Response to Anonymous Referee #3

We thank Referee # 3 for the comments and address each below. Our responses are denoted

in blue texts.

Review of “Characterization of Organosulfates in Secondary Organic Aerosol Derived from

the Photooxidation of Long-Chain Alkanes”

Reviewer’s Summary:

The authors characterize organosulfates (OSs) from the laboratory oxidation of dodecane,
decalin, and cyclodecane under varying conditions of humidity and two different seed types
(non-acidified, acidified). They observe overlapping organosulfates in the laboratory
experiments and on filters from Pasadena, USA and Lahore, Pakistan, concluding that OSs
from the oxidation of anthropogenic precursors may contribute to urban SOA. The results are
novel and would be of interest to the readers of ACP; however, I would not recommend this
manuscript for publication because it is not well-written and the conclusions are highly
speculative. In particular, the proposed chemical mechanisms from the laboratory experiments
are not substantiated by a fundamental knowledge of the chemistry occurring in the reaction
chambers used. The authors inconsistently address the fate of the RO2 radical within their
laboratory experiments throughout the text and within the proposed mechanisms. There seems
to be a mix of RO2 reacting with RO2, HO2, and NO, though they claim different regimes
depending on what mechanism they are proposing to explain the OSs formed. For example,
they state that reaction with NO is insignificant, yet they report a nitrate containing OS in the
decalin system.

First, with regard to RO, chemistry: as demonstrated by Ehn et al. (2014), at ppb levels of NO
(1-5 ppb; NO concentration in our study, < 1 ppb based on NO measurement) competition
exists between RO, + NO, RO, + HO, and RO, autoxidation reactions. Nevertheless, ELVOC,
though reduced, still formed, indicating that auto-oxidation does not occur solely under
pristine conditions. It is important to point out that the high concentrations of VOCs used in
this work favor involvement of RO, + RO, chemistry. In addition, previous work (Crounse et
al., 2013), has also reported different RO, regimes, such as autooxidation or RO, + HO,

reactions, in experiments using methyl nitrite as an OH radical source, similar to isopropyl



nitrite used in our study. As discussed below in response to reviewer’s comment # 10, RO, +
NO reactions are minimal; however, the nitrated OSs at m/z 326 are also measured in low

concentrations (ng/m’, Table S3).

Second: we do not claim that the proposed mechanisms represent the major reaction pathways
of the photooxidation of the studied alkanes, but are tentatively proposed to explain the
formation of the OSs identified in this study. Mechanisms have been clearly indicated as
proposed branching of pathways of the alkane photooxidations presented to explain formation
of specific OSs products consistent with MS® data. This approach to rationalizing OH
oxidation products is universally applied in oxidation studies (Yee et al 2013; Bugler et al.,
2015). Furthermore, the concentrations reported in Tables S1-S3 emphasize the fact that
identified compounds are in low abundance regardless of the mass of SOA measured in all

experiments.

Finally: we stress to Reviewer #3 that neither the analytical work nor the interpretation of the
MS?* data were questioned. The tandem MS data are consistent with the structures proposed
for products observed in both the lab-generated and ambient aerosol samples and we repeat
that we clearly indicated in the text that the mechanisms presented are suggested as pathways
leading to ions consistent with those observed and until authentic standards become available
both the product structures and mechanisms of formation remain tentative. An additional and
crucial comment we make is that the major objective of our study is to demonstrate that
aliphatic organosulfates form via alkane oxidation, and offer one explanation for reports of

aliphatic OSs in urban areas (Ma et al., 2014; Tao et al., 2014).

They propose the formation of hydroperoxides in the case of dodecane experiments with high
initial precursor concentrations and do not propose RO2 + RO2 chemistry, but for the C10
systems RO2 + RO2 reactions are proposed with some RO2 + HO2 reactions. They propose
epoxide precursors in the C10 systems to OS formation, but not in the C12 system. In general,
the proposed mechanisms are arbitrary and do not demonstrate careful control in the design of
the experiments or understanding of the chemistry. This lack of understanding becomes clear
because there are several areas where citations are used to support the current work, but the

citations are used imprecisely and out of context. The manuscript would benefit from more



clearly stated organizational structure (e.g. why some mechanisms are proposed in the main
text versus the supplemental information).

First we would like to point out that pathways have been proposed that lead to structures
consistent with the mass spectrometric data acquired for the observed OSs. We have not
attempted to hypothesize general mechanism that would be predicted to give the entire array
of precursors contributing to the total mass of SOA. Regarding the possibility of an epoxide
precursor to OS-279, we considered the possibility of formation of OS-279 from the reactive
uptake of the corresponding epoxide (C,,H,,0); however, the composition of OS-279 (1
DBE) is inconsistent with reactive uptake of an epoxide. Therefore, we have used the few
studies available in the literature (Yee et al., 2012; 2013) to propose the formation of OS-279
from the heterogeneous chemistry of hydroperoxides. Finally, we have considered the
potential heterogeneous chemistry of hydroperoxides formed from the photooxidation of

decalin and cyclodecane as discussed above.

The authors should also clarify motivation in the experimental selection of two C10 cyclic
alkane structures and one C12 straight chain structure.

These compounds have been selected due to their potential contribution to SOA formation in
the atmosphere. Recent studies have investigated the SOA formation from decalin and
dodecane oxidations and reported large SOA yields (Yee et al., 2013; Hunter et al., 2014).
Moreover, Pye and Pauliot (2012) have shown that, even though less emitted into the
atmosphere, the cyclic C,, alkanes have a greater potential for SOA formation than linear or

branched alkanes < C,,.

A few sentences have been added to better explain our selection of parent VOCs on lines 118-
122:

“These alkanes were selected based on their potential contribution to atmospheric SOA
formation (Hunter et al., 2014). Studies have demonstrated that cyclic compounds (< C,,) are
expected to be more efficient SOA precursors than linear or branched alkanes with the same
number of carbons (Lim and Ziemann, 2005; Pye and Pauliot, 2012). Alkanes = C,, are
considered as effective SOA precursors, especially when placed in the context of their
emission rates (Pye and Pauliot, 2012).”

The brevity of the discussion of results on the OSs from dodecane photooxidation are quite
brief relative to the other sections interpreting the results from decalin and cylodecane, and

the effects of chemical structure are glossed over in brevity.
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As mentioned in lines 229-231, low abundances of OS-209 and OS-237 precluded acquisition
of high-resolution MS* data, and thus, structures have not been proposed for the parent ions.
Without structural information, discussion of formation pathways is not possible. The
criticism of our conclusions as “highly speculative,” is not consistent with request for more
detail on the chemical structure of products formed in abundances too low to obtain high-

resolution MS? data.

Further, it is unclear if the conclusion that enhancement of OS yields are due to increased
acidity of the seed aerosol is really due to acidity, rather than an effect of seeding the
experiments with an atomized solution containing more sulfate. These concerns are outlined
in detail below.

This point has been previously discussed and published work demonstrates that acidity, rather
than concentration of sulfate, is the key parameter (reference cited in the article) in the
formation of OSs. Chan et al. (2011) have reported that the formation of OSs from the

oxidation of -caryophyllene is directly correlated with the aerosol acidity ([H']).

Major Comments:

1. Lines 58-61: These lines are specious in the use of citations and misleading. First, as
written, these lines assert that the underestimate of global SOA is equivalent to an
underestimate in urban SOA. Second, the references cited (Pye and Pouliot, 2012; Tkacik
et al., 2012) do not specifically argue that the underestimate in predicted SOA is due to
the omission of IVOCs. A better reference here based on the lines as written would be
(Robinson et al., 2007). Pye and Pouliot, 2012 can be cited for exploring additional
mechanisms (oligomer formation) from alkane and PAH in SOA formation, and Tkacik et
al., 2012 can be cited for providing additional evidence that IVOCs may be a missing
source in modeling urban SOA, but the authors need to reword these lines carefully and be
more precise.

Sentence has been modified on lines 59-62 as follows:

“The omission of intermediate volatility organic compounds (IVOC) as SOA precursors,
such as alkanes or polycyclic aromatic hydrocarbons (PAHs), could contribute in part to
the underestimation of SOA mass observed in urban areas (Robinson et al., 2007, Tkacik

etal., 2012).”



. Line 65: References here should include Yee et al., 2013 which more specifically
addresses analogous to Lim and Ziemann, 2005 the products and mechanisms of C12
alkanes of varying structures.

References have been added.

. Line 66: Tkacik et al., 2012 should be included here for presenting yields from several
alkane systems.

Reference has been added.

. Line 71: For this discussion on structure and fragmentation, additional reference should be
cited (Lambe et al., 2012).

Reference has been added.

. Line 107: The authors assert that acid-catalyzed reactive uptake has not been reported for
the oxidation of alkanes. This is not true. Atkinson, Lim, and Ziemann have shown that
alkane oxidation leading to 14-hydroxy carbonyls convert to cyclic hemiacetals in an
acid-catalyzed multi-phase process (Dibble, 2007; Atkinson et al., 2008; Lim and
Ziemann, 2009a, 2009b). Schilling Fahnestock et al., 2015 also report the effect of acidity
on SOA formation from C12 alkanes.

This statement has been removed from the revised version of the manuscript.

. Lines 123-124: Can the authors give more background on these two sites to orient the
reader also with the motivation/purpose of this study? What types of sites are these—
urban with what type of emissions profiles and surrounded by vegetation, etc.?

As it is highlighted in the abstract, the motivation for our study was to demonstrate the
formation of OSs from the oxidation of alkanes, which has been inferred from previous
field studies. Description of both sites is presented in the experimental section and

references, which have already characterized both sites, are cited.

The following sentences have been added:
Lines 185-188:“As stipulated previously at both urban sites, anthropogenic activities
(e.g., vehicular exhaust, industrial sources, cooking, etc.) likely dominated the organic

aerosol mass fraction of PM,s (Stone et al., 2010; Hayes et al., 2013). In addition,



Gentner et al. (2012) have reported significant emission of long-chain alkanes during the

CalNex field study.”

. Line 222-223: It would be helpful to label the 1,3-dodecanone sulfate in Figure 1 to aid
the reader. The authors should be careful with their naming convention here (i.e. 1,3-), as
this particular isomer certainly is not the only potential isomer and is not the only isomer
specified in Yee et al., 2012 and Yee et al, 2013.

The OS has been labeled in Figure 1. We agree with referee #3 that other isomers are
present since we identified at least 3 isomers as mentioned on line 236 and reported in

Table S1.

The sentence has been modified on lines 239-242 to:

“Kwok and Atkinson (1995) have reported that OH oxidation of long-chain alkanes
preferentially occurred at an internal carbon and thus multiple isomers may be proposed.
Based on Yee et al. (2012; 2013) one isomer may be, however, assigned as 6-dodecanone-

4-sulfate.”

. Lines 226-230: The reference cited, Ruehl et al., 2013, is improperly used here. Ruehl et
al., 2013 describes the heterogenous oxidation of octacosane and finds a strong preference
for OH attack at the terminal carbons. The current work, however, is gas-phase oxidation,
so the specificity of the isomers as listed in lines 228-229 should be rethought. Further,
the naming convention for these isomers are inconsistent with the naming convention in
line 222-223. It seems as though the 1, 3-dodecanone denotes the 1 position as the ketone,
whereas here the reference to 2, 4-, 3,5-, and 4,6- and other isomers suggests the 1
position is likely the carbon at the end of the dodecane chain.

Sentence has been removed and naming of the molecule is now consistent with line 242.
As discussed by Kwok and Atkinson (1995), reaction occurs preferentially on internal

carbons and the sentence has been changed as proposed in the previous point.

. Lines 234-237: This is a poorly worded sentence. It is unclear in relation to the context of
the current work, and there is imprecise use of citations. Hydroperoxides can undergo
further oxidation by reaction with OH, but to generate alkoxy radicals from
hydroperoxides, that would likely include photolysis. The authors need to address the

extent of photolysis in the experiments then. Or are the authors referring to reactions of
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10.

RO2 + NO to generate alkoxy radicals? If so, then the authors need to address the extent
of RO2 + NO occurring in the experiments. If the former, rewrite as, “First-generation
hydroperoxides can undergo further oxidation by reaction with OH to form low-volatility,
more highly oxidized products, or can be photolyzed to alkoxy radicals (RO) to form
more highly volatile products.” The use of Carasquillo et al., 2014 here is inappropriate to
discuss the oxidation of hydroperoxides as written. Carasquillo et al., 2014 describe the
fate of differing alkoxy radical structures and how it affects SOA yield. The authors need
to clarify what they are trying to say here and how it relates to the mechanism proposed in
Figure 1.

We thank the reviewer for its comments, sentences have been changed to simplify and

clarify this paragraph.

Lines 249-255: “First-generation hydroperoxides (C,,H,;0,) can undergo further
oxidation by reaction with OH to form either more highly oxidized products, such as
dihydroperoxides (C,,H,,0,), or semi-volatile products (C,,H,,0) (Yee et al., 2012). In
addition, hydroperoxides can be photolyzed to alkoxy radicals (RO) to form more highly
oxidized products. Low-volatility products could then condense onto sulfate aerosols and
undergo further heterogeneous reactions (Schilling Fahnestock et al., 2015) leading to

OSs as discussed below.”

Lines 237-243: The authors can cite Raff and Finlayson-Pitts, 2010 for IPN as an OH
radical source, but it cannot be cited to fully account for the chemical conditions (i.e. the
fate of RO,) in the current experiments without considering the differences between their
experiment and that of Raff and Finlayson-Pitts, 2010. The authors should report NOx
levels in these experiments to verify the claim that RO2 + NO reactions are minimal.
Also, how is O3 formed in these experiments? The authors need to calculate (considering
the relatively high levels of initial hydrocarbon), the relative fate of RO2 between reaction
with RO,, HO,, and NO. The proposal that OS-279 stems from hydroperoxide species in
Figure 1 seems least inappropriate if RO, fate is really dominated by reaction with RO2
and/or NO.

In order to provide additional support for the proposed mechanisms, total organic
peroxide measurements have been performed. These results which are now reported in
Table 1 reveal that organic peroxides (including hydroperoxides) could contribute up to ~

28 % (on average) of the SOA mass formed from the photooxidation of the precursors
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used in this work. These measurements highlight the significant presence of organic
peroxides and/or hydroperoxides in aerosol and thus support the proposed mechanisms. In
addition to the organic peroxide measurements, concentrations of O; and NO were also

added in Table 1 to confirm the low-NO conditions cited in this work.

The description of the organic peroxide measurements has been added, lines 211-219,
revised manuscript:

“Total Organic Peroxide Analysis. The total organic peroxides in the SOA were
quantified using an iodometric-spectrophotometric method adapted from Docherty et al.
(2005). As described in Surratt et al. (2006), the method employed in this work differs in
the choice of extraction solvent: we used a 50:50 (v/v) mixture of methanol and ethyl
acetate, rather than pure ethyl acetate. Calibrations and measurements were performed at
470 nm using a Hitachi U-3300 dual beam spectrophotometer. Benzoyl peroxide was used
as the standard for quantification of organic peroxides formed from alkane oxidations.
The molar absorptivity measured from the calibration curve was ~ 825, which is in

excellent agreement with reported values (Docherty et al., 2005, Surratt et al., 2006).”

A discussion of the results of the organic peroxide measurements has been added, lines
261-265, revised version:

“In addition, total organic peroxide aerosol concentrations, presented in Table 1, reveal
that organic peroxides account (on average) for 28 % of the SOA mass measured in the
different experiments in support of a significant contribution of RO, + RO,/HO, and/or

RO, autoxidation to SOA formation from alkane oxidations.”

In our experiment we did not add NO (prior to IPN injection) and background NO levels
were measured near the detection limit of the NO, monitor (i.e., 1 ppb). After IPN
injection a significant increase of O; was observed in all experiments (as described lines
258-260) and NO concentration dropped below 1 ppb. We agree that NO, is photolyzed in
these systems and NO is recycled. However, under the conditions described here (and in
the article on lines 258-260 and in Table 1) most of the NO is expected to react with O,.
Rate constants for the RO, + NO and NO + O, reactions were determined to be 4.7 x 10™"*
cm’ molecule™ s (k,) (suggested by MCM; Ehn et al., 2014) and 1.8 x 10™* cm’ molecule’
' s (Atkinson et al., 2000; IUPAC) (k,), respectively. Gratien et al. (2010, ES&T, 44,

8150-8155) have calculated the OH radical concentration to be 5 x 10° molecule cm™ from
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11.

the photolysis of 5 ppm of isopropyl nitrite (IPN). In our experiments, 0.1-0.25 ppm of
IPN was injected into the chambers. Using similar OH radical concentration to Gratien et
al. (2010, ES&T) as an upper limit, RO, concentration could be estimated to be at ppt
levels. Therefore, under the conditions of our study and assuming an O, concentration of

0.5 ppm, NO would react predominantly with O;: (k,[O,] [NO])/(k,[RO,] [NO]) > 350.

Lines 258-260 have been modified:

“Although RO, radicals could also react with NO formed by either IPN or NO,
photolysis, formation of ozone under chamber conditions (0.3-0.6 ppm, depending on the
concentration of IPN injected, Table 1) would rapidly quench NO (Atkinson et al., 2000).

Therefore, RO, + NO reactions are not expected to be significant.”

Finally, the photooxidation of dodecane has been also investigated using an additional
injection of NO (200 ppb) prior IPN injection. NO concentration dropped below the ppb
level in less than 1 hour and OS concentrations were significantly reduced (factor of 3-4)
compared to other experiments, confirming that NO concentration does have an impact on

OS formation.

One sentence has been added to describe this experiment, lines 274-277:

“It should be mentioned that photooxidation of dodecane has also been investigated using
an additional injection of NO (200 ppb) prior IPN injection. In this experiment SOA
formation was significantly reduced as well as the OS concentrations (factor of 3-4),

confirming that NO strongly impacts the formation of OS, such as OS-279.”

Table 2: The authors never describe the origin of the C7 (OS-209) and C9 (0S-237)
organosulfates observed in the dodecane system and also observed in the ambient
samples. This is another indication that fragmentation pathways are at play, potentially
through RO2 + NO reactions in the system. The authors need to be careful in explaining
the fate of the RO2 radical in their experiments and whether the ambient observation of
these OSs can really be attributed to dodecane chemistry in the atmosphere when they
may clearly originate from other precursors. The authors need to also describe the
potential influence of monoterpenes at the sites they have taken samples from to preclude
OS origin from biogenic precursors, as they say themselves that C10 monoterpene OSs

are isomeric to some proposed in the C10 alkane systems. How good is RT matching/SICs
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for confirming that the laboratory generated OSs are really the same as those in ambient
data? What measurements in these locations suggest that decalin, cylodecane, and
dodecane are prevalent here?

As mentioned in lines 229-231, low abundances of OS-209 and OS-237 precluded
acquisition of high-resolution MS* data, and thus structures have not been proposed for
these parent ions. Without any compositional information, reaction pathways cannot be
discussed. As shown by Yee et al. (2012), hydroperoxides can be photolyzed to RO
radicals, which fragment to smaller carbonyls. The potential formation of RO radicals
from photolysis of hydroperoxides has been added in the revised version of the

manuscript.

Isobaric compounds could likely be formed in the atmosphere, however, structures would
be significantly different and isomers could be distinguished in most of the cases.
Although we cannot completely rule out co-elution of some isobars, Figure 7 illustrates
the most likely typical situation, in which isobars from the photooxidation of cyclodecane
and decalin have different retention times (R.T.), allowing differentiation. OSs are known
to form from the oxidation of monoterpenes and several isobaric OSs have been
identified: OS-249, -251, -267, -279 and -326. Structures proposed in previous work are
significantly different from structures proposed in this work and thus should be separated
by liquid chromatography. We have analyzed ambient filters collected during SOAS
campaign in rural areas (Centerville, Alabama, US) and find that the R.T.s of
monoterpene-derived OSs are different from those of the OSs identified from the
oxidation of the alkanes studied in this work.
For example:

0S-249: from monoterpenes: 10.3 min; cylodecane: 8.5/9.3

0S-279: from monoterpenes: 6.2 min; cylodecane: 5.8/6.8

We do not have access to potential collocated measurements during both field
measurements, however, results proposed by Gentner et al (2012) tend to support

significant emissions of long-chain alkanes in California and especially during CalNex.

The following sentences have been added:

Lines 185-188:
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11.

12.

13.

“As stipulated previously at both urban sites, anthropogenic activities (e.g., vehicular
exhaust, industrial sources, cooking, etc.) likely dominated the organic aerosol mass
fraction of PM, s(Stone et al., 2010; Hayes et al., 2013). In addition, Gentner et al. (2012)

have reported significant emission of long-chain alkanes during the CalNex field study.”

Lines 246-247: The citation of Claeys et al., 2004 is inappropriate here. The authors
propose that “heterogenous chemistry of gas-phase organic peroxide” is a mechanism for
OS and tetrol formation, citing Claeys et al., 2004. Yet, Claeys et al., 2004 state, “The
mechanism we suggest, reaction with hydrogen peroxide under acidic conditions in the

2

aerosol liquid phase...,” which is not consistent with the heterogeneous mechanism
proposed in the current work and in Riva et al., 2015b. The difference in humidity should
also affect the distribution of hydroperoxide compounds in the gas/particle phase. The
authors should address this in the context of mechanistic explanations for their
observations.

We agree with reviewer that Claeys et al. is an inappropriate reference to be used here and
we have removed it. We have shown in previous work and in another manuscript
currently under review that organic peroxides could lead to OSs and polyols from aerosol-
phase acid-catalyzed reactions. It is not clear how the RH could directly impact the
distribution of the hydroperoxides as suggested by the reviewer. However, we have

reported that the liquid water content of the aerosol plays an important role, but the acidity

has a stronger impact on OS formations.

Lines 256: Several citations should be added here. Include reference to works by Lim and
Ziemann, Lambe et al., Yee et al., Loza et al., Tkacik et al.

References have been added.

Lines 284-286: The mechanism described in text corresponds with the pathway in Figure
S8, pathway c, not pathway a. Authors should rewrite these lines to describe pathway a. It
also becomes clear here that the authors are not consistent with description of the
chemistry proceeding in the chamber. In Figure S8, the fate of RO2 is initially reaction
with RO2, but then in pathway a, it shifts to RO2+HO2. The selected pathways seem
arbitrary to explain the proposed structure in Figure 2a.

Figure S8 describes sequential reactions via RO, leading to a ring opened ketoperoxy
transient. Three branching reactions are available to transient: reaction with HO, leading
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14.

to the structure proposed for OS-265, pathway a; further reaction with an RO, species
leading to the structure proposed for OS-265 and OS-281, pathway b; or isomerization
and reaction with O, eventually leading to OS-281 and OS-297, pathway c¢. Figure S8
does not therefore represent a “shift” in chemistry, but branching reactions leading to
three observed product ions. We note that the RO radical precursor to pathways a, b and c
may also result from an RO, + HO, reaction (Kautzman et al., 2010; Birdsall et al., 2011).
Since it is not possible to distinguish whether RO originates from RO, + RO, or RO, +

HO, reactions the alternative RO, + HO, reaction has been added to all mechanisms.

This paragraph has been changed to be consistent with proposed mechanism.

Lines 310-314: “A scheme leading to the structure proposed in Figure 2a is based on the
cleavage of the C,—C, decalin bond, followed by reaction with a second O, molecule and
HO, leads to a terminal carbonyl hydroperoxide (C,,H,;0;) (Yee et al., 2013). C,,H,;0;
could then further react with OH radicals and lead to an epoxide and sulfate ester by

reactive uptake/heterogeneous chemistry (Paulot et al., 2009).”

Line 290: It is unclear whether the analytical technique is sufficient for seeing
hydroperoxide moieties on molecules as they are included in the proposed structures.
Were hydroperoxide standards such as t-buytylhydroperoxide or cumene hydroperoxide
run using this method to verify that the hydroperoxide moiety can be retained on the
column? Or is there something about the organosulfates that allow for this? The authors
should address this in the experimental methods section as well.

Such compounds can be retained on the column used in this project and we have
demonstrated this for another project with a synthetic isoprene hydroxyhydroperoxide

standard (ISOPOOH). As an example, please see the chromatogram below:

x104 |+ESI EIC(141,0500) Scan Frag=130,0V ISOPOOH.pos.08.d
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15.

Moreover, Witkowski and Gierczak (2012) have recently developed a method to quantify
hydroperoxide compounds formed from the ozonolysis of cyclohexene. The authors used
a column similar (C,;) to that used in the present work. Electrospray ionization mass
spectrometry operated in negative mode (Cech and Enke, 2001; Witkowski and Gierczak,
2012) is not highly sensitive to detection of non-acidic compounds, such as pure
hydroperoxides or alcohols. However, LC/ESI(-)-MS provides excellent sensitivity for
multifunctional compounds (like hydroperoxides and alcohols) containing the OS
functional group, since the OS functional group yields an intense [M - H] ion, as reported
in many studies (Surratt et al., 2008; Kristensen et al., 2011; Kundu et al., 2013; Hansen et
al.,2014).

As mentioned line 340-342, we expect to detect the presence of hydroxyl or
hydroperoxide functional groups when the OS group is present in the multifunctional

compounds analyzed by LC/ESI(-)-MS.

The following sentences has been added:

Lines 340-346: “As a result, the presence of hydroperoxide and/or hydroxyl substituents
is expected in order to satisfy the molecular formulas obtained by the accurate mass
measurement. Although ESI-MS in the negative ion mode is not sensitive to
multifunctional hydroperoxides and alcohols (Cech and Enke, 2001; Witkowski and
Gierczak, 2012), this technique is highly sensitive to hydroperoxides and alcohols which
also contain OS groups and give [M — H]| ions (Surratt et al., 2008; Kristensen et al.,
2011; Kundu et al., 2013; Hansen et al., 2014).”

Lines 295-296: The work of Yee et al., 2013 and Schilling Fahnestock et al., 2015 do not
test decalin, so they should not be cited here to support proposed formation of a 1-
hydroperoxy radical in the decalin system used in the current work. While the
mechanisms laid out in Atkinson, 2000 can apply here, as worded it seems as if the
authors are proposing the particular alkoxyl reference.

In Yee et al. 2013 they studied the oxidation of hexylcyclohexane and cyclododecane and
they proposed (Figure 1, sidebar, Yee et al. 2013) a ring scission and formation of a
terminal carbonyl hydroperoxide as proposed in Figure 3. We do not claim that both
studies have investigated the oxidation of decalin but have used the analogous ring

scission sequence to explain our products. To avoid confusion regarding the content of the
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17.

18.

Yee citation, we have moved the citation in the text to follow the description of ring

scission. Sentence has been modified in the revised manuscript.

Lines 348-352: “Under low-NO, conditions, abstraction of a proton « to the ring scission
of decalin followed by reaction with O, leads to the 1-hydroperoxy radical, which in turn
can react with another RO, radical to yield the corresponding alkoxyl radical (C,,H,,0°)
(Atkinson, 2000). Cleavage of the C,—C, decalin bond, followed by reaction with a second
O, molecule and HO, leads to a terminal carbonyl hydroperoxide (C,,H,s0;) (Yee et al.,
2013).”

Line 298/Figure 3: To guide the reader it would be beneficial to update the mechanism in
Figure 3 with the same label of tCARBROOH next to intermediate the authors are
referring to

We have now added the formula of the different primary products.

Lines 298/Figure 3: Do the authors see evidence of an analogous product in the case of
decalin, as the OS-279 that was observed in the dodecane case? The proposed mechanism
of carbonyl hydroperoxide heterogenous reactive uptake followed by OS formation should
also be considered for the decalin tCARBROOH as well and supported by the
measurements/compared on the basis of volatility differences due to carbon number/ring
structure and the impact of reactive uptake versus partitioning to the particle phase.

We thank the reviewer for its comment. We have revised the pathways proposed for
decalin oxidation products OS-265; -267; -269 and -285 and cyclodecane oxidation
products OS-249; -251; -265 and -267 to include reactive uptake of the hydroperoxide on

wet acidic aerosols.

The appropriate mechanisms have been updated as well as the manuscript:

Lines 314-316: “0S§-265 (C,,H;;0,8") could also arise from the acid-catalyzed

perhydrolysis of the hydroperoxide (C,,H,0,) generated from the reaction of C,,H,,0," +
HO, (Figure S8, pathway b).”
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Lines 319-325: “The pathway proposed in Figure S8 pathway b is based on gas-phase
oxidation of a 4-(cyclohexan-2-one)but-1-yl radical followed by reaction with O, and a
1,5-H shift (Crounse et al., 2011; Orlando and Tyndall, 2012) and lead to a C,,-carbonyl-
hydroxyhydroperoxide (C,,H,;0,). C,,H,s0,could then further react with OH radical and
by elimination of OH lead to an epoxide (Figure S8, pathway b). In addition, OS-281
could arise from acid-catalyzed perhydrolysis of C,,-carbonyl dihydroperoxides

(C,,H,50;) as proposed in Figure S8, pathway ¢.”

Lines 357-374: “CoH1704" can react via pathway a (Figure 3) through a 1,6-H shift
(Crounse et al., 2011; Orlando and Tyndall, 2012) followed by elimination of OH resulting
in a formation of an epoxide analogous to the formation of isoprene epoxydiol (IEPOX)
(Paulot et al,, 2009; Mael et al,, 2015). The epoxide can then undergo acid-catalyzed ring
opening to give 0S-269 (CoH170757). The MS? spectrum of 0S-285 (CoH17,08S"; Figure S5)
shows product ions corresponding to HSO3 , HSO, and loss of neutral SO3, in accord with a
sulfate ester f to a labile proton, but yields no further structural information. The structure
proposed for OS-285 is based on the formation of reaction of the hydroperoxyperoxyl radical
intermediate in pathway b with RO, followed by a 1,4-H shift (Rissanen et al., 2015) and
addition of O, to give a hydroxyhydroperoxyperoxyl radical (C,H,,05°). CoH ;05" could then
lead to an epoxide by isomerization (linuma et al., 2009; Surratt et al., 2010; Jacobs et al.,
2013; Mael et al., 2015) and form OS-285. C,H,,0;" could also react with HO, and form the
corresponding  Cy-hydroxydihydroperoxide (C,H,s0;), which could then undergo
heterogeneous reaction and lead to OS-269 (Figure 3, pathway b). Finally, a Co-carbonyl
hydroperoxide (CoH1603) could also be formed from the RO + O reaction (Figure 3,
pathway c), which could then further react with OH radicals and lead to a Co-carbonyl
dihydroperoxide (C9H1605). Hence, CoHis05 could form 0S-267 (CoHi1507S7) from

heterogeneous reaction on acidic aerosols.”

19. Lines 299-301: (e.g. remote areas). Please also refer to and reference (Peeters et al., 2009;
Crounse et al., 2011; Orlando and Tyndall, 2012). The authors need to justify why the
basis of their proposed mechanisms for OS formation rely on this pathway when (e.g.
Figures 3, 4, and S8). Is it RO2 + RO2,R0O2 + HO2,RO2 + NO, RO2 isomerization?

The suggested references have been added to the revised manuscript.
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20.

21.

As discussed previously, different regime of RO, radicals could exist, either terminal (RO,
+ HO,; RO, + RO,; RO, + NO) or autooxidation reactions. In this study, we do not claim
to propose all chemical pathways from the oxidation of the alkanes are examined. In most
of the mechanisms we have considered the different potential RO, reactions (RO, + RO,;
RO, + HO,; RO, + RO,, and RO, autooxidation), which could lead to the identified OSs
through multiphase chemistry of the products shown in the tentatively proposed
mechanisms. RO radicals might have formed for other minor chemical channels, such as
ROOH + hv or RO, + NO, which were not initially included in the manuscript. It is
important to note that these potential reactions, which are now included in the manuscript,
do not change the different mechanisms tentatively proposed in this study. In addition we
have proposed reaction sequences based on known/reported reactions that will lead to
products consistent with the mass spectrometric data. This is the same approach used by

other investigators, such as Yee et al. (2013).

Lines 301-305: The authors should address the extent of photolysis reactions affecting the
fate of the proposed hydroperoxides and aldehydes in the system.

Potential photolysis reactions are now discussed in the revised manuscript. We have
incorporated the potential photolysis of hydroperoxides leading to RO radicals and also
the photolysis of the aldehyde proposed in Figure 3, which could lead to the RO, radical
(C,,H;05)).

Lines 353-357: “The aldehydic intermediate in the sequence following C,-C, ring scission
may be oxidized to the corresponding acyl radical either by photolysis (Wang et al., 2006)
or by H-abstraction (Kwok and Atkinson 1995) followed by addition of O,, reaction with
RO, or HO, and decarboxylation of the resulting acyl-oxy radical (R(O)O) (Chacon-
Madrid et al., 2013) to a hydroperoxyperoxy radical (C,H,,0,°).”

Line 306: “previously unreported” is unclear. Do the authors mean previously unreported
in ambient data or previously unreported from similar experiments?
0OS-267 has been identified in previous smog chamber experiments. Sentence has been

modified in the revised manuscript.

Lines 370-374: “Finally, a Cs-carbonyl hydroperoxide (C,H,;0O;) could also be formed
from the RO + O, reaction (Figure 3, pathway c), which could then further react with OH
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22.

23.

24.

25.

radicals and lead to a Cg-carbonyl dihydroperoxide (C,H,,0;). Hence, C,H,;O5 could

form OS-267 (C,H ,s0,S™) from heterogeneous reaction on acidic aerosols.”

Line 311: As worded, OS-267, is proposed to originate from further oxidation of OS-269,
but the arrows drawn in Figure 3 are inconsistent suggesting origin from the epoxide.

We have corrected the revised manuscript.

Line 327/Figure 4: The description of Ring cleavage of the C10 alkoxy radical is not
consistent with the “ISO”/isomerization descriptor in Figure 4. Please clarify that
pathway.

ISO descriptor in Figure 4 (pathway a) indicates the isomerization of the RO, formed

from the ring cleavage and lead to hydroperoxide functional group.

Sentences have been added to better discuss this pathway:

Lines 382-388: “The salient features of pathway a include oxidation of the RO, to 2-
decalinone, formation of a C,, alkoxy radical followed by ring cleavage of the C,—C,,
decalin bond and further RO, isomerization (1,8-H shift) leading to a 4-(carboxy
cyclohexyl)-1-hydroperoxybut-2-yl radical via RO, chemistry. Although considered as a
minor reaction pathway (Crounse et al., 2013), the acyloxy radical could lead to the
epoxide from the isomerization of the O, adduct (Paulot et al., 2009; Yao et al., 2014;

Zhang et al., 2015). Further acid-catalyzed ring opening of the epoxide leads to OS-295
(C1oH;504S7).”

Line 340: Figure 1d does not exist. Clarify the reference.

The reference was Figure 2d and not 1d, the text has been appropriately modified.

Lines 343-345: Sentence is awkward beginning with “Pathway ¢”, and from what figure?
Clarify that it is Figure 4. Again, citation of Atkinson, 2000 seems inappropriate as the
sentence is written.

Sentence has been changed, pathway ¢ referred to Figure 4. Citation of Atkinson (2000)
was used to support formation of an organonitrate from RO, + NO reaction, since it is a

common reaction as discussed in the Atkinson’s review.
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26.

27.

Lines 402-408: “Although RO, + NO reactions are expected to be minor under the
conditions used in this work (i.e. NO < I ppb, formation of RO radicals or organonitrates
cannot be ruled out. Indeed, Ehn et al. (2014) have demonstrated that NO reactions could
be competitive at ppb levels. Under our experimental conditions RO, + NO, RO, + HO,
and RO, autoxidation are possible. Therefore, the parent ion at m/z 326 could arise from
the reaction of the decalin-2-peroxy radical with NO to form decalin-2-nitrate

(C,,H,;;NO;) with subsequent reactions shown in Figure 4, pathway ¢”

Lines 343-345/Figure 4, pathway c: Here the authors propose that RO2 + NO chemistry is
occurring to form a nitrate containing OS. This contradicts the authors’ earlier statement
in lines 237-243 stating that the RO2 + NO reactions are not significant in their
experimental setup. The authors need to handle in more detail the fate of RO2 under the
unclear experimental conditions.

As demonstrated and discussed by Ehn et al. (2014) at ppb levels of NO (which is even
higher than the conditions of our study) a competition exists between RO, + NO; RO, +
HO, and RO, autoxidation reactions. The Ehn et al. (2014) study demonstrates that
ELVOC, even though reduced, are still formed at NO concentrations greater than few ppb.
It is important to point out that the concentrations of VOCs used in this work could also
lead to RO, + RO, chemistry. Therefore, not only one RO, reaction could occur and the

different RO, reactions have to be considered, which has been done in this study.

O, and NO concentrations are provided in the revised manuscript (Table 1). In addition a

paragraph has been added describing the fate of RO,.

Lines 404-406: “Indeed, Ehn et al. (2014) have demonstrated that NO reactions could be
competitive at ppb levels. Under our experimental conditions RO, + NO, RO, + HO,/RO,

and RO, autoxidation are possible.”

Lines 349-364: Why is discussion of OS-281 and OS-297 featured here, when discussion
of OS- 265 is discussed near the beginning of Section 3.2?7 Since they are all referenced in
Figure S8, their chemistry should be discussed together from the same mechanistic
precursors.

We chose to describe the formation and tentative structural assignments of ions observed

on ambient filters at the beginning of the discussion, as explained in the manuscript on
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28.

29.

lines 293 to 295 (“Figures 2 and S2 present MS’ spectra and fragmentation schemes of
selected parent ions at m/z 265.0749 (0S-265), 269.0696 (0S§-269), 295.0494 (0OS-295)
and 326.0554 (0S-326). MS® spectra and fragmentation schemes of other OSs are
reported in Figure S3-S7. The selected OSs were, as described in the next section,

quantified and characterized in the fine urban aerosol samples.”).

However, section 3.2 has been reorganized as requested by the reviewer #3 and formation

pathways of OS-265, -281 and -297 are included in the same paragraph.

Section 3.2: Authors should clarify the main mechanistic differences and relative
importance between Figure S8, Figure 3, and Figure 4, and the flow of products to be
discussed at the beginning of Section 3.2. Currently as written, the flow of Section 3.2 is
very arbitrary when choosing different OS products to discuss.

We decided to separate the different reaction pathways for clarity since it would not have
been clear and quite difficult/confusing to propose in one figure the formation pathways
of all OSs. The different reaction pathways are separated based on OSs that are generated
from branching reactions of a common transient. This section has been modified as
discussed in the previous point. The importance of the proposed pathways cannot be

evaluated based on this study and this was not the study objective.

We have added a sentence to clarify this point.
Lines 297-299: “The different reaction pathways presented below, are separated based on

OSs that are generated from branching reactions of a common transient.”

Lines 377-380: Incorrect use of citations here. Yee et al., 2012 do not propose RO2 +
RO?2 chemistry and therefore a “precedent” has not been established. The authors should
not be citing Atkinson, 2000; Yee et al., 2012 and Raff and Finlayson-Pitts, 2010 to speak
for the experimental conditions in the current work. The mechanism of RO2 + RO2->RO
can be supported by work on general atmospheric chemistry mechanisms including
Atkinson, 2000 and many other works, and so if this mechanistic pathway is to be cited,
than many other works should be cited as well.

We agree with reviewer that Yee et al. is an inappropriate reference and have removed it.

General references on atmospheric chemistry have been added: Atkinson and Arey (2003,
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30.

31.

Chem Rev, 103, 4605-4638) and Ziemann and Atkinson (2012, Chem Soc. Rev., 41,
6582-6605).

Line 379: Inconsistent citation here compared to line 300 for similar mechanistic
argument.
We have cited Ehn et al., 2014 and Jokinen et al., 2014 and Mentel et al., 2015 for both

transformations.

Figure S14: Why do the authors propose in the case of cyclodecane formation of the
hydroperoxide from RO2 + HO2 pathways and subsequent chemistry thereof, but not in
the case of decalin in any of Figures 3, 4, and S8? Further, Figure S14 outlines a
mechanism from further reaction of the hydroperoxide to get to an epoxide that then
enters the particle phase to produce OS-251 and OS-249. This seems like a plausible
analogous mechanism to propose for the case of dodecane rather than reactive uptake of a
carbonyl hydroperoxide. Why do the authors propose different mechanisms between
dodecane and cyclodecane to generate the similar analogs (OS-279, OS-249)?

As mentioned in the point #18 above, cyclodecane-derived OSs might be formed from the
heterogeneous chemistry of hydroperoxides. We have added these different pathways in
the different Figures as well as in the manuscript. Please note that we have now combined

Figures S14 and S15 to present the OS formation from cyclodecane in one Figure.

Lines 428-435: “The formation of compounds such as cyclodecanone (C,,H,0),
cyclodecane hydroperoxide (C,,H,,0,) or cyclodecane hydroxyhydroperoxide (C,,H,,0;)
are proposed as intermediate products leading to epoxy-compounds after additional
oxidation/isomerization processes, as presented in Figure S14. In addition C,,H,,0;,
cyclodecane hydroperoxide ketone (C,,H,s0;) and cyclodecane hydroxyoxohydroperoxide
(C,,H,50,), proposed as intermediate products, could condense onto wet acidic aerosols
and lead to the corresponding OSs through acid-catalyzed perhydrolysis reactions
(Figure S14).”

As described above we proposed different fates for the RO, radicals: RO, + RO,, RO, +
HO, and RO, autoxidation reactions in the different schemes proposed for the

photooxidation of decalin and cyclodecane. RO, + HO, reactions are also proposed in the
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32.

33.

34.

case of the photooxidation of decalin, which likely explain the formations of

hydroperoxides as discussed above.

Section 3.4: This section is weak and little effort is made to really describe the chemical
differences between the systems to interpret the findings. There should be comparisons of
vapor pressures of the precursors and carbon numbers and discussion of previously
published yields from these compounds to support the discussion. How does
quantification using the available OS surrogate standards potentially affect the OS
quantification across these systems/factoring in different sensitivities?

The objective of this study is to establish that OSs may be products of the photooxidation
of anthropogenic precursors, such as the alkanes examined here, and thus to demonstrate
the relevance of this chemistry observations of aliphatic OSs in urban areas (Mao et al.,
2014; Tao et al., 2014). Since the reaction pathways leading to the products observed in
this study and in ambient samples are tentative, we feel that discussion at the level of

thermodynamics is not justified and have deleted Section 3 .4.

Line 400: The authors claim that “the presence of acidic aerosols significantly increase
OS formation in most cases”. However, is this just an effect of using an atomized solution
with more sulfate (0.06M ammonium sulfate + 0.06M sulfuric acid) in the acidic case
versus only 0.06M ammonium sulfate in the non-acidified case? It may be a concerted
effect of more available sulfate in the “acidic” case as well as acidity.

It has been demonstrated in previous studies (cited references) that acidity rather than the
concentration of sulfate is a key parameter in the formation of OS. Chan et al. (2011)
demonstrate that the formation of OSs from the oxidation of 3-caryophyllene is directly

correlated with the aerosol acidity ([H']).

Line 484: The authors return to claim that the experiments are conducted under dominant
“RO2/HO2” chemistry—this is contradictory to the formation of OS-326 containing a
nitrate group.

This issue has been discussed previously in response to reviewer comments # 10, 13, 19,

26, and 31 above.
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35.

36.

Lines 484-486: Enhancement of OS due to acidified ammonium sulfate seed needs to be
addressed with regard to the effect of just having introduced more sulfate into the
experiments compared to the non-acidified case. See earlier Major Comment, 33.

As discussed in response to Reviewer comment # 33, enhancement of OSs has been
demonstrated to result from an increase of the aerosol acidity (cited references) and our

work is consistent with these studies.

Lines 491-496: The “novel pathway” involving reactive uptake of hydroperoxides is not
well- substantiated in the current work and is mostly speculation. The vapor pressure
alone of the carbonyl hydroperoxide makes it a potential candidate to partition to the
particle phase, not via reactive uptake. There are no direct measurements of
hydroperoxides in the gas phase, and insufficient discussion on if hydroperoxides are
detected in the particle phase using the UPLC technique. Further, if reactive uptake is at
play, why have the authors not seen the corresponding decalin analog of carbonyl
hydroperoxide?

We agree with reviewer #3 that “reactive uptake” of hydroperoxides is currently not well
substantiated, and have clearly indicated that this pathway is tentative. With regard to
reactive uptake and perhydrolysis of carbonyl hydroperoxides generally as an alternative
pathway the revised manuscript cites this route as a possibility in the formation of 8 OSs,
as indicated in response to earlier comments. Also as discussed above in response to
Reviewer comment #14, LC-EI/MS in the negative ion mode, used to identify the OS
products, will not detect analytes (such as hydroperoxides) not containing substituents

readily yielding negative ions.

Minor Comments:

1. Line 30: “Both studies strongly support formation of OSs” is awkward. Reword, for
example, “Both studies strongly support that OSs can form from the gas-phase
oxidation of anthropogenic precursors...”

The wording has been revised on lines 30-33 as follows:
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10.

“Both studies strongly support the formation of OSs from the gas-phase oxidation of
anthropogenic precursors, as hypothesized on the basis of recent field studies in which
aromatic and aliphatic OSs were detected in fine aerosol collected from several major

urban locations.”

Line 48: Change “aerosol” to “particles”, as aerosol is technically defined as both gas
+ particle.

The wording has been revised as suggested.

. Line 76: Insert comma after “2015)”.

A comma has been inserted.

Line 83: Change comma to semi-colon after “2007,”.

A semi-colon has been inserted.

. Line 90: Delete “of”.

Use of “of” is appropriate and we have not made this change.

Line 103: Change “reduce” to “reduces”.

The revision has been made as suggested.

. Line 136: Check misprint on the high humidity range listed as “(4-60%)”.

The correction has been made (i.e. 40-60%).

Line 220: Insert after ““)”, “, hereafter referred to as OS-279, ”.

The change has been made as suggested.

Line 268: “ion at m/z 265.0749” should be “ion at m/z 265.0752” according to Figure
2.

“at” has been inserted.

Line 315: Add in “Figure 3, pathway a” to be clear.

“Figure 3, pathway a” has been inserted.
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11.

12.

13.

14.

15.

16.

Line 345: Change “identical” to “analogous” as the sequence of reactions are certainly
not identical as shown in Figure 4.

“Analogous” has been substituted.

Line 350: Change chemical formula to include S for OS-281.

The formula has been corrected.

Line 352: Rewrite the sentence. The radical reacts with O2, followed by 1,6 H shift,
etc.

Sentence has been modified on lines 319-325 to:

“The pathway proposed in Figure S8 pathway b is based on gas-phase oxidation of a
4-(cyclohexan-2-one)but-1-yl radical followed by reaction with O, and a 1,5-H shift
(Crounse et al., 2011; Orlando and Tyndall, 2012) and lead to a C,,-carbonyl-
hydroxyhydroperoxide (C,,H,,0,). C,,H,s0,could then further react with OH radical
and by elimination of OH lead to an epoxide (Figure S8, pathway b). In addition, OS-
281 could arise from acid-catalyzed perhydrolysis of C,,-carbonyl dihydroperoxides
(C,,H,50;) as proposed in Figure S8, pathway c.”

Lines 362-363: Rewrite the awkward phrasing, “which be reactively taken up to give a
sulfate ester”.

Sentence has been changed.

Lines 331-334: “However, in contrast to pathway b, RO, formed by the addition of O;
undergoes a 1,6-H shift (Crounse et al., 2011, Orlando and Tyndall, 2012) followed
by addition of a second O, molecule, a 1,5-H shift and elimination of OH to yield an

epoxide, which leads to a sulfate ester by reactive uptake onto acidified aerosols.”

Lines 371-374: Poor grammar. Rewrite sentence.

The sentence has been changed on lines 419-422 to:

“None of the fragment ions observed in the MS® spectrum suggests the presence of a
terminal carbonyl or a carboxyl functional group in the cyclodecane-OSs, which is

consistent with conservation of the cyclodecane ring.”

Line 379: “hydroperoxydes” is spelled wrong.

The spelling has been corrected.
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17. Line 459: Add “of™ after “oxidation”.
“of”” has been added.

18. Line 482: Add “,” after “cyclododecane”.

The comma has been added.
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