Figure SS) have also been identified as key
that for the gas mass concentration, where the contribution of particle-phase components of OH—ISOPOOH oxidation,
accretion products is minor (<15%), especially under high- accounting for as much as 65% of the non-IEPOX SOA
NO, conditions (<10%, Figure 4a). It is worth noting that mass under low-NO, conditions together with other highly
Lopez-Hilfiker et al. (2016, ES&T) observed more than one oxidized organic molecules such as C;H;,04 CsH;(Og4 and
local Ty, value in C;H,;,05 and C;H;,0, thermograms from CsH,,0,,°°~7% which were not observed in Cl—isoprene SOA.
their ambient measurement. The higher local T,,,,, which was Particulate C;H,,0, and CH,,O4 are traditionally attributed
indicative of the thermal decomposition of accretion products, to the acid-catalyzed reactive uptake of IEPOX reaction
was reported to be ~80 °C, similar to the observed T, value pathways, though studies have reported non-IEPOX uptake,
for CsH,yO5 and CsH,0,, as shown in Figure 5. We also note, OH-—isoprene oxidation pathways for them or their
9258 https://doi.org/10.1021/acs.est.1c07048
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isomers.”””7>'"* Caution should be exercised when using
C:H,0, and CiH,O; as unique markers for IEPOX
chemistry,””~7>'"* " considering the possible Cl- and OH
chemistry pathways, as well as potential interferences from
the decomposition of accretion products during thermal
volatilization-based analyses.

Under high-NO,, conditions, (ONO)C,H,0, and (ONO,)-
CiH;,,0, 4 dominate the CHNO produced from Cl-
isoprene oxidation. As a comparison, high-NO, OH—isoprene
SOA products consist primarily of (ONO,)CsH,,0,_s with
(ONO,)CsH,,0, being the most abundant.”! Using an
average molecular weight for CHNO of approximately 200 g
mol ™! based on FIGAERO measurements, the organic nitrates
would account for ~25% of the bulk SOA mass based on the
NO; measurement by ACSM, which is consistent with the bulk
CHNO contribution estimated using FIGAERO measurement
alone (~20%; Figure 4b and Table S1d). In comparison, the
bulk composition measurement with the AMS suggests that
organic nitrate can account for ~40% of isoprene SOA mass
under high-NO, conditions.”" Overall, the Cl—isoprene
oxidation products have slightly fewer numbers of non-nitrate
oxygen atoms (predominately 2—5) as compared to OH—
isoprene oxidation products (predominately 4—6).%"~">""3

In summary, we investigated the composition of Cl-—
isoprene SOA produced under low- and high-NO, conditions
for the first time, as well as the gas-phase composition using an
I"-FIGAERO-CIMS. We note that product composition
reported in this study is specific to our experimental
conditions. For instance, the chamber radical concentration
may not be representative of typical ambient conditions, where
the elevated CI concentration may bias the oxidation chemistry
toward organic chloride formation and bimolecular reactions,
underestimating the importance of isomerization pathways,
e.g., autoxidation via intramolecular H-shift.”® Furthermore,
the organic nitrate yield has been shown to nonmonotonically
vary with NO concentrations in OH—isoprene oxidations due
to scavenging of first-generation RO, radicals.”" Future studies
should systematically explore the NO,, Cl, and HO, depend-
ences of gas- and particle-phase yields for organics, organic
nitrate, and/or chlorides from Cl—isoprene oxidation. None-
theless, our results show that Cl-initiated oxidation readily
produces multifunctional organic chloride compounds such as
CsH,,ClO;, CsHyClO3, and CHyClO, that are consistently
observed in both the gas and particle phases under low- and
high-NO,, conditions, which may be candidates as tracers for
Cl—isoprene oxidation chemistry in addition to isomers of
CMBO (CsH,ClO). Some potential reaction pathways leading
to the formation of dominant organic chloride products such
as C;HCl,0; CHoClO, CsHyClO;, CsH,,Cl,0,, and
CsH,,ClO; are shown in Figure S6. It is interesting to note
that, because of its high reaction rate coefficient with ClI
radicals, isoprene may compete with other VOCs (e.g, a-
pinene and toluene) and suppress overall SOA and HOM
yields. At the same time, the scavenging of Cl radicals by
isoprene may increase the overall gas- and/or particle-phase
organic chloride production, considering that the CI addition
reaction is much more important in small alkenes''* like
isoprene (85%) compared to other VOCs such as alkanes and
aromatics, where H-abstraction dominates and most Cl
radicals are converted to HCL''® Our experimental and
modeling results also indicate that OH—isoprene chemistry is
an integral part of high-NO, Cl—isoprene oxidation chemistry,
accounting for up to 40% of total isoprene oxidation, with
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potentially greater importance under ambient conditions.
Considerations of the (indirect) effects of Cl chemistry should
therefore be taken into account. For instance, the importance
of ambient chlorine chemistry may be underestimated due to
the formation of nonchlorinated organic oxidation products, as
well as the enhancement of non-Cl radical chemistry, which
can result in indirect contribution to HOM and SOA
productions. Given the importance of isoprene to air quality
and recent reports of the elevated concentration of reactive
chlorine species in polluted environments, our study provides
timely insights into chemical processes occurring in anthro-
pogenically influenced environments, which will impact urban
air quality.
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