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ABSTRACT: During use of sodium hypochlorite bleach, gas- | Rapid, Oxidation-Driven Loss of Limonene
phase hypochlorous acid (HOCI) and chlorine (Cl,) are released,
which can react with organic compounds present in indoor air.
Reactivity between HOCI/Cl, and limonene, a common
constituent of indoor air, has been observed. The purpose of this
study was to characterize the chemical species generated from gas-
phase reactions between HOCI/Cl, and limonene. Gas-phase
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reactions were prepared in Teflon chambers housing HOCI, Cl,, Eso
and limonene. The resulting chemical products were analyzed _E I ¥ 3
using gas-phase preconcentration, followed by gas chromatography & T ~ Hocict,
and high-resolution mass spectrometry. Several chlorinated 0 o o 150
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products were detected, including limonene species containing t (min)

one, two, and three chlorines and limonene chlorohydrin. Product

concentrations and yields were estimated for the most abundant products, and greater than 80% of transformed limonene was
represented in the detected products. Temporal sampling of the reactions allowed time courses to be plotted for limonene decay and
chlorinated limonene product generation under different conditions, including the treatments of HOCI/Cl,, Cl, only, high vs low
relative humidity, and + ozone. These experiments add product speciation, yield estimates, and an understanding of environmental
factors affecting product formation to previous studies, further highlighting the chemical transformations initiated by sodium
hypochlorite bleach in indoor air.
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Bl INTRODUCTION additional research to gain a more complete understanding of
the impact of chlorine bleach on indoor air chemistry.
Chlorine bleach contributes to the complexity of the indoor
air composition. For example, Odabasi and colleagues
quantified the presence of chloroform and carbon tetra-
chloride, both toxic and potentially carcinogenic, in domestic-
use bleach.”” The release of chloroform into the gas phase has
also been demonstrated during bleach cleaning and laundering
activities.””*® Notably, volatilization of the active bleach-
derived oxidants, HOCl and Cl,, has been observed.**
Specifically, during controlled mopping and surface wiping
experiments using chlorine bleach products, air concentrations
of Cl, approaching its 15 min recommended exposure limit
(REL) of 500 ppb were measured.”> HOCI concentrations, for
which a REL has not been established, were measured in

hundreds of ppb.**™*

Indoor air chemistry is affected by the chemicals introduced
into the space, including cleaning products.'~* Concentrations
of cleaning product-derived compounds increased indoors
during the COVID-19 pandemic due to expanded usage for
disinfection.”™® As an example, Zheng et al. reported a 62%
increase in cleaning product-derived compounds within
household dust during the pandemic compared to prior.”
The elevated use of cleaning products within an indoor space
can result in unexpected chemistry, leading to potentially
hazardous inhalation exposures for occupants.””"" Sodium
hypochlorite bleach (i.e., chlorine bleach) is a common
disinfectant used in many applications, including water
treatment as well as hospital and domestic use in laundry
and surface disinfection.'” Its frequent use is due to the highly
effective oxidizing properties of hypochlorous acid (HOCI) on
biomolecules.'”> However, improper mixing of chlorine bleach

with acids or ammonia can generate highly toxic chlorine (Cl,) Received:  July 2, 2024
and chloramine gases (C,H,N,CL,), respectively.'"”'* In Revised:  September 3, 2024
addition to its acute toxic effects, exposure to chlorine bleach Accepted: September 4, 2024

is correlated in several studies with asthma, chronic obstructive
pulmonary disease, and respiratory symptoms in occupations
. . 15-21 .
where its use is prevalent. >~ These observations warrant
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Additional complexity arises from the propensity of HOCI
and Cl, to react with common constituents of indoor air and
on surfaces, a topic that is rapidly gaining interest in indoor
chemistry research.””*® Reactivity occurs with unsaturated
organic compounds such as alkenes and dienes. This was
demonstrated in heterogeneous reactions between Cl, gas and
particle phase alkenes in which conversion to dichloroalkanes
was observed.”” ™" While similar products were detected in
strictly gas phase experiments, reactivity was less favorable than
observed in heterogeneous reactions.””>* For HOC], electro-
philic addition to alkenes was observed in the liquid phase,
producing chlorohydrins, which were also detected in
heterogeneous reactions between gaseous HOCI and surface
films of squalene, oleic acid, and monoterpenes.’”** Recent
studies have explored the gas-phase reactivity of HOCl and Cl,
with the monoterpenes limonene and a-pinene, which are
common to indoor air due to cleaning and personal care
products.’*® Within environmental chambers and controlled
indoor cleaning experiments, mixtures of HOCI/CIl, and
limonene have yielded chlorinated and oxygenated species.””*"
Rapid formation of such species is possible, as the estimated
rate constant of HOCI reactivity toward limonene is 2.2 + 1.5
%X 107! cm® molec™ s71,*” which is similar to that measured
for the reaction of ozone with limonene (2.1 X 107'¢ c¢m?
molec™ s7').*” The similar rate constants indicate that HOCI
is likely a consequential oxidant in indoor air,” similar to
ozone, which has been extensively studied.*>*' Additionally,
the reactivity of HOCI creates the possibility of competition
between multiple oxidants reacting with limonene, which may
affect product yields or result in unique product speciation,
warranting further evaluation. Collectively, these observations
indicate the likelihood for extensive reactivity of HOCI and Cl,
with organic compounds during routine cleaning activities, the
products of which could contribute to exposures for indoor
occupants.%37

Within the current manuscript is a thorough examination of
the chemical species generated by reactions between limonene
and the gas-phase oxidants, HOCI and Cl,, released from
sodium hypochlorite bleach solutions. Limonene was chosen as
a reactant in this study due to its use in prior research, as
described above,***” and its common occurrence in indoor
air.** The analysis was carried out using gas chromatography
and high-resolution mass spectrometry (GC-HRMS) in order
to provide comprehensive product speciation, quantitation of
products, and calculation of product yields, information which
is limited in existing literature yet important to understand the
potential for exposures. In addition, the study was designed to
investigate gas-phase reactions of bleach mixtures in the
context of common indoor air composition. As such, the
effects of typical indoor ozone concentrations and relative
humidity were examined. These studies were designed to
identify products that could pose exposure risks to occupants
and serve as future targets for industrial hygiene monitoring.

B METHODS

Chemicals. Sodium hypochlorite (11—15% active chlorine)
and sodium phosphate monobasic monohydrate (99.5%,
NaH,PO,) were purchased from Thermo Fisher Scientific.
Cl, compressed gas cylinder (951 ppm of Cl,, nitrogen
balance) and a certified gas standard mixture (17 compounds,
ISO 17025 compliant) were purchased from Linde Inc. North
America (Alpha, NJ). Limonene (R, +, 99%) was purchased
from Sigma-Aldrich (St. Louis, MO). N,O-Bis(trimethylsilyl)-

trifluoroacetamide (BSTFA, with 1% TMCS) was purchased
from Cerilliant Corporation (Round Rock, TX). The
endocyclic limonene chlorohydrin products were independ-
ently prepared following literature procedures™ to assist in the
identification of gas-phase products.

HOCI and Cl, Production. Gaseous HOCI and Cl, were
produced using procedures adapted from previous studies.”>*”
To a solution of NaH,PO, (348 mM, pH 4.2) was added
NaOCl (11—15% active chlorine) for a final concentration of
367 mM and pH of 6.8; the target pH was chosen to be below
the pK, of HOCI (pH 7.5) in order to maintain HOCI in its
undissociated form to facilitate volatilization. Ultrahigh purity
nitrogen gas was bubbled at 50 mL/min through this solution.
The volatilized HOCI and Cl, flowed through Teflon-lined
tubing attached to a custom 10 cm UV gas cell (Firefly Sci,
Inc,, Northport, NY) within a Cary 60 UV/vis spectropho-
tometer (Agilent, Santa Clara, CA). Following blank correction
with nitrogen, the UV absorbances at 242 and 330 nm were
monitored for HOCI and Cl,, respectively. For each experi-
ment, flow was maintained and absorbance data was collected
until a steady state concentration was attained, and following
this, absorbances were converted to concentrations using
Beer’s law and corresponding absorption cross sections of 2.03
X 107" cm* molecule™ for HOCI and 2.55 X 107" cm?
molecule™! for Cl,.**

Chamber Experiments. Gas-phase reactions were per-
formed in collapsible 100 L Teflon chambers filled with clean
air that was prepared by passing compressed house air through
anhydrous calcium sulfate (Drierite, Xenia, OH) and 4 A
molecular sieves (Sigma-Aldrich, St. Louis, MO) to eliminate
moisture and contaminants. The clean air was then humidified
using a bubbler to a desired relative humidity of S + 3% or 50
+ 3%, depending on the experiment. Relative humidity was
confirmed with a hygrometer (HMI38, Vaisala, Vantaa,
Finland). A separate Teflon chamber containing concentrated,
gas-phase limonene (20 ppm) was prepared by passing the
cleaned, humidified air through a heated 6.4 mm Swagelok
stainless-steel tee into which 10.7 uL limonene (99%) had
been injected. The introduction of the conditioned air was
controlled by a mass flow controller (GGFC37, Aalborg
Instruments and Controls, Inc., Orangeburg, NY) to a flow
rate of 5 L/min and a total volume of 80 L. Chambers
containing 100 ppb of limonene were created by transferring
aliquots from the concentrated 20 ppm limonene chamber to
the prepared reaction chamber via 100 mL gastight syringe
(Hamilton, Franklin, MA). To prevent photolysis, all experi-
ments were performed in the dark.

HOCI was added to the reaction chamber at the specific
mixing ratio of 500 ppb of HOCI to 100 ppb of limonene.
Using the concentration of HOCI determined by spectropho-
tometry (described above), the specific volume of gas needed
was determined and was introduced by timed infusion through
the bubbler. Cl, is inherently produced using this method®>*’
and, thus, was simultaneously introduced with HOCI during
infusion. Cl, concentrations averaged 515 + 4S5 ppb when the
HOCI concentration was held constant at 500 ppb.

Experiments to evaluate the effect of Cl, in the absence of
HOCI were performed by using a certified standard of
compressed Cl,. The concentration of Cl, within the cylinder
was 951 ppm + 2%, and the balance of the cylinder volume
was nitrogen. Caution: Chlorine is classified as a GHS Owxidizing
Gas, Category 1; Acute Toxicity (inhalation), Category 2; Skin
Corrosion, Category 1; Serious Eye Damage, Category 1; and
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Figure 1. Effect of HOCI/Cl, on limonene and the generation of reaction products in gas-phase reactions. (A) Percentage of limonene remaining
after exposure to HOCI/Cl, (black trace) and in the negative control treatment (red trace). Percentage pertains to the ratio between limonene
concentration at each time point and concentration of limonene at time zero X 100. Error bars indicate standard deviation with n = 2 for limonene
and n = 7 for limonene + HOCI/Cl,. (B) GC-MS TIC chromatogram comparison between gas phase chambers containing limonene (red trace)
and limonene + HOCI/Cl, treatment (black trace). Limonene peak at RT 18.42 min is reduced to approximately 25% with HOCI/Cl, treatment.
Numbers in red above the peak indicate species identified and are listed in Table 1.

Aquatic Hazard, Category 1. Working with chlorine gas at high
concentrations carries the risk of significant injury or death. For
these experiments, chlorine gas was handled within a chemical
fume hood while wearing gastight goggles, corrosive-resistant
gloves, and half-mask respirators with approved gas/vapor
cartridges. Additionally, personal chlorine gas monitors were
worn by laboratorians while carrying out these experiments.
Within a chemical fume hood, the Cl, was drawn, using airtight
tubing from the compressed cylinder, into a small, interme-
diary Teflon chamber. From there, a gastight syringe was used
to transfer the Cl, from the intermediate chamber to the 80 L
Teflon reaction chambers, producing a final concentration of
500 to 1000 ppb, depending on the experiment.

For experiments incorporating ozone, a mercury pen lamp
(Double Bore lamp, Jelight, Irvine, CA) was used to photolyze
molecular oxygen. The ozone concentration was measured
using a 49i UV photometric ozone monitor (Thermo Fisher,
Pittsburgh, PA) and was stored in a small Teflon chamber until
use. Immediately at the start of HOCI/Cl, infusion, a 100 mL
gastight syringe was used to transfer a precise volume of ozone

of known concentration to the 80 L limonene reaction
chambers, which yielded a final ozone concentration of 30 ppb.

BSTFA Derivatization of Impinger-Collected Gas-
Phase Products. Reactions between limonene (S ppm) and
HOCI/Cl, (approximately S ppm each) occurred in Teflon
chambers (80 L); following this, the reaction products were
withdrawn via impingers into 20 mL of acetonitrile at 3 L/min.
Higher mixing ratios of reactants were chosen to ensure
sufficient hydroxylated product concentrations for derivatiza-
tion by BSTFA using previously published conditions.*
Solvent was evaporated under a stream of dry nitrogen, and
the collected products were reconstituted in pyridine and
heptane and derivatized using BSTFA at 75 °C for 70 min with
agitation. After cooling, samples were analyzed by an Orbitrap
GC-MS (Trace 1310 gas chromatograph and Exactive Orbitrap
MS, Thermo Scientific) and Agilent GC-MS (7890 GC and
240 EI/CI ion trap MS, Santa Clara, CA).

Gas-Phase Sampling and GC-HRMS. In order to
monitor the gas-phase products from the reaction between
limonene and HOCI/Cl,, immediately after introduction of the
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Table 1. Chlorinated Products Detected in Gas-Phase Reactions between Limonene and HOCI/Cl,

Compound | Limonene 1 2 3 4 5
Mol. C1oH1e C1oH1sClI C1oH16Cl2 C1oH14Cl2 C1oH1sCl3 C10H170CI
Formula
m/z 136.1247 | 170.0857 | 206.0624 | 204.0467 | 240.0234 | 188.0962
cl cl
Cl Cl Cl Cl
x° . Cl cl
Ho
cl
¢ cl cl
cl cl
RT (min) 18.42 21.13 22,94 24.49 21.96 23.56
21.59 24.27 24.70 18.37 23.63
21.80 25.10
25.15
bleach oxidants, Teflon chambers were connected to a 7200 limonene species were calibrated. Yield values were calculated
CTS cryogen-free gas preconcentrator (Entech, Simi Valley, as the concentration of chlorinated product divided by the
CA) coupled to an Orbitrap GC-MS, and S0 mL of the concentration of the consumed limonene, multiplied by 100.*
atmosphere within was collected. The first sample was Data Processing and Analysis. Mass spectral peak
collected at 10 min after the initial infusion of HOCI/Cl,, annotation was achieved through high-resolution, accurate
and samples were collected at 38 min successively after that as mass analysis, which allowed the elemental composition of
indicated in the figures. From the preconcentrator, the sample monoisotopic and fragment ions to be determined. Calculation
was introduced onto the analytical GC column (DB-1, 60 m x of elemental composition from m/z values was performed in
0.25 mm i.d., 1 pgm film thickness, Agilent, Santa Clara, CA) Qual Browser (Thermo Xcalibur, version 4.4.16.14), which
using splitless mode and a sample loading flow program were compared to molecular formulas of suspected chlorinated
wherein helium began at 0.3 mL/min from 0 to 0.9 min, limonene species. Ranges used for elemental composition were
followed by 1.2 mL/min flow rate through the remainder of as follows: '2C, 0—-30; '°0, 0—15; 'H, 0—60; *Cl, 0—10; *'Cl,
the temperature gradient. The temperature gradient consisted 0-10, and a S ppm mass tolerance was used. Mass spectral
of the following: 35 °C held isothermally for 3 min, 10 °C/min peak identification was further supported by isotope pattern
ramp rate to a final temperature of 250 °C, followed by an matching performed in Qual Browser and matching of
isothermal hold for 0.5 min. The Exactive mass spectrometer experimental fragment ions to in silico fragmentation spectra
data were collected using a scan range of 30 to 500 Da, a generated in Mass Frontier (Thermo Fisher Scientific, version
resolution of 60,000, and electron ionization (EI) in the 8.0.577.177). Chromatographic peak areas for chlorinated
positive ion mode. For more definitive molecular ion limonene species were normalized by the limonene peak area
confirmation, positive chemical ionization (PCI) mode, measured at time zero for eac.h experiment. le’ferences
scanning from 50 to 500 Da, was utilized. The ion source b<?twe§n treatments were determined using Student’s ¢ test
temperature was set to 250 °C for EI and 200 °C for PCI, and with mgmﬁcance., defined as p < 0.05 (JMP software, version
the transfer line temperature was 280 and 250 °C for EI and 15.1.0, SAS Institute, Cary, NC).
PCI, respectively. Methane was used as the PCI reagent gas at
a flow rate of 1.5 mL/min. Bl RESULTS AND DISCUSSION
Calibration of Chlorinated Limonene Species. Cali- Characterization of Reaction Products. Gas-phase
bration of gas-phase limonene was performed using an reactions were initiated between limonene and the volatile
evacuated 6 L Silonite-coated canister that was filled with a constituents of a sodium hypochlorite solution, HOCI and Cl,,
known volume of an ISO 17025-compliant, certified VOC to characterize the species formed. Concentrations of the
standard mixture (Linde Inc., North America) and humidified reactants were selected to mimic realistic concentrations
UHP nitrogen using an Entech 4700 static diluter (Entech, measured in indoor air, speciﬁcally 100 ppb limonene and
Simi Valley, CA). For calibration, the standardized canister was approximately 500 ppb HOCI and 515 ppb CL**72%%~%
attached to an Entech 7200 preconcentrator, and varying HOCI and Cl, were added to limonene in a Teflon chamber
volumes of gas were sampled to create the concentration range. housed in the absence of light, and the reaction was monitored
The total ion current (TIC) peak areas of limonene were temporally using gas-phase sampling followed by GC-MS. The
integrated (Thermo Xcalibur, version 4.4.16.14) to generate a red, dotted trace in Figure 1A, representing the negative
calibration curve to which TIC peak areas of chlorinated control of limonene without added oxidants, indicates that no
D https://doi.org/10.1021/acsestair.4c00150
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loss of limonene occurred over the time course. However, 10
min after the introduction of the HOCI/Cl, oxidant mixture, a
statistically significant 75% reduction in limonene concen-
tration was observed (p < 0.0001, Figure 1A, black trace).
Later time points (50—160 min) reflected no further decay of
limonene.

A representative GC-MS TIC chromatogram collected from
the reaction is shown in Figure 1B. With HOCI/Cl, addition,
shown in the black trace, the limonene peak at RT 18.42 min is
reduced to approximately 25%, and several peaks are readily
detected at later retention times. The chromatogram from the
limonene treatment, shown in red, is largely absent of
extraneous peaks beyond limonene.

Table 1 shows the molecular formulas and tentative
structures of the limonene reaction products detected in the
TIC or extracted ion chromatograms from the limonene +
HOCI/Cl, treatment. Table S1 contains more detailed
information about experimentally measured m/z values,
fragment ions observed, and their corresponding molecular
formulas. Chromatographic peaks at 21.13, 21.59, and 21.80
min were assigned to isomers of singly chlorinated limonene
with the molecular ion of m/z 170.0857 pertaining to
C,oHsCl (Table 1, structure 1, hereafter referred to as 1).
The molecular ion assignment was further confirmed by GC-
MS detection using PCI, which resulted in protonation and the
expected adduct formation (Figures S1—S3). A fragment at m/
z 135.1167 resulting from loss of the chlorine atom (C,H,s*)
was observed. Furthermore, the expected isotopic pattern of a
3:1 ratio for C;gH;s*Cl and C;H;*'Cl, respectively, was
observed for the parent ion (Figure S4). Current experiments
did not allow for definitive assignment of the chlorine position
within the structure, but based on previous reports,”*° the
chlorine atom is thought to be located on carbons participating
in a carbon—carbon double bond. Retention of the double
bond in this product could result from a mechanism in which
addition of HOCI to the double bond is followed by loss of the
hydroxyl group via dehydration prior to mass spectrometric
analysis.”*>? Structures indicating chlorine addition to both the
endocyclic and exocyclic double bonds are shown (Table 1);
however, endocyclic addition is likely more favorable, as has
been observed for electrophilic addition of ozone to
limonene.”' ~>* Although prior evidence suggests that this
molecule likely arises from the dehydration of a chlorohydrin
species,” ™ further work is needed to confirm this assertion.

Peaks at 22.94 and 24.27 min contained m/z 206.0624,
which corresponds to the molecular ion of C,yH;(Cl,, a
dichlorinated limonene species (Table 1, structure 2, hereafter
referred to as 2). As expected for molecules containing two
chlorine atoms, its molecular ion presented with the character-
istic isotopic pattern in the ratio of 9:6:1 for m/z 206.0624
pertaining to CyoH6>°ClL", m/z 208.0594 pertaining to
CioH;s*°CI’Cl*, and m/z 210.0565 corresponding to
C1oH;6”’CL,", respectively (Figure SS). A fragment ion at m/
z 171.0933 (C,oH,(CI") was present in this spectrum, which
was generated thr0u7gh loss of a Cl atom and has been
observed previously.”” Loss of both Cl atoms and a hydrogen
atom, through intramolecular rearrangement during electron
ionization,” resulted in the fragment ion m/z 135.1168
(C1oH;s"), also observed. Generation of the dichlorinated
limonene species 2 likely occurs through electrophilic addition
of Cl, across one of the double bonds.”” This addition could
occur at either the endocyclic or exocyclic double bonds,
yielding the corresponding isomers designated as 2 in Table 1.

An additional dichlorinated limonene species was detected
in peaks at retention times of 24.49, 24.70, 25.10, and 25.15
min. Detected in all peaks was the molecular ion m/z 204.0467
which corresponds to C,,H,,Cl, and was further confirmed by
PCI and isotopic pattern matching (Figures S6—S9). Chlorine
atom position could not be definitively determined exper-
imentally, but chlorine is expected to be bound to one vinylic
carbon in each double bond, based on proposed mechanisms
in previous reports.34 This species, hereafter termed 3, is
presumed to arise from the addition of HOCI across each
double bond, followed by dehydration as discussed above for
1. A fragment ion m/z 169.0777 (C,,H,Cl") pertaining to loss
of a chlorine atom coincided with this parent ion, which has
been observed in prior studies.’’

Trichlorinated limonene (proposed structure 4, Table 1,
hereafter termed 4) was detected at RT 18.37 and 21.96 min
with the molecular ion of m/z 240.0234 corresponding to a
molecular formula of C,,H,;Cl;, using extracted ion chromato-
gram peak detection. Simultaneously detected in these spectra
were m/z 205.0545 pertaining to the loss of a chlorine atom
(C1oHsCL*) and m/z 169.0778 corresponding to the loss of
two chlorine atoms and one hydrogen (C;oH4Cl*). Further,
the observed isotopic pattern matched that expected
theoretically for the two most abundant isotopes; the
additional isotopes were not detected, likely due to a low
concentration (see Figure $10).

Finally, limonene chlorohydrins were identified at RT 23.56
and 23.63 min, which have the molecular ion m/z 188.0962
and molecular formula C;,H;,CIO (structure S, Table 1,
hereafter referred to as 5). The presence of the hydroxyl group
was confirmed by its reaction with BSTFA, resulting in the
corresponding trimethylsilyl derivative (Figure S11). For the
underivatized molecule, the fragment ion m/z 173.0725
(CoH4,ClO*) was detected which corresponded to a loss of
a methyl group, and fragment ion at m/z 153.1271 pertained
to loss of the chlorine atom (C,(H;;0*). Comparison of
fragmentation patterns to previously published work®® indicate
that the chlorohydrin functional group of these molecules
resides on the carbons previously participating in the exocyclic
carbon—carbon double bond. The position of the chlorohydrin
functional group was further confirmed through a comparison
of gas-phase products to a synthesized endocyclic chlorohydrin
standard. Comparison of the GC-MS chromatograms between
the samples indicates, as shown in Figure S12, that for
reactions in the gas phase, endocyclic chlorohydrin is not
formed at appreciable levels. This contrasts with solution phase
chlorination of limonene, where both endo?fclic and exocyclic
chlorohydrin formation were observed.”® Given previous
evidence for the electrophilic addition of ozone preferentially
to the endocyclic double bond of limonene, the corresponding
endocyclic limonene chlorohydrin was assumed to be the more
favorable species; therefore, its negligible formation is
unexpected. This observation may indicate rapid conversion
of endocyclic limonene chlorohydrin to other species,
presumably 1 and 3, via dehydration within 10 min.
Supporting the possibility of rapid dehydration, acid-catalyzed
dehydration of hydroxycarbonyls to dihydrofurans in the
heterogeneous phase have been observed in similar time
scales.””

Additional limonene species that contained oxygenated
functional groups were expected based on recent work.”* In
the current study, m/z 186.0806 pertaining to chlorinated
limonene with a hydroxyl group addition was detected with a
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Figure 2. Effect of Cl, (red dotted trace) and HOCI/Cl, (black trace) on limonene and its products in gas-phase reactions. (A) Comparison
between effect of Cl, and HOCI/CI, on decay of limonene. Percentage pertains to ratio between limonene concentration at each time point and
concentration of limonene at time zero X 100. (B) Comparison between effect of Cl, and HOCI/Cl, on singly chlorinated limonene (structure 1 in
Table 1). (C) Comparison between effect of Cl, and HOCI/Cl, on dichlorinated limonene (structure 2, Table 1). (D) Comparison between effect
of Cl, and HOCI/Cl, on limonene chlorohydrin (structure S, Table 1). For B—D, the normalized peak area pertains to the peak area of each
species divided by the peak area of limonene at time zero. Error bars represent standard deviation with n = 3 for limonene + HOCI/Cl, and n = 7

for limonene + Cl,.

molecular formula of C,;H;sOCl (Figure S13) at RT 22.31
min, and the presence of the hydroxyl group was confirmed
with BSTFA derivatization (Figure S14); however, abundance
appears to be low.

Chlorinated Limonene Product Yield Estimates. To
provide additional insight into the potential for exposure, the
yields of the oxygenated and chlorinated species generated in
the gas-phase reactions were measured. Many of the species
were not commercially available; as such, a surrogate approach
was employed (see methods section). This approach and its
corresponding calibration curve (Figure S15) were applied to
the largest peaks discernible from the TIC chromatogram at
the first time point (10 min) of temporal sampling experi-
ments. Yield values were calculated as the concentration of
chlorinated product divided by the concentration of the
consumed limonene.*® At the lower end of the calibration
curve, higher variability was observed, which affected the
quantitation accuracy; thus, many of the smaller peaks, such as
those pertaining to 2, were excluded from the estimates. As
shown in Table S1, for the singly chlorinated product 1, at RT
21.6 min, the estimated yield was 57 + 8.7%, which was the
highest yield of all species. The peaks pertaining to 3 at RT
24.70, 25.10, and 25.15 min followed with a total of 28% yield.
It should be noted that the yield listed for the peak at 25.15
min was the combined area across both 25.10 and 25.15 min,
as these peaks were unresolvable chromatographically.

The yield data provide insight into the mechanisms of
product formation among limonene, HOCI, and Cl,. The

estimated HOCI gas-phase rate constant for limonene exceeds
that of Cl, by an order of magnitude (2.2 + 1.5 X 107¢ vs 1.6
x 1077 cm® molec™ s7!, respectively).”” It follows that 1 and
3, which are thought to arise from HOCI, are found in higher
yield versus 2, of which Cl, is the progenitor. The low
abundance (estimated at <1 ppb) of the chlorohydrin products
was unexpected when compared to previous studies in which
these species were detected readily.””* The formation of
particulate matter during the gas-phase reactions could affect
the detectability of chlorohydrin species. Supporting this
hypothesis, the estimated vapor pressure, calculated using EPI
Suite,” for the limonene chlorohydrin species (0.001 mmHg)
was substantially lower than limonene (1.98 mmHg), 1 (0.7
mmHg), and 2 (0.1 mmHg). However, experimental evidence
did not confirm the formation of particulate matter.
Specifically, SMPS measurements recorded for over 60 min
indicate particles were not detected in reactions between
limonene and HOCI/Cl, in the absence of light (data not
shown), which matches results of others.”” Additionally, in
prepared chambers of the synthesized limonene chlorohydrin,
its stability in the gas phase was observed for several hours,
indicating the lack of loss to particles or chamber walls due to
low volatility (Figure S16). Other factors affecting the
detection of chlorohydrin species between the current study
and others could include variations in parameters such as the
relative humidity or the ratios of HOCI to Cl,. Alternatively, it
is possible that the limonene chlorohydrin species were not
detected due to rapid dehydration to other products, such as 1
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Figure 3. Effect of 5% relative humidity (low, red dotted trace) and 50% relative humidity (high, black trace) on the reaction between limonene
and Cl, in gas-phase reactions. (A) Comparison between the effect of low and high humidity on decay of limonene in the presence of Cl,.
Percentage pertains to ratio between limonene concentration at a given time point and concentration of limonene at time zero X 100. (B)
Comparison between the effect of low and high humidity on the formation of singly chlorinated limonene (structure 1, Table 1) in the presence of
ClL,. (C) Comparison between the effect of low and high humidity on the formation of dichlorinated limonene (structure 2, Table 1) in the
presence of Cl,. (D) Comparison between the effect of low and high humidity on the formation of limonene chlorohydrin (structure S, Table 1).
For B—D, the normalized peak area pertains to peak area of each species divided by peak area of limonene at time zero. Error bars represent

standard deviation with n = 7 and 3 for high and low RH, respectively.

and 3 as discussed above. Future studies could include an
online sampling method to permit more rapid detection of
these presumably transient chlorohydrin species as well as the
incorporation of a derivatization strategy to detect these
oxygenated species more readily via GC-MS. Despite this, the
above estimates indicate that 85% of the loss of limonene is
accounted for in species 1 and 3 within 10 min of reaction, and
the concentrations of some individual species were detected
within the range of 20 to 50 ppb.

Comparison between the Effect of Cl, and HOCI/CI,
on Limonene Product Speciation. To better elucidate the
mechanisms of product formation, the independent contribu-
tions of HOCI and Cl, were investigated. Because HOCI is in
equilibrium with Cl, and, therefore, cannot be isolated, pure
Cl, was compared to the mixture of HOCI/Cl, derived from
sodium hypochlorite. Several replicate experiments were
performed in which 500 and 1000 ppb chlorine was added
to the limonene chambers, and temporal sampling was
performed. The 1000 ppb chlorine treatment was initially
chosen to more closely match the total number of chlorine-
containing oxidant molecules present in the HOCI/Cl,
treatment, which contained approximately 500 ppb HOCI/
S1S ppb Cl,. However, as minimal differences between the two
concentrations of Cl, were observed (Figure S17), the data for
both 500 and 1000 ppb chlorine were averaged and are
presented in Figure 2 (red, dotted trace). Exposure of
limonene to 500—1000 ppb Cl, across several experiments

caused only a 22% reduction in limonene which was
significantly different from the 70% reduction observed for
the mixture of HOCI/Cl, at 10 min (p < 0.0001, Figure 2,
panel A), supporting the larger role of HOCI in the reaction
mechanism.

Formation patterns of representative chlorinated products
were tracked simultaneously with the decay of limonene for
160 min. For the limonene + HOCI/Cl, reactions (black
trace), differences were observed in the temporal patterns of
product formation across the three representative chlorinated
limonene species. Specifically, product formation reached a
plateau at the second time point of S0 min for 1 (panel B) and
2 (panel C). The chlorohydrin product (S, Figure 2, panel D)
formed two times more slowly, as the maximum amount of
product stabilized by the fourth time point, approximately 120
min after reaction initiation. This result may indicate that most
of the chlorohydrin species formed are converted rapidly and
undetectably using current measurements to a singly
chlorinated species through dehydration as discussed pre-
viously.

For the Cl, treatment, as shown in Figure 2 (red, dotted
traces), all of the same products were generated, but the
concentrations were significantly reduced relative to the
HOCI/Cl, treatment (all p < 0.02 at 10 min). At the 10
min time point, 49% less compound 2 was detected in the Cl,
treatment compared to HOCI/Cl, treatment (panel C, p =
0.014). However, such an effect on this product was not
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Figure 4. Effect of 5% relative humidity (low, red dotted trace) and 50% relative humidity (high, black trace) on the reaction between limonene
and HOCI/C], in gas-phase reactions. (A) Comparison between the effect of low and high humidity on the decay of limonene in the presence of
HOCI/Cl,. Percentage pertains to ratio between limonene concentration at a given time point and concentration of limonene at time zero X 100.
(B) Comparison between the effect of low and high humidity on the formation of singly chlorinated limonene (structure 1, Table 1) in the
presence of HOCI/Cl,. (C) Comparison between the effect of low and high humidity on the formation of dichlorinated limonene (structure 2,
Table 1) in the presence of HOCI/Cl,. (D) Comparison between the effect of low and high humidity on the formation of limonene chlorohydrin
(structure S, Table 1). For B—D, the normalized peak area pertains to peak area of each species divided by peak area of limonene at time zero. Error

bars represent standard deviation with n = 3 for each treatment.

expected because concentrations of Cl, were similar between
Cl, and HOCI/Cl, treatments, and Cl, is thought to be its
main progenitor. These results may indicate the involvement of
HOCI or other incidental compounds, facilitating its
formation. In support, recent studies indicate that heteroge-
neous reaction kinetics of Cl, are enhanced in the presence of
oxygenated molecules.”’ The Cl, data for 1, 3, and § support
the idea that HOCI has a greater role in their formation
(Figures 2 and S18). Formation of the singly chlorinated
limonene (1, panel B) and limonene chlorohydrin (5, panel D)
were attenuated to a larger degree in the Cl, treatment, 68%
and 91%, respectively, than that of 2 (49% reduction, panel C).
Similarly, the peaks pertaining to 3, which is also thought to
originate from HOCI, were more severely attenuated in the CI,
treatment (79—84%; see Figure S18) compared to the
attenuation of 2. It was unanticipated that 1, 3, and § were
formed at appreciable levels in the Cl, treatment, because these
molecules are presumed to arise strictly from HOCIL. This
suggests that an alternative pathway for the formation of these
chlorinated species could be involved. For the formation of
these species to occur in the Cl, treatment, the presence of
water vapor within the chamber may be necessary (50% RH in
these experiments), as Cl, is known to react with water to form
HOCI. Additional experimentation was conducted to deter-
mine the effect of relative humidity on product formation (see

below).

Effect of Relative Humidity on Limonene Product
Speciation and Amounts. The effect of relative humidity
(RH) on product formation was investigated through
limonene reactions prepared with HOCI/Cl, and Cl, alone
at 50% (high) and 5% RH (low). Control experiments
containing limonene without added oxidants indicate its
stability at both low (Figure S19) and high RH in Teflon
chambers (see Figure 1A, red dotted trace). For the Cl,
reactions, limonene decay was unexpectedly enhanced in low
humidity conditions (58% loss in low humidity vs 22% loss in
high humidity conditions; Figure 3, panel A; p = 0.0019, 10
min time point). However, a concomitant increase in the
concentration of chlorinated limonene products was not
observed. Specifically, as shown in Figure 3, low humidity
had no significant effect on the formation of 1 (panel B; p =
0.89, 10 min) and 2 (panel C; p = 0.54, 10 min), indicating
that the RH percentages chosen for this experiment do not
significantly affect product formation in the Cl, treatment.
Conversely, a significant reduction in limonene chlorohydrin
product (5, panel D; p = 0.026, at 80 min) was observed in low
humidity conditions, which indicates a more sensitive
dependence on %RH for its formation when only Cl, is
present. In fact, in the low RH treatment, chlorohydrin
formation was undetectable. The enhanced decay of limonene
in the low humidity conditions cannot be explained by changes
in the targeted products, and therefore, these data may suggest
that additional products were generated in the low humidity
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Figure S. Effect of ozone (30 ppb, red dotted trace) on the reaction between limonene and HOCI/Cl, in gas-phase reactions. Black trace pertains
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deviation with n = 3 and 4 for & ozone, respectively.

conditions, which are unaccounted for in the employed
sampling strategy.

The effect of humidity on product formation using the
bleach oxidant mixture was investigated, as well. Similarly, to
that observed for limonene/Cl, reactions in low humidity, the
introduction of HOCI/Cl, to limonene in low humidity
conditions caused an increase in limonene decay compared to
50% RH conditions (98% loss at low RH vs 70% loss at high
RH; p = 0.001S, 10 min time point). This observation may
indicate that in low RH conditions more HOCI/Cl, is available
as a result of less reaction with water vapor. However, a
corresponding increase in the chlorinated product formation
was not observed. As shown in Figure 4, significantly less
formation occurred for all products in low humidity conditions
in the limonene + HOCI/Cl, treatments (all p < 0.02 at 10
min). The singly chlorinated (1, panel B) and dichlorinated
products (2, panel C) were attenuated by approximately 60%,
and the chlorohydrin (S, panel D) was attenuated by greater
than 90% at 10 min. In contrast to the results in Figure 3,
where humidity had no effect on the singly and doubly
chlorinated limonene product formation with Cl, only, these
results demonstrate a significant role of RH in the enhance-
ment of the HOCl-initiated product formation for 1, 2, and .
Again, as above, the additional limonene loss observed in low
humidity conditions could not be accounted for by the selected
products, and the loss may be due to alternative products that
went undetected with current sampling strategies. Overall,
these results demonstrate a significant role of water vapor in

facilitating chlorinated and chlorohydrin product formation
and may have implications for real world exposures in humid
environments where bleach application is performed.

Effect of Ozone on Limonene Product Speciation and
Amounts. To better represent the conditions in indoor air,
the effect of ozone was explored in the context of the HOCI/
Cl, reactions with limonene. Ozone reacts readily with
terpenes at sites of unsaturation, resulting in carbonyl-
containing products which remain in the gas phase.'
Furthermore, the formation of Criegee intermediates during
ozonolysis causes hydroxyl radical formation and semivolatile
product formation, such as peroxides and organic acids,
resulting in the formation of secondary organic aerosol.
Experiments were performed to determine how the competi-
tion between multiple oxidants affected the rate of the reaction,
as well as product formation. Ozone was added simultaneously
along with the HOCI/Cl, mixture to chambers containing 100
ppb limonene. The final concentrations were 30 ppb ozone,
which is an indoor air concentration possible with high air
exchange rates,"””” and 500 ppb HOCI/S15 ppb Cl,. As
shown in Figure S, the addition of ozone did not influence the
decay of limonene at the initial time points of 10 and 50 min,
but as the reaction proceeded, a statistically significant (p =
0.04) enhancement of limonene loss was observed by
approximately 80 min, which was sustained through 160 min
(panel A). Ozone caused a 37% reduction in limonene
chlorohydrin formation at SO min (5, panel D), though high
error in the HOCI/CI, treatment precluded the comparison
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from reaching statistical significance (p = 0.49). A statistically
significant 25% and 36% reduction in the formation of the
singly chlorinated (1, panel B; p = 0.02) and dichlorinated
limonene product (2, panel C; p = 0.046), respectively, was
observed at the S0 min time point and beyond in the presence
of O;. These results are consistent with the experimental rate
constants reported for each oxidant of 1.6 X 1077, 2.2 (+1.5)
X 10716, and 2.1 X 107! cm® molecule™! s7! for Cl,, HOC],
and 0;.”7° For these chlorinated products, the data indicate
that even at the low concentration used in the experiments,
ozone could effectively compete with Cl, and HOCI, which
were present at greater than 10-fold its excess. The results
suggest that the low concentration of ozone can meaningfully
attenuate HOCI/Cl,-initiated product formation at mixing
ratios used in the current experiments.

Significance and Implications. We describe the for-
mation of chlorinated and oxygenated products generated from
the gas-phase reaction between limonene and HOCI/Cl, and
characterize the species by GC-HRMS. Data herein provide
evidence for the formation of additional species including
singly chlorinated (1), dichlorinated (2), and trichlorinated
(4) limonene compared to those recently described on surfaces
and in the gas phase.’”® Experimental evidence was presented
describing additional indoor environmental factors that affect
product formation, including relative humidity and ozone
competition. Specifically, higher relative humidity significantly
enhances product formation for chlorinated limonene species;
conversely, typical indoor concentrations of ozone suppressed
the product yield. In addition, data indicate that chlorinated
limonene species are produced rapidly upon reaction initiation
and remain stable for more than 2 h. Specifically, from this
study using realistic indoor air concentrations, some species
reached near peak formation and limonene reached peak decay
at 10 min. Using these data, a minimum limonene loss rate of 6
h™! can be estimated, which indicates the loss of limonene via
the HOCI/CI, reaction is 12 times greater than the typical air
exchange rate of 0.5 h™'. This rate is comparable to that
calculated using the published HOCI/limonene rate constant
(ktocilimonene = 22 £ 1.5 X 107 cm® molec™ s7)*” and an
initial HOCI concentration of 500 ppb, which resulted in the
limonene loss rate constant (k' = [HOCI](kyocytimonene))
being 20 times faster than air exchange. Collectively, these data
indicate that such reactions have the potential to form
products in time scales capable of causing exposures to indoor
occupants.

The sampling strategy used in this study enabled
concentrations and yields of some chlorinated species to be
estimated, which have not been previously reported in similar
studies of sodium hypochlorite bleach. The yield for the most
abundant species, the singly chlorinated limonene compound
1, was estimated to total 57% of the consumed limonene,
which would equate to approximately 46 ppb using the
reactant concentrations in these experiments. Although
exposure limits are not available for chlorinated limonene
compounds, this concentration falls below 15 min recom-
mended exposure limits for other volatile chlorinated
compounds such as chloroform, chloromethylbenzene, and
chlorobutadiene which are 2, 1, and 1 ppm, respectively.’’
Though it is not likely that chlorinated limonene species cause
acute toxicity at concentrations observed in this study, the
effects of long-term exposure should be examined further. For
example, the connection between exposure to mixtures of
chemicals at low concentrations and the development of

cancer is a growing area of research.® Furthermore, it is
likely that chlorine-generated species could reach higher levels
than were observed in this study given the concentrations of
limonene and HOCI that have been measured, previ-
ously.”**** Overall, this work further characterizes the
products formed, enhances our understanding of how multiple
oxidants impact a reaction system, and increases our
understanding of conditions affecting chlorinated product
formation. Cumulatively, these data and those of others
highlight the importance of additional research to understand
the impact of sodium hypochlorite bleach on indoor air
composition.
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Table S1. Detailed description of chlorinated products detected in gas-phase reactions between limonene and HOCI/Cl,

Structure Theoretical Experimental El fragments Formula of
ID Structure RT Formula Monoisotopic Monoisotopic observed fragments ppb? Yield
(m/z) (m/z) (m/z) (%)
Cl
Cl
S _Cl 205.0547 Ci10H15%°Cl2

171.0749 C1oH14%Cl
169.0779 C10H14%Cl

4 18.37 Ci0H1sCl3 240.0234 240.0238 133.1013 CioH13
. 119.0856 CoH11
105.0700 CsHo
91.0543 C7H7
Cl
Cl
Cl 135.1167 CioHis
127.0308 C,Hg%*Cl
1 21.13 Ci10H15ClI 170.0857 170.0855 119.0855 CoHi1
91.0542 CsH7
79.0542 CeH7




Cl

Cl

QO rQ O

135.1167 CioHss
127.0308 C-Hg35Cl
119.0855 CoH11
21.59 C10H1sCl 170.0857 170.0854 93.0699 CaHo 46 £ 11 57 £8.7
91.0542 C7H7
79.0542 CeH7
Cl
cl 135.1168 CioH1s
134.1089 CioH1a
119.0855 CoH11
21.80 CioH1sCl 170.0857 170.0856 105.0699 CsHg
93.0699 C7Ho
91.0543 CsH7
77.0386 CeHs




. _Cl
Cl
Cl
205.0547 C1oH15%5Cl,
. _Cl 171.0748 C10H143Cl
169.0778 C10H1435Cl
21.96 CioH1sCls 240.0234 240.0235 155.0622 CoH12%°Cl
133.1012 CioH13
127.0309 C,Hg%Cl
cl 105.0700 CsHo
89.0153 C4He35Cl
Cl




Cl

Cl
171.0932 C1oH16%Cl
170.0855 C1oH15%5Cl
135.1167 CioHis
22.94 CioHi6Cl2 206.0624 206.0621 119.0855 CoH11
107.0855 CgH11
AN 93.0699 C7Ho
91.0542 C7/H~7
79.0542 CeH7
Cl
a””
173.0726 CoH14035Cl
153.1272 C10H170
137.0960 CoH130
23.56 CjoH170CI 188.0962 188.0962 111.0804 CoHLO
93.0698 C7Ho
Cl 83.0491 CsH;0O

HO




Cl

173.0726  CoH1,0%Cl
171.0570  CoH1,0%Cl
153.1272 CioH170
23.63 CyoH1,OCI 188.0962 188.0961 137 0060 s
ol 111.0804 C-H110
93.0698 C7Ho
HO
cl
cl
171.0932 C1oH16%5Cl
135.1167 CioH1s
2427  CioHiCla 206.0624 206.0622 107.0854 CeHus
93.0698 C7Ho
91.0542 C7H7
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Cl

171.0748 C1oH143Cl
Cl 167.0621 C1oH12%°Cl
153.0464 CoH10%°Cl
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115.0542 CoHy
105.0699 CsHo
N 91.0542 C/H;
79.0542 CsHy
cl 169.0777 C10H1435Cl
155.0621 CoH1,%5Cl
24.70  CioH14Cl> 204.0467 204.0465 133.1011 CioH13
127.0309 CHgscl ~ 2*¥05 205
91.0543 C7H;
S _Cl 79.0542 CeH7
cl 169.0777 C10H1435Cl
155.0621 CoH12%5Cl
25.10 CioH1Cl> 204.0467 204.0466 133.111 CioH13
119.0855 CoH11
91.0543 C/H;
. _Cl 79.0542 CsHy
169.0777 C10H1435Cl
cl 133.1011 CioH13
25.15 CioHu4Cl> 204.0467 204.0466 127.0308 C7Hg3>Cl
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91.0542 C/H;
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"Number of molecules of chlorinated product per billion air molecules within 80 L chambers
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Figure S1. Representative mass spectrum from peak at RT 21.13 min collected in PCl mode, showing the
expected adducts and confirming the parent species detected in El mode, m/z 170.0857 (M*").
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Figure S2. Representative mass spectrum from peak at RT 21.59 min collected in PCI mode, showing the
expected adducts and confirming the parent species detected in El mode, m/z 170.0857 (M*').
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Representative mass spectrum from peak at RT 21.8 min collected in PCI mode, showing the

expected adducts and confirming the parent species detected in El mode, m/z 170.0857 (M*").
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Figure S4. Representative GC-MS chromatogram from singly chlorinated limonene species (1, Table 1) detected at RT 21.13, 21.59, and 21.80
min from the reaction of limonene with HOCI/Cl, in the gas phase. The parent ion for this molecule was detected at m/z 170.0855 (El mode,
M*), and the inset shows the expected isotopic pattern.
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Figure S5. Representative GC-MS chromatogram from dichlorinated limonene species (2, Table 1) detected at RT 22.94 and 24.27 min from the
reaction of limonene with HOCI/Cl, in the gas phase. The parent ion for this molecule was detected at m/z 206.0622 (El mode, M**), and the
inset shows the expected isotopic pattern.

13



203.0388

207.0323

205.0545 < [M + H]+

<

209 1091 o [M + 29]+ [M + 41]+

2111061

| 2121101 2151787 218.3316__ 221.0696 | 12263937 2291942 233.0857 235 pg2s 239.0156 243.3491 245.0859
T T B
220 228

2250427

Relative Abundance
o
=
b b b b b b b b b b b b b b b b b bl

o

T T T T T T T L R LA A ey B e B B 4
204 206 208 210 212 214 216 218 222 224 226 230 232 234 236 238 240
miz

Figure S6. Representative mass spectrum from peak at RT 24.70 min collected in PCl mode, showing the
expected adducts and confirming the parent species detected in El mode,m/z 204.0467 (M*").
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Figure S7. Representative mass spectrum from peak at RT 25.10 min collected in PCl mode, showing the
expected adducts and confirming the parent species detected in El mode, m/z 204.0467 (M*").
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Figure S8. Representative mass spectrum from peak at RT 25.15 min collected in PCl mode, showing the
expected adducts and confirming the parent species detected in El mode, m/z 204.0467 (M*").
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M*), and the inset shows the expected isotopic pattern.
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Figure S10. Representative GC-MS chromatogram from tri-chlorinated limonene species (4, Table 1) detected at RT 18.4 and 21.96 min from the
reaction of limonene with HOCI/Cl, in the gas phase. The parent ion for this molecule was detected at m/z 240.0233 (El mode, M**), and the
inset shows detection of the two most abundant isotopes.
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Figure S11. GC-MS extracted ion chromatograms for limonene chlorohydrin (Panel A) and BSTFA-derivatized limonene chlorohydrin (Panel B)
and corresponding mass spectra (C and D).
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Figure S12. GC-MS extracted ion chromatogram (m/z 135.1171) for synthesized endocyclic limonene chlorohydrin (Panel A) with its two
corresponding peaks at RT 22.98 and 23.28 min highlighted with vertical lines. Extracted ion chromatograms (m/z 135.1171) for products
generated from the reaction between HOCI/CI; + limonene are shown in panels B-D. As highlighted by the vertical lines, the endocyclic limonene
chlorohydrin is not produced at appreciable levels in the gas phase reactions. The peak at RT 22.93 in the gas phase reaction pertains to the
dichlorinated limonene (2; m/z 206.0625).
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Figure S13. Representative GC-MS chromatogram from chlorinated, oxygenated limonene species detected at RT 22.31 min from the reaction of
limonene with HOCI/Cl, in the gas phase. The parent ion for this molecule was detected at m/z 186.0804 (El mode, M**), and the inset shows the

expected isotopic pattern.
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Figure S14. Representative PCI GC-MS spectrum from chlorinated, oxygenated limonene species after derivatization with BSTFA. The species
was generated from the reaction of limonene with HOCI/Cl; in the gas phase followed by collection by impinger and derivatization by BSTFA.
The parent ion for this molecule was detected at m/z 186.0804 (El mode, M**). The derivatized m/z value 259.1278 [M + H]* was detected, and
the inset shows the expected isotopic pattern.
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Figure S15. Calibration curve for limonene created from standard canister sampling using a gas
preconcentrator with detection by GC-MS. The calibration curve was used to determine concentrations
and yields of some chlorinated limonene species.
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Figure S16. Stability of exocyclic limonene chlorohydrin within a Teflon chamber (50% RH, n=1).
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Figure S17. Loss of limonene in several experiments due to treatment with 500 ppb (green traces) and
1000 ppb (blue traces) Cl,.
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Figure S18. Effect of Cl, (red trace) and HOCI/Cl, (black trace) on limonene products in gas phase
reactions. A) Comparison between effect of Cl, and HOCI/Cl; on dichlorinated limonene at RT 24.7 min
(structure 3 in Table 1). B) Comparison between effect of Cl, and HOCI/CI, on dichlorinated limonene at
RT 25.15 min (structure 3, Table 1). The normalized peak area pertains to peak area of each species
divided by peak area of limonene at time zero. Error bars represent standard deviation with n=3 for
limonene + HOCI/Cl; and n=7 for limonene + Cl,.
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Figure S19. Stability of limonene in low humidity conditions (5% RH, n=1).
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