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A B S T R A C T

The formation of secondary organic aerosol (SOA) from toluene can impact urban air quality and therefore
human health. Most SOA studies have focused on OH chemistry; however recent work suggests that chlorine
atoms (Cl) may affect tropospheric chemistry more than previously assumed. This work focuses on SOA for-
mation from Cl-initiated oxidation of toluene under different conditions. The fast reaction between Cl and to-
luene enabled complete consumption of toluene in environmental chamber experiments and aging of the toluene
SOA. A high resolution time-of-flight chemical ionization mass spectrometer was used to observe several gen-
erations of gas-phase products. The presence of nitric oxides (NOx) appears to delay the formation of later
generation products. Data from an aerosol chemical speciation monitor suggest that all SOA formed had high
oxidation state, and that the bulk organic composition was different for SOA from Cl-dominated reactions
compared to SOA from OH-dominated reactions. Addition of oxidant after all toluene had been consumed did
not result in a significant change in the organic aerosol oxidation state, suggesting that the system may have
reached an oxidative end-point in the particle phase.

1. Introduction

Inhalation of fine particulate matter (PM) is associated with in-
creased mortality (Brook et al., 2016; Cohen et al., 2017; Hamra et al.,
2014; Kampa and Castanas, 2008; Peng et al., 2008). Volatile organic
compounds (VOCs) undergo chemical reactions in the atmosphere, and
reaction products can partition to the particle phase as secondary or-
ganic aerosol (SOA) (Pankow, 1994; Saxena and Hildemann, 1996),
increasing concentrations of tropospheric PM. Atmospheric SOA also
undergoes progressive oxidation or “aging”, which can alter SOA con-
centrations and oxidation state (Hallquist et al., 2009; Heald et al.,
2010; Jimenez et al., 2009; Kroll et al., 2009; Ng et al., 2010; Poschl,
2005; Robinson et al., 2007; Rudich et al., 2007; Shrivastava et al.,
2008).

Toluene (methyl benzene) is a small aromatic compound and is an
important component of solvents, paints (Fabri et al., 2000) and com-
mercial gasoline fuels (Alramadan et al., 2016; Diehl and Di Sanzo,
2005). Urban toluene concentrations have been reported to vary from 1
to 200 ppb, (Fortner et al., 2009; Wang et al., 2009). The oxidation of
toluene by the hydroxyl radical (OH) and formation of SOA have been
studied extensively (Birdsall et al., 2010; Birdsall and Elrod, 2011;
Calvert et al., 2002; Chhabra et al., 2011; Hildebrandt et al., 2009;
Hildebrandt Ruiz et al., 2015; Molina et al., 1999; Ng et al., 2007; Noda

et al., 2009; Suh et al., 2002, 2003; Zhang et al., 2012). OH is often the
most abundant tropospheric free radical during the day with con-
centrations on the order of 106 molecules cm−3(Mallik et al., 2018),
and the reactions of toluene with the nitrate radical or ozone are slow.
However, ambient measurements suggest that tropospheric concentra-
tions of chlorine atoms (Cl) are higher than previously assumed (Chang
and Allen, 2006; Faxon and Allen, 2013; Graedel and Keene, 1995;
Tanaka et al., 2000), and that chlorine chemistry may be important in
continental as well as coastal environments (Behnke et al., 1997;
Finlayson-Pitts, 1993; Finlayson-Pitts et al., 1989; Tanaka et al., 2000).
Average daytime Cl radical concentrations in the marine boundary
layer were estimated to be 3×105 molecules cm−3 with peak con-
centrations of 8×106 molecules cm−3 (Chang et al., 2004). Cl2 con-
centrations up to 3.7×109 molecules cm−3 have been detected in
marine air at night, suggesting a Cl2 emissions source of 8.1× 109

molecules cm−3day−1 (Spicer et al., 1998).
The toluene-Cl reaction rate constant is 6.2× 10−11 cm3 molecule

−1s−1 (Wang et al., 2005), ten times larger than the toluene-OH reac-
tion rate constant of 5.63× 10−12 cm3 molecule −1s−1 (Calvert et al.,
2002). This implies that even when tropospheric Cl concentrations are
relatively low, the reaction of toluene with Cl can be competitive with
or even exceed the reaction rates of OH with toluene. The OH-initiated
oxidation of toluene proceeds via OH-addition to the aromatic ring
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(approximately 90%) or H-atom abstraction (Molina et al., 1999). The
Cl-initiated oxidation of toluene proceeds primarily (if not exclusively)
via H-atom abstraction to form benzyl peroxy radicals (Wang et al.,
2005), which continue reacting to form major gas phase products in-
cluding benzaldehyde, benzyl hydro peroxide and benzyl alcohol,
benzyl methyl nitrate and peroxybenzoyl nitrate (Fantechi et al., 1998;
Huang et al., 2014, 2012; Karlsson et al., 2001; Wang et al., 2005). In
the absence of NOx, peroxy radicals are expected to mostly undergo
self-reaction leading to radical termination (Young et al., 2014). The
presence of NOx in the toluene + Cl system enhances radical propa-
gation and formation of secondary radicals including OH. These OH
radicals can further react with other intermediate products. Fig. 1 de-
picts first steps in the toluene-Cl reaction mechanism and Fig. S1 shows
the continued oxidation of the benzyl Criegee intermediate.

This manuscript describes results from environmental chamber ex-
periments focused on Cl-initiated oxidation of toluene leading to the
formation of SOA. The fast reaction between toluene and Cl enabled
complete precursor consumption and evaluation of SOA aging using
different oxidants including OH and Cl radicals in the presence and
absence of NOx. Several generations of gas-phase products are observed

and their qualitative trends evaluated. SOA yields are quantified and
bulk SOA composition is evaluated.

2. Methods

2.1. Environmental chamber experiments

Experiments were conducted in the Atmospheric Physicochemical
Processes Laboratory Experiments (APPLE) chamber at the University
of Texas at Austin. The APPLE chamber is a 12m3 Teflon® bag (Welch
Fluorocarbon) suspended in a temperature controlled room lined with
UVA lamps (204 GE T12 Blacklights; peak emission at 368 nm). The
NO2 photolysis rate was determined to be 0.30 min−1 when all UV
lights are used and 0.13 min−1 when 40% of UV lights are used. Using a
Cl2 photolysis rate (jCl2) of 1×10−3 s−1 at 40% UV lights (Faxon et al.,
2018) and an initial Cl2 concentration of 40 ppb, the estimated initial Cl
production rate in this work is 290 ppb h−1. In experiments with Cl as
initiating radical (Expts. 1–7), 40% of UV lights were used to decrease
Cl concentrations and slow the reaction.100% of UV lights were used in
experiment with OH-initiated chemistry.

Fig. 1. Outline of reaction pathway for Cl-initiated oxidation of toluene, modified from several sources (Cai et al., 2008; Fantechi et al., 1998; Huang et al., 2014,
2012; Karlsson et al., 2001; Wang et al., 2005; Young et al., 2014).
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Ammonium sulfate (Sigma Aldrich, 99%) seed particles were cre-
ated from a 0.01M solution using an aerosol generation system
(Brechtel Manufacturing, Inc. Model 9200). Molecular chlorine (Cl2)
was introduced into the chamber using a high-pressure gas cylinder
from Airgas (106 ppm in N2). In selected experiments, NO and NO2

were added to the chamber using high-pressure gas cylinders from
Airgas (48.73 ppm NO and 9.86 ppm NO2 respectively). In some ex-
periments, HONO was added as a source of OH and NOx; HONO was
prepared immediately before injection in a custom-made glass flask by
adding a 0.05M solution of sulfuric acid to a 0.1 M solution of sodium
nitrite. The titrated HONO was then introduced into the chamber by
flushing the flask with clean air at a flow rate of 2 lpm. H2O2 (Sigma
Aldrich, 30% (w/w)) was added in some experiments as a source of OH
radicals. It was introduced into the chamber by flushing clean air
through a glass bottle containing the H2O2 solution at a flow rate of 2
lpm. Introducing H2O2 increased the relative humidity in the chamber
by less than 2% - all experiments were conducted under dry conditions
(< 5% RH). Similarly, microliters of toluene (Sigma Aldrich, 99%)
were introduced into the chamber via the glass sampling tube. After the
particles and gases were injected into the chamber and allowed to mix,
the UV lights were switched on, photolyzing the oxidant precursors
(e.g. HONO to OH + NO, Cl2 to 2Cl or H2O2 to 2OH) and starting the
oxidation reactions. Initial conditions and results of all experiments are
summarized in Table 1. Instrument availability is summarized in Table
S1.

The chamber was cleaned before each experiment by flushing it
with dry clean air generated by a clean air generator (AADCO 737–11)
at a flowrate exceeding 100 L per minute (LPM) for at least 12 h.
Between experiments, “blank experiments” were conducted in which
inorganic seed particles and Cl2 were injected into the chamber at high
concentrations and 100% of UV lights were turned on to remove re-
sidual organics which could be released from the Teflon® chamber
surface.

2.2. Instrumentation

A high-resolution time-of-flight chemical ionization mass spectro-
meter (CIMS, Aerodyne Research Inc.) was used to measure gas-phase
organic compounds. Detailed theory and operation of the CIMS are
discussed elsewhere (Aljawhary et al., 2013; Bertram et al., 2011; Lee
et al., 2014; Yatavelli et al., 2012). The instrument can be operated
using different reagent ions; in this work hydronium-water clusters
((H2O)n(H3O)+) were used as chemical reagents and were generated by
passing humidified ultra-high purity (UHP) N2 through a 210Po radio-
active cartridge (NRD, P-2021) at 2 LPM into the ion-molecule reaction

(IMR) chamber operating at 200mbar pressure. An aerosol chemical
speciation monitor (ACSM, Aerodyne Research Inc.) was used to de-
termine the bulk chemical composition of submicron, non-refractory
aerosol species in most experiments (Ng et al., 2011). In the ACSM,
particles are flash-vaporized at 600 °C, the resulting vapors are ionized
via electron impact ionization (EI), and the ions are measured by a
quadrupole mass spectrometer (Ng et al., 2011). Calibration of the
ACSM was performed with 300 nm size-selected ammonium nitrate and
ammonium sulfate aerosol (generated from 0.005M aqueous solutions)
to determine the response factor for particulate nitrate and the relative
ionization efficiencies (RIE) of ammonium and sulfate.

Particle volume and size distributions were measured using a
scanning electrical mobility spectrometer (SEMS, Brechtel Model 2002)
consisting of a differential mobility analyzer and a butanol condensa-
tion particle counter. The sheath and sample flow rates of the SEMS
were set to 5 and 0.35 LPM, respectively, covering a 10–1000 nm size
range. Concentrations of NO and O3 were measured using Teledyne
chemiluminescence NOx and absorption O3 monitors (200E and 400E,
respectively). Concentrations of NO2 were measured via a NO2 monitor
from Environnement (Model AS32M), which uses a cavity attenuated
phase shift (CAPS) method to directly measure NO2 (Kebabian et al.,
2008). The advantage of this direct NO2 measurement is that it does not
rely on NO2 conversion to NO and therefore does not suffer from in-
terference by other oxidized nitrogen compounds including HONO,
HNO3 and organic nitrates (Winer et al., 1974).

2.3. Data analysis

Data from the CIMS were analyzed in IGOR Pro (WaveMetrics)
using Tofware, the software provided with the instrument. The baseline
was subtracted and the average peak shape was found so it could be
used for high resolution analysis. After ions were identified in the high
resolution spectrum, the peaks were integrated to yield a time series of
ions. The CIMS sensitivity was corrected using the active chemical io-
nization mass spectroscopy (ACIMS) formula (de Gouw and Warneke,
2007), normalizing all product ion signals against the dominant reagent
ion signals (H3O+, H5O2

+ and H7O3
+). For all experiments conducted,

the sum of reagent signals was at least 103 times greater than the
summed product signals. Initial toluene injected in each experiment
was calculated based on a linear calibration of CIMS signal in the ab-
sence of UV lights. After UV lights were switched on, toluene could not
be quantified reliably due to the presence of four nearby peaks at m/z
93 (Cubison and Jimenez, 2015): C6H5O+, C3H9O3

+, C7H9
+, and

C4H13O2
+ (Fig. S2). The CIMS was not calibrated for the product ions;

thus, the analysis presented here focuses on qualitative trends, and the

Table 1
Experimental conditions and summary of results.

Exp [VOC]0 (ppb) [Cl2/VOC]0 (ppb/ppb) [NO]0 (ppb) f44d (%) f43d (%) COA
d (μg m−3) SOA Yieldd HCl+/Org (%)d % VOC reacted w/Cle

1 51 0.78 < 2 17 3 70 0.36 5.1 100
2 54 2.1 < 2 16 3 136 0.67 6.5 100
3 37 2.2 19 18 3 113 0.82 7.3 91
4 39 1.04 21 18 5 32 0.22 4.5 84
5 53 1.5 < 2 17 4 100 0.50 5.0 100
6 43 0.94 < 2 19 3 53 0.33 6.9 100
7 22 2.0 18 25 3 15 0.17 10.1 88
8a,b,c 430 HOOH <2 16 9 10 N/A 0.60 0
9a,b,c 300 HONO 369 14 10 318 N/A 0.38 0
10b,c 490 0.08 490 15 10 294 N/A 0.66 21
11b 230 0.17 433 16 8 94 N/A 0.82 55

a No chlorine was added in these experiments.
b Toluene was not completely consumed in these experiments.
c 100% UV lights at beginning of experiment; all other experiments conducted at 40% UV lights.
d f44, f43, COA (μg m−3), SOA yields and HCl+/Org reported after 60min of photo-oxidation. SOA yields were only calculated for experiments where modeling

results suggested complete consumption of toluene.
e VOC reacted with Cl divided by total VOC reacted (with OH or Cl) based on modeling results.
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gas-phase data are also normalized by the maximum signal of each ion
for improved visualization.

Data from the ACSM were analyzed in Igor Pro using the software
package ACSM Local, which includes a correction for relative ion
transmission efficiency as well as changes in the flow rate throughout
the experiment. The ACSM data were analyzed using the standard
fragmentation table (Allan et al., 2004) to attribute ion fragments to
four bulk species: organics, sulfate, ammonium and nitrate. The nitrate
signal as measured by the ACSM (NO+ and NO2

+ fragments) was as-
sumed to be due to organic nitrates because no free ammonium (which
could form ammonium nitrate in high NOx experiments) was in-
troduced in these controlled experiments. Nitrate mass was hence
added to organic mass for quantification of total organic aerosol
formed. The relative ionization efficiency (RIE) of nitrate was used to
calculate this (organic) nitrate mass. This is justified assuming that the
organic nitrate molecules fragment before they are ionized, which is
expected considering the thermal lability of organic nitrates and the
flash vaporization at 600 °C utilized by the ACSM.

The UMR spectrum measured by the ACSM can be used to char-
acterize the extent of oxidation of OA. The organic mass at m/z 44
mostly corresponds to the CO2

+ ion and can be used as a proxy for
highly oxidized organic aerosol; the organic mass at m/z 43 mostly
corresponds to the C2H3O+ ion and can be used as a proxy for mod-
erately oxidized organic aerosol (Aiken et al., 2008, 2007; Canagaratna
et al., 2015; Chhabra et al., 2011; Ng et al., 2010). It has become
customary to characterize the extent of oxidation of the organic aerosol
using the fraction of the total organic signal due to ions at m/z 44 and
43 (f44 and f43). When plotting f44 versus f43, ambient data fall within a
triangular region (Ng et al., 2010); however, this is not necessarily the
case for SOA formed in environmental chamber experiments (Chhabra
et al., 2011).

The ACSM does not detect all sampled particles, primarily due to
particle bounce at the vaporizer, resulting in a collection efficiency (CE)
smaller than 1 (Ng et al., 2011). Collection efficiency and wall losses
were accounted for by multiplying the ACSM concentrations of organics
by the mass concentration ratio of initial sulfate (measured by the
SEMS) and time-dependent sulfate measured by the ACSM (Hildebrandt
et al., 2009). This correction accounts for depositional wall losses of
particles and the condensation of organic vapors onto wall-deposited
particles; it does not account for losses of organic vapors onto the clean
Teflon® walls.

The organic aerosol yield is calculated as the ratio of the amount of
OA formed divided by the mass of VOC precursor reacted (Table 1, Fig.
S3). Due to the fast formation of organic aerosol and challenges with
the quantification of toluene, OA yields were evaluated 1 h after start of
photo-oxidation, only for Experiments 1–7 for which the model (see
section 2.4) suggested > 97% of the toluene had been consumed
after < 30min. OA concentrations were stable after 30min suggesting
that OA formation had ceased and that most OA products were not
photo labile. Due to the fast organic aerosol formation in these ex-
periments, and since OA concentrations were evaluated after 60min,
the wall loss correction had only a small effect (< 5%) on organic
aerosol concentrations and mass yields.

2.4. Box modeling and analysis

Box-modeling was conducted in the SAPRC framework (Carter
et al., 2005; Carter and Heo, 2013) using the condensed carbon bond
mechanism CB6 (Yarwood et al., 2010) with an updated gas-phase
chlorine mechanism (Sarwar et al., 2012). Results from chamber
characterization experiments were utilized to account for light in-
tensity, leak rate and off-gassing of HONO and HCHO from chamber
walls (see supplemental information for additional details). Initial
measured reactant concentrations of toluene, nitrogen oxides (NO,
NO2), and chlorine gas (Cl2) were used as inputs to the model. Two
“dummy species” and corresponding reactions were added to the model

to track the reaction of toluene with chlorine atoms (CLVTOL) and with
OH (OHVTOL). HONO was not measured directly, but initial con-
centrations were estimated from the difference of NO2 concentrations
reported by the chemiluminescence NOx monitor (where HONO is
measured as NO2) and CAPS NO2 monitor (which does not detect
HONO). The sensitivity of the chemiluminescent NOx monitor to HONO
has not been measured and was assumed to be equal to the sensitivity of
NO. Initial HONO concentration in the model was varied within 10% to
evaluate model sensitivity to this input, which was found to be low.

Experimental and modeled results for experiments 10 and 11 are
shown in the SI (Figs. S3 and S4). Concentrations of NOx and O3 from
the box model agree reasonably well with measurements. The box
model's primary use was to estimate the extent of reaction of toluene
with OH versus Cl (Table 1), and the chlorine chemistry in the box
model is very limited. In experiments in which all toluene is consumed
(Expts. 1–7), Cl concentrations in the model increase dramatically when
all toluene has been consumed because no other hydrocarbon species
are present in the model to react with Cl. In the actual experiment, Cl
continues to react with toluene oxidation products – this is not re-
presented in the model. Thus, in Table S2, we report model-predicted
concentrations of OH and Cl 5min after UV lights were turned on, when
a significant fraction of toluene is present. Concentration of OH at this
time range from 8×104–6×107 molecules cm−3; concentrations of Cl
range from 3×106–2×108 molecules cm−3. The absolute OH and Cl
radical concentrations are 1–2 orders of magnitude higher than typical
ambient concentrations. The ratio of Cl and OH concentrations is si-
milar to ambient conditions in those experiments which were aimed to
achieve a balance of OH and Cl-initiated reactions (Expts. 10 and 11).
Experiments conducted in this work thus allow evaluation of Cl-in-
itiated chemistry as well as the interaction between Cl and OH-initiated
chemistry, as expected to occur in the troposphere.

3. Results and discussion

All experiments formed SOA. The first few generations of gas-phase
chemistry were observed with the CIMS, and the evolution of organic
aerosol was observed with the ACSM. Fig. 2 (top panel) shows time
series of gas and particle-phase species from Expt. 1, a typical low NOx

experiment (toluene + Cl) and time series from Expt. 4 (bottom panel),
a typical high NOx (toluene + Cl + NOx) experiment. Gas-phase spe-
cies shown in Fig. 2 are expected to form from toluene + Cl chemistry
as shown in Fig. 1 and Fig. S1.

For experiments in which Cl was the dominant oxidant, nearly all
toluene reacted away in less than 30min of photo-oxidation (Fig. 2).
This is quite different from experiments in which OH is the dominant
oxidant, where less than half of the toluene reacts after several hours of
photo-oxidation in this work and previous work (Hildebrandt et al.,
2009; Hildebrandt Ruiz et al., 2015; Karlsson et al., 2001; Ng et al.,
2007). The inability to react all or most of the toluene in the to-
luene + OH system poses challenges in investigating the aging of SOA
formed from the oxidation of toluene (Hildebrandt et al., 2009;
Hildebrandt Ruiz et al., 2015; Ng et al., 2007). Chlorine atoms thus
enable studying toluene SOA aging, as explored in more detail in Sec-
tion 3.2.

The SOA yields from Cl-initiated oxidation of toluene are in the
range of SOA yields from OH-initiated oxidation of toluene reported by
Hildebrandt et al. (2009) (Table 1; Fig. S5). The similar yields and the
difference in reaction rate constants (∼factor of 10) means that when
Cl concentrations are a factor of 10 lower than OH concentrations, Cl
and OH-initiated oxidation of toluene contribute similarly to the for-
mation of toluene SOA.

3.1. Gas-phase products

Multi-generational products are formed within minutes of the start
of photo-oxidation (Fig. 2). The CIMS provides the exact mass of ions
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from which their molecular formulae can be derived; it does not pro-
vide information on molecular structure. The assignment to chemical
species is based on molecular formulae and information about the re-
action mechanism; however, some uncertainty remains. For example,
the suggested product benzenetriol could be benzoquinone with an
additional water molecule clustered to the ion – available measure-
ments do not allow definite distinction between these two species.
Considering the similarity in their qualitative trends, this does not affect
the analysis presented below (which focuses on benzoquinone for
simplicity). Higher-generation (more oxygenated) gas phase species
were not observed in this work due to the choice of reagent ion - the
water cluster CIMS is only sensitive to moderately oxygenated species.

While the presence of NOx and OH affects the reaction pathway and
can result in the formation of different reaction products, here we focus
on products that are observed in all experiments. The formation of later
generation products is consistently delayed in high NOx experiments
relative to low NOx experiments (e.g. Fig. 2). This could be due to the
presence of NOx suppressing later-generation Cl chemistry and pro-
ducts; for example, benzoquinone is formed from continued Cl chem-
istry (Fig. S1). A further difference between high NOx and low NOx

experiments specific to chlorine-initiated chemistry is the formation of
ClNO2 in the high NOx environment, which can result in decreased
concentrations of Cl atoms at the beginning of the experiment and a
sustained source of Cl throughout the experiment. In contrast, in low

NOx experiments most of the Cl forms HCl, which is relatively stable to
photolysis and does not result in significant recycling of Cl. While
ClNO2 was not measured in this work, box model results can provide
some insights. For example, in Figs. S3 and S4 (Expts. 10 and 11),
modeled ClNO2 concentrations decrease after initial ClNO2 formation
but are constant when UV lights are turned off, suggesting ClNO2 as a
source of Cl. Another difference in the oxidative conditions between
low and high NOx experiments is the generation of secondary OH: in
high NOx experiments, a significant fraction of the toluene reacts with
OH instead of with Cl (Table 1). The delay in formation of later gen-
eration products could thus be because the formation of ClNO2 in the
high NOx experiments slows down the chemistry, the presence of NOx

initially inhibits the formation of the higher-generation products
formed through the low NOx pathway, and/or the presence of NOx

increases the importance of OH chemistry relative to Cl chemistry.

3.2. Organic aerosol bulk composition and oxidation state

Chlorine-initiated oxidation of toluene is thought to proceed pri-
marily, if not exclusively, via hydrogen abstraction at the methyl group
(Wang et al., 2005). However, later-generation chemistry could include
chlorine-addition to double bonds, for example, those in benzoquinone.
Thus, formation of organochlorides in later-generation chemistry is
possible. Wang and Hildebrandt Ruiz (2017) evaluated the ability of the

Fig. 2. Time series of wall-loss corrected OA concentration and modeled toluene decay (left vertical axis) and gas-phase products and f43, f44 time series (right vertical
axis) during experiment 1 (toluene + Cl; top panel) and experiment 4 (toluene + Cl + NOx; bottom panel). The dotted black vertical line indicates the time when UV
lights were switched off.
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ACSM to quantify organochlorides and pointed out that, under normal
operating conditions and using standard ACSM analysis techniques, the
ACSM generally under predicts concentrations of organochlorides.
However, the ion signal at m/z 36 (HCl+) seems to be a good proxy for
particulate chloride, and Wang and Hildebrandt Ruiz (2017) observed
an average mass ratio of HCl to total organics of 7% for SOA formed
from Cl-initiated oxidation of isoprene. (Uptake of HCl onto particulate
matter was not found to occur unless the relative humidity of the
system was very high, which is not the case here.) In the experiments
evaluated here, when Cl was the only oxidant added to the system, the
HCl: organic mass ratio ranged from 5 to 10% (Table 1, Fig. S6). This
ratio was less than 1% for experiments in which an OH source (HONO
or HOOH) was added at the beginning of the experiment, likely due to
lower formation of unsaturated products through OH chemistry and/or
because a majority of the later-generation products reacted with OH
instead of Cl. Overall, the ACSM data suggest that organochlorides form
from Cl-initiated oxidation of toluene. The molecular identity or
abundance of gas or particle-phase organochlorides cannot be eval-
uated with the available data – future experiments will utilize iodide as
reagent ion in the CIMS to evaluate the molecular identity of gas and
particle-phase organochlorides and other oxygenated organics.

SOA formed from Cl-initiated oxidation of toluene was more oxi-
dized than SOA from OH-initiated oxidation of toluene (Fig. 3). Fur-
thermore, while f43 of SOA from toluene + OH was relatively high
(generally lying to the right hand side (RHS) of the Ng triangle), f43 of
SOA from toluene + Cl was relatively low (generally lying to the left
hand side (LHS) of the triangle) (Ng et al., 2010). OH-initiated oxida-
tion of toluene proceeds primarily via OH-addition to the aromatic ring
and is known to form ring-opened products such as butenedial, methyl
glyoxal and epoxides (Chhabra et al., 2011). Cl-initiated oxidation of
toluene proceeds via H-abstraction at the methyl group and results in
ring-retaining products such as benzoquinone, benzaldehyde, benzoic
acid, phenol and 1,3,5-benzenetriol. The data presented here are thus
consistent with SOA dominated by ring-retaining products (such as SOA
from Cl-initiated oxidation of toluene) located on the LHS of the Ng
triangle while SOA dominated by ring-opened products (such as SOA
from OH-initiated oxidation of toluene) located on the RHS of the Ng
triangle. Other researchers have suggested that the presence of methyl
groups is associated with higher f43 (Li et al., 2016; Sato et al., 2012).
Since Cl predominantly reacts with toluene via hydrogen abstraction at
the methyl group, leading to aromatic compounds without a methyl
group, a lower f43 is consistent with this prior work.

Results from the SAPRC model were used to estimate the fraction of
toluene reacting with Cl versus with OH as summarized in Table 1. The
fraction of toluene reacting with Cl ranged from 0% for experiments in
which no source of reactive Cl was added (e.g. Experiments 8 and 9) to

100% for experiments in which no source of OH or NO was added (e.g.
Experiment 1, 2 and 5) and included intermediate values of 21% (Expt.
10) and 55% (Expt. 11). In general, f43 decreases with the fraction of
toluene reacting with Cl consistent with the analysis of the extreme
cases (0 and 100%) described above. For experiments in which at least
half of the toluene reacts with OH, f43 of SOA is similar to experiments
in which all toluene reacts with OH. This could suggest that the pre-
sence of OH results in a higher abundance of ring-opened higher gen-
eration products, regardless of whether the initial oxidation of toluene
is by Cl or OH. First and later generation products of toluene oxidation
react more quickly with OH than toluene itself. Reaction rates of to-
luene photo-oxidation products with Cl are unknown; however, this
would be consistent with OH oxidation being more important for later-
generation chemistry than for the first-generation chemistry, which is
also consistent with the analysis of organochloride content presented
above. It is also possible that the SAPRC model, which uses a condensed
mechanism, underestimates the formation of secondary OH.

3.3. Organic aerosol aging

The complete consumption of toluene in these experiments makes it
possible to evaluate the aging of organic aerosol upon continued oxi-
dation. In several experiments, additional oxidant was added after all
toluene had reacted with Cl in order to study aging: in Expt. 5, HOOH
was added as a low NOx source of OH (Fig. S7), in Expt. 6 additional Cl2
was added as a source of Cl (Fig. 4) and in Expt. 7 (Fig. S8), HONO was
added as a source of OH and NOx. The addition of HOOH (low NOx-OH)
in Expt. 5 resulted in a noticeable increase in higher generation gas-
phase products but no noticeable change in OA concentrations or bulk
composition (f43, f44). The addition of HONO in Expt. 7 resulted in a
small increase in OA concentration but no noticeable change in f43 or
f44. (CIMS data were not available after HONO injection in Expt. 7). The
addition of Cl2 in Expt. 6 resulted in a significant increase in OA, a small
decrease in f43 and no noticeable change in f44. In terms of gas-phase
products, benzaldehyde and phenol decreased upon addition of Cl2
(Fig. 4), likely because there was no more toluene in the system, so the
added Cl reacted with benzaldehyde and phenol to form later genera-
tion products. Benzoquinone initially increased but then decreased
sharply, likely due to initial formation (from e.g. benzaldehyde, see Fig.
S1), followed by continued chemistry. Future work will include mea-
surements of the molecular composition of organic aerosol formed to
better observe gas-particle partitioning.

Overall, continued oxidation of the system changes the gas-phase
composition and can change OA concentration but does not appear to
change bulk OA composition. This may indicate that the system has
reached an oxidative end point in the particle phase: Upon further

Fig. 3. f44 and f43 signals as measured by the ACSM in all experiments. The dotted black lines show typical ambient data as reported in Ng et al. (2010).
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oxidation highly oxidized OA components fragment and partition to the
gas-phase - the organic aerosol does not necessarily become more
oxygenated according to the bulk OA composition data from the ACSM.
Kinetic limitations may play a role on short time scales; however, the
bulk OA oxidation state is observed to remain unchanged after UV
lights are turned off and the system has had time to equilibrate. Thus, it
appears that the OA has reached an oxidative endpoint according to the
bulk OA composition data.

4. Conclusions

Chlorine-initiated oxidation of toluene was investigated inside an
environmental chamber. Several generations of gas-phase products
were observed which followed different qualitative trends in low NOx

and high NOx environments and responded to the addition of oxidants.
SOA formed quickly, and when no source of OH was added to the
system initially, all toluene was consumed within less than 30min of
oxidation, enabling the investigation of organic aerosol aging. SOA
concentrations remained stable upon continued exposure to UV sug-
gesting that most semi-volatile products are not photo-labile. The bulk
OA composition depends on the initiating radical: Cl-initiated oxidation
of toluene forms SOA with an overall higher oxidation state and lower
fraction of organic signal due to ions at m/z 43 (f43). These differences
are probably due to the approximately 10-fold faster reaction time-
scales of toluene with Cl than with OH, and the predominance of ring-
retaining products without methyl groups in the toluene + Cl system.
Addition of oxidant (Cl2, HOOH or HONO) after all toluene was con-
sumed did not change the organic aerosol oxidation state, suggesting an
oxidative end-point in the particle phase.

SOA formation from Cl-initiated oxidation of hydrocarbons in-
cluding toluene may significantly impact tropospheric composition
considering that concentrations of reactive chlorine species are higher
than previously assumed, and that Cl reacts more quickly than OH with
most hydrocarbons. For example, this work suggests that when Cl
concentrations are a factor of 10 lower than OH concentrations, Cl and
OH-initiated oxidation of toluene contribute similarly to the formation
of toluene SOA. The faster reaction rate also enables complete precursor
consumption and investigation of aging reactions on common experi-
mental timescales. In addition to its relevance to tropospheric compo-
sition, chlorine chemistry could thus be important as an experimental
tool.
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2 
 

S1. Environmental chamber characterization experiments 11 

The following characterization experiments were conducted based on procedures published in 12 

Carter et al. (2005):  13 

1) Light Characterization: The intensity of the UV lights was characterized by the photolysis 14 

rate of NO2, which was measured to be 0.3 min-1 when all UV lights are used, similar to 15 

ambient NO2 photolysis rates (e.g., 0.46 min−1 at a zenith angle of 40, Carter et al., 2005).  16 

2) Leak Rate Characterization: Leak rates were estimated by injecting a tracer species such as 17 

N2 and Cl2 into the environmental chamber and observing their leak rate over 6-10 hours. UV 18 

Lights were turned off during this test. The corresponding value was 0.29 ppb min-1, 19 

determined experimentally and also verified using the SAPRC CB6R5 model.  20 

3) HONO off-gassing from chamber walls:  The SAPRC CB6R5 modeled value of HONO off-21 

gassing rate was 11.14 ppt min-1. The ratio of the HONO off-gassing rate relative to the NO2 22 

photolysis rate was 0.032 ppb. 23 

4) HCHO off-gasing from chamber walls: The SAPRC CB6R5 modeled value of the ratio of 24 

HCHO off-gasing rate relative to the NO2 photolysis rate was 0.6 ppb.  25 

 26 

Tables and Figures 27 

The Benzyl Creigee Intermediate (Figure S1) is known to undergo multiple stages of oxidation in 28 

the presence of Cl to form several products including phenyl hydroperoxide, benzoic acid, 29 

perbenzoic acid, 1,4-benzoquinone, phenol and phenyl hydroperoxide. Some of these products 30 

are also known to be minor products of toluene-OH chemistry. 31 

 32 
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 33 

Figure S1. Continued oxidation of Benzyl Criegee intermediate modified from several sources 34 

(Cai et al., 2008; Fantechi et al., 1998; Huang et al., 2014, 2012; Karlsson et al., 2001; Wang et 35 

al., 2005; Young et al., 2014).  36 

  37 
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Table S1. Availability of instruments (Y = yes, N = no) 38 

Exp. SEMS ACSM CIMS 

Ozone  

monitor 

NOx  

monitor 

NO2  

monitor 

1 Y Y Y Y Y N 

2 Y Y Y Y Y N 

3 Y Y Y N Y N 

4 Y Y Y N Y N 

5 Y Y Y N N N 

6 Y Y Y Y N N 

7 Y Y Y Y Y N 

8 Y Y Y N N N 

9 Y Y Y Y Y Y 

10 Y Y Y Y Y Y 

11 Y Y Y Y Y Y 

 39 

 40 

Table S2. Modeled concentratiosn of OH, Cl and ClNO2, 5 min after UV lights on. 41 

Exp  [OH∙]                
(molecules cm-3) 

[Cl∙]                
(molecules cm-3) 

[ClNO2]                
(ppb) 

1 7.91×104 2.27×107 N/A 
2 1.70×105 1.94×108 N/A 
3 2.20×107 1.06×108 2.00 
4 2.80×107 1.97×107 0.59 
5 1.58×105 1.41×108 N/A 
6 8.59×104 2.58×107 N/A 
7 1.03×107 1.43×108 1.27 
8 1.46×106 N/A N/A 
9 5.94×107 N/A N/A 
10 5.56×107 2.93×106 1.55 
11 4.04×107 3.75×106 1.52 

 42 
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 43 

Figure S2. HR-Tof-CIMS mass spectrum (30 minute average) after lights were turned off during 44 

experiment 1. Toluene could not be quantified reliably due to the presence of four nearby peaks 45 

at m/z 93 (Cubison and Jimenez, 2015): C6H5O+, C3H9O3
+, C7H9

+, and C4H13O2
+ . 46 

 47 

 48 

 49 

Figure S3. Time series of experimental measurements and modeled results for gas-phase species 50 

during experiment 10.  51 
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 52 

 53 

 54 

Figure S4. Time series of experimental measurements and modeled results for gas-phase species 55 

during experiment 11.  56 

 57 

 58 

 59 
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Figure S5. SOA yields as a function of total organic mass concentration in the environmental 60 

chamber for experiments 1-7. SOA yields were only calculated for experiments where modeling 61 

results suggested complete consumption of toluene. Dotted lines represent upper and lower 62 

bounds for low NOx-OH (orange) and high NOx-OH (green) from Hildebrandt et al., 2009. 63 

 64 

 65 

 66 

 67 

Figure S6. Time series of particulate HCl over organics over duration of experiment 3, 7, 10 and 68 

11. 69 

  70 
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 71 

 72 

Figure S7. Time series of wall-loss corrected OA concentration and modeled toluene decay (left 73 

vertical axis), and gas-phase products and f43, f44 (right vertical axis) during experiment 5 (Low 74 

NOx-Cl-HOOH).   75 

 76 
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 77 

Figure S8. Time series of wall-loss corrected OA concentration and modeled toluene decay (left 78 

vertical axis) and gas-phase products and f43, f44 time series (right vertical axis) during 79 

experiment 7 (Cl-High NOx-OH). CIMS was offline after 120 minutes.  80 
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