Response to the comments of Anonymous Referee #1

General comments:

Zhang et al used an oxidation flow reactor (OFR) to produce SOA at different relative
humidities, and attempt to explain the changes in SOA loadings caused by the changing
RH. Unfortunately, I do not find their explanations and conclusions to be based on solid
evidence or argumentation. I also cannot envision that further analysis of their data
would allow new insights into the topic of how humidity influences SOA formation.
Therefore, I cannot suggest this manuscript for publication in ACP. I outline some of
the main shortcomings below.

Response: We thank the Referee for their feedback on our manuscript. We have
carefully considered the comments and have made significant revisions to address the
concerns that the Referee raised.

In our revised version, we have conducted exocyclic double bond limonene
ozonolysis experiments to verify the RH effects on multi-generation reactions of
limonene. We have also added low concentration limonene experiments to provide
further insights at low SOA loadings. In addition, we have revised the proposed
mechanism and analysis for limonene and A’-carene ozonolysis. The responses are
listed below in blue color text and the associated revisions to the manuscript are shown
in red color text.

Major comments

1. The experiments were conducted at loadings far from atmospheric concentrations,
yet this aspect, and how it might impact the relevance of the study to the atmosphere,
was not discussed at all. The gas phase oxidation chemistry of monoterpenes is a
complicated process, largely due to competing fates of RO radicals under different
conditions, and further reactions are very likely to take place after condensation into
SOA (e.g. Pospisilova et al., 2020; Kalberer et al., 2004). As such, using offline SOA
composition data to infer something about the reactions taking place in the first
milliseconds after oxidant attack is extremely challenging and would, at the very least,
require detailed analyses to exclude that any of the other stages of potential reactions
are negligible. This was not done, and I cannot see that it would be possible with the
data available in this study. In fact, the offline MS data is even said to stay relatively
unchanged with the change in RH (line 194), so the chemical insights will be very
limited, and really the only data used to draw conclusions on is the SMPS data. This is
simply not enough for reaching any conclusive chemical understanding of the processes.

Response: To get a better understanding of the multi-generation reactions of limonene
under low loadings, we have conducted a low-concentration limonene ozonolysis
experiment (Fig. S6). The results of this experiment also revealed an enhancement
effect of RH on limonene SOA similar to that observed at high loadings. This has been
updated in the revised manuscript at Page 18, Line 339-348: “To investigate the multi-



generation reactions of limonene under low-concentration conditions, we conducted
low-concentration limonene ozonolysis experiments, and the results are shown in Fig.
S6. In these experiments, the limonene and O3 concentrations were 20.5 ppb and 5.7
ppm, respectively. According to the experimental results, the number concentration of
SOA formed from limonene ozonolysis increased by approximately 1.4 times under
high RH, which is similar to the increase observed under high-loading conditions. The
mass concentration increased by approximately 1.3 times at a precursor concentration
of 20.5 ppb. The relatively small increase in mass concentration compared to the high-
concentration conditions may be attributed to the less pronounced distribution of
SVOCs at low mass concentrations. This result indicates that the enhancement effect
on limonene SOA by high RH is still valid for low precursor concentrations.”
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Figure S6. The SOA formation of low-concentration limonene under low and high RH
(a) mass concentration (b) number concentration (c) SOA yield (d) mean diameter.

Offline ESI mass spectrometry analysis of particulate matter is an effective
technique that provides valuable information about the SOA formed from the oxidation
of VOC:s. This technique is powerful to provide the molecular composition of SOA and
enable the determination of the formation mechanisms of the oxidation products,
including gas-phase reaction products. Indeed, many previous studies have applied oft-
line ESI-MS for the identification of SOA components and their formation mechanism.
For instance, Zhao et al. (2022) proposed the gas-phase formation pathways of dimer
esters in SOA arising from the ozonolyisis of a-pinene using the offline analysis with
UPLC-QTOF-MS. Furthermore, employing offline HPLC/ESI-TOF-MS analysis,
[inuma et al. (2007) proposed a detailed formation mechanism for two organosulfates
associated with SOA formation. Additionally, Li et al. (2020) proposed gas-phase OH
oxidation mechanism of long-chain alkanes using offline ESI-TOF-MS. Similarly,
through offline UPLC/ESI-TOF-MS analysis, Thomsen et al. (2021) inferred that the
a-pinene-derived analogue, cis-pinic acid, tends to stay in the gas phase and undergo
further reactions before condensing.

In order to minimize the potential impact of post-collection reactions on our



experimental results, we employed a consistent treatment across all experiments, where
the collected particles are immediately dissolved to avoid any potential influence of
particle-phase reactions under different experimental conditions.

We did not observe significant changes in the type of mass spectrum peaks
between low and high RH. However, we did observe variations in the peak intensities
of certain specific products, which can be attributed to the influence of RH. These
effects promote specific reaction pathways, thereby facilitating the formation of
corresponding products.

In addition, to further verify the hypothesis regarding the influence of water on
multi-generation reactions of exocyclic double bonds, we have conducted the endo-
double bonds limonene ozonolysis under low O3 concentration (67 ppb) and high
precursor concertation (450 ppb). Under this condition, the ozonolysis mostly happened
for the endocyclic double bond in limonene, leaving the exocyclic double bond almost
unreacted, since the reaction of O3 with endocyclic double bond is ~30 times faster than
the reaction of O3 with exocyclic double bond (Shu and Atkinson, 1994). As expected,
when limonene was oxidized at only the endocyclic double bond, we observed a slight
decrease in both the number and mass concentrations as the RH increased (Fig. S7).
This is similar to the results obtained for A*-carene, which contains only an endocyclic
double bond. The results of these control experiments provide more evidence that the
multi-generation reactions play important roles in the limonene SOA enhancement by
high RH. This was revised it in Pagel8, Line 349-356: “To further confirm the
assumption that water-influenced multi-generation reactions of the exocyclic double
bond enhance the SOA formation, we conducted two comparative analyses: firstly, we
examined the ozonolysis of the endocyclic double bond in limonene, leaving the
exocyclic double bond unreacted. This was done by applying a low O3 concentration
(~67 ppb), since the reaction of O3 with endocyclic double bond is ~30 times faster than
the reaction of O3 with exocyclic double bond (Shu and Atkinson, 1994). Interestingly,
when limonene was oxidized at only the endocyclic double bond, we observed a slight
decrease in both the number and mass concentrations as the RH increased (Fig. S7).
This is similar to the results obtained for A*-carene, which contains only one endocyclic
double bond.”
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Figure S7. The SOA formation from endocyclic ozonolysis of limonene under low and
high RH (a) mass concentration (b) number concentration (c¢) SOA vyield (d) mean
diameter. The initial concentration of limonene is 450 ppb and the concentration of O3
is 67 ppb. Limonene ozonolysis primarily took place on endo-double bonds, with a rate
constant of 2.01x107'% cm® molec™ s™' (Shu and Atkinson, 1994). Based on this rate
constant, it can be estimated that approximately 10% of the limonene was consumed by
O3 upon exiting the reactor.

In summary, by keeping the same protocols in sample processing and analysis, the
errors introduced from off-line analysis were minimized. The differences in specific
products in the MS indicate the RH effects on the subsequent reactions after the
ozonolysis of the exocyclic double bond. This mechanism was further verified by the
control experiments at low ozone concentration. Therefore, we believe that the results
here can improve our understanding of the multi-generation chemical processes of
limonene.

2. There are several studies concluding that RH does not have a noticeable impact on
the formation of the most oxidized products that are expected to contribute most to SOA
(e.g. Surdu et al., 2023; Li et al., 2019). Surdu et al. also analyze the potential reasons
for the RH-driven changes in relation to particle phase reactions and changes in
partitioning.

Response: We acknowledge that relative humidity (RH) was reported not to have a
noticeable impact on the formation of the most oxidized products such as in Surdu et
al. (2023). However, it is important to note that this study was conducted under
photooxidation conditions whereas our experiment was conducted under dark
conditions. Furthermore, their investigation of SOA formation was carried out to
achieve a steady-state particle growth, with RH gradually increasing while maintaining
all other experimental conditions constant. In contrast, our experiment focused on
exploring the influence of water throughout the entire oxidation process of SOA by
using different initial degrees of humidity.

With regard to Li et al. (2019), although both their study and ours investigate
ozonolysis, the experimental conditions are quite different. The ozone concentration
and residence time of the reactor are 900 ppb and 60 s in Li et al. (2019), while they are
~6 ppm and 167 s in this study. This leads to a ~18 times higher ozone exposure in this
study. In addition, the limonene concentrations are 1085 ppb and 321 ppb in Li et al,
2019 and in this study, respectively. All these differences lead to an easier ozone
reaction of the exocyclic double bond in our study. In addition, the high ozone/limonene
ratio in this study is believed to be more similar to the real atmospheric conditions. We
have revised this in the revised manuscript in Page 17, Line 322-328: “In contrast, Li
etal. (2019) found negligible change in dimers and HOMs in limonene-O3 system when
changing RH from 0 to 60%. The discrepancy is mainly attributed to the different
experimental conditions. The ozone exposure in this study is ~18 times higher than in
Li et al. (2019), while the limonene concentration in this study is only ~30% of that in
their study. These two conditions both favor the multi-generation reactions occurred at



the exocyclic double bond of limonene and its products. Thus, we believe this leads to
the different results regarding the formation of HOMs and dimers.”

3. In addition to their speculative nature, the chemical mechanisms drawn up and
discussed are wrong/misleading concerning the sCI. Only a small part of the formed CI
will stabilize (and thus be impacted by RH), as most of them will simply decompose
through the typical vinyl hydroperoxide channel. Reaction with water vapor is normally
only relevant for the stabilized CI. In this manuscript, it is proposed that ozonolysis
produces sCI at a 100% yield (e.g. lines 206-208, Fig 3-4). This raises further questions
concerning how well the authors have understood the reactions that they are using to
explain their observations.

Response: We have redrawn Figures 3, 4 and S5 and revised the corresponding
mechanisms. In the revised figures, the POZ formed from the reaction of the endocyclic
double bond generates eCli and eCl> with branching ratios of 0.35 and 0.65,
respectively. The reaction pathways associated with eCls are complex. However, the
generation of sCls and the OH pathway are believed to be dominant (Nguyen et al.,
2016). It is inferred that about 46% of eCls formed from a-pinene ozonolysis would
stabilize (Tillmann et al., 2010). Furthermore, it has been observed that the presence of
OH plays a significant role in promoting the formation of HOMs (Crounse et al., 2013).
Therefore, in this study, we focus our discussion on the sCI and OH pathways which
are illustrated in the proposed mechanism depicted in Figures 3 and 4.

These details have been updated in the revised manuscript at Page 12 as follows:
Line 218-221:
“In the context of eCli, several complex reactions occur, with the most dominant
reaction being the generation of hydroxyl radicals (OH) and a reaction pathway known
as sCIy. The sCI; pathway can proceed through three distinct reactions, as depicted in
Fig. 3.”
Line 224-226:
“The second and third pathways involve reactions of sCI; with carboxylic acids and
carbonyls, respectively, leading to the formation of anhydrides and secondary ozonides.
Additionally, the generated OH radicals can react with limonene, giving rise to another
alkyl radical, C10H70-.”
Line 236-238:
“In addition to the eClI; route, the eCl> pathway is also responsible for the generation
of various products (Fig. 4). Since the reaction of the hydroxyl radical (OH) attacking
limonene is already depicted in Fig. 3, our main emphasis in Fig. 4 is on the pathways
involved in the generation of SCI.”
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Figure 3. Proposed formation mechanism for SOA formation from eCI; oxidation
under high RH. The compounds in blue and in boxes are identified using UPLC/ (-)

ESI-Q-TOF-MS.
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Figure 4. Proposed formation mechanisms for SOA formation from eCl> and exocyclic
double bond oxidation under high RH. The compounds in blue and in boxes are

identified using UPLC/ (—) ESI-Q-TOF-MS.
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Figure S5. Proposed formation mechanisms for SOA formation from A3-carene
ozonolysis under high RH.

4. In addition to the major concerns above, there are various other question marks
concerning the conclusions drawn. The reasoning is not very clear concerning how the
effect of increased sCI+H>O reactions would cause the observed changes. The main
argumentation seems to be that the yield of carbonyls increases, which also makes the
oligomerization more efficient. However, for conclusions like this, there should be
more clearly stated what the proposed reactions are and, even more importantly, what
are the competing reaction pathways (which then should produce something else, with
a lower SOA yield).

Response: In this study, limonene, due to its extra exocyclic double bond, undergoes
water-induced oxidation to form carbonyls. This oxidation process lowers its volatility,
which results in a higher overall mass concentration compared to A’-carene. Specially,
the oligomerization of these carbonyls generates more dimers including hemiacetal (or
acetal) formation and aldol condensation (Zhang et al., 2022; Kroll et al., 2005; Jang et
al., 2003). Correspondingly, it was found that 54 out of the total 187 dimers were
exclusively observed under high humidity conditions for limonene-SOA (Table S6). We
have added the following content in the revised manuscript (Page 15, Line 273-277):
“and the oligomerization of these carbonyls generates more dimers including
hemiacetal (or acetal) formation and aldol condensation (Zhang et al., 2022; Kroll et
al., 2005; Jang et al., 2003). As shown in Table S6, 54 out of the total 187 dimers were
exclusively observed for limonene under high humidity conditions, contributing to a
corresponding intensity of ~19%.”

Table S6. Dimers: RH-dependent discoveries for limonene and A°-carene.

54 dimers exclusively detected under
high RH (limonene)

63 dimers exclusively detected under
low RH (A3-carene)

Molecular Absolute intensity Molecular Absolute intensity
formula (High RH) formula (Low RH)
Ci8H2604 4.66x10? C17H240s5 1.59x10°




C16H2006 7.24x10? C10H14011 3.90x10°
Ci13Hi1809 3.36x10? C14H140s8 4.02x10°
C17H2206 6.63x10° C20H4002 4.60x10°
Ci18H2605 6.28%10? C12H10010 4.00x10°
Ci19H3204 1.58x10° C13H1609 8.34x10°
Ci5H150g 1.65x10° C19H2604 4.96x10°
C13H12010 8.85%x10° C17H2206 1.05x10°
C14H2009 8.44x10? C13H12010 5.46x10°
Ci16H2507 9.89x10° C13H18010 4.68x10°
Ci15H260s3 2.18x10° C15H1209 4.22x10°
Ci10HsO13 6.33x10° C10H12013 5.00x10°
C18H2406 6.06x10? C22H2803 8.88x10°
C11H14012 7.70%x10? C19H2606 1.54x10°
C21H2204 4.80x10° C16H2009 1.64x10°
C20H3404 2.53x10° C15H18010 5.00x10°
C23H3202 2.12x10° C16H2209 1.69x10°
C18H3206 3.68%10? C18H220s 3.32x10°
C17H3007 7.46x10° C12H16013 4.00x10°
C14H22010 4.04x10° C20H3206 8.21x10°
C21H3604 1.36x10% C16H18010 4.50x10°
C17H300s3 4.68x10° C16H20010 5.20x10°
C12H16013 2.43x10° C19H240s 8.21x10°
C11H14014 4.46x10° CooH2807 2.38x10°
Ci18H300s3 4.46x10? C17H20010 4.16x10°
Ci16H26010 7.44x10? C21H3606 8.03x10°
C17H20010 2.12x10° C16H26011 1.16x10°
Ci16H24011 1.48x10° C17H26011 1.32x10°
C20H240g3 3.96x10° C18H18011 4.02x10°
C17H22011 2.48x10° C18H22011 4.54x10°
C21H340g3 1.28x10% C18H26011 1.49x10°
C13H22015 4.06x10° C22H250s 4.62x10°
C19H32010 5.30x10? C15H18014 4.08x10°
C22H32038 5.90x10? C20H32010 5.97x10°
C20H23010 1.53x10° C17H22013 5.10x10°
Ci1sH13013 4.49x10° C21H28010 4.25x10°
C19H24012 1.49x10* C19H22012 5.44x10°
Ci19H30012 6.10x10? C22H3409 7.52x10°
Ci1sHigO16 1.14x10° C21H34010 2.12x10°
C23H3509 4.34x10° C14H24016 4.80x10°
C32H1402 8.96x10? C15H22016 4.04x10°
C21H36011 3.74x10? C17H30014 3.51x10°
C14H26017 1.00x10° C22H36010 4.02x10°
C20H26013 1.26x10* C18H24014 4.44x10°




C22H3401: 1.92x10° C19H28013 6.68x10°
C20H30013 9.36x10? C20H22013 3.90x10°
Ci18H24015 2.05x10° C21H26012 4.48x10°
C21H33012 9.16x10? C22H30011 2.29x10°
C24H33010 3.78x10° C15H24017 4.70x10°
Ci16H24017 1.26x10° CosH3809 5.24x10°
C21H24014 4.80x10° C17H26016 5.18x10°
C20H3404 4.98x10° C21H26013 4.82x10°
C138H3006 2.74x10° C22H30012 2.47x10°
Ci1sH2307 1.53x10% C16H24017 5.16x10°
C17H28016 6.58x10°
C29H4406 5.82x10°
C17H30016 2.06x10°
C22H33012 3.86x10°
C16H32017 7.04x10°
C23H30012 1.26x10°
C24H34011 6.82x10°
C20H30010 4.14x10°
C20H32011 3.41x10°




Reference

Crounse, J. D., Nielsen, L. B., Jorgensen, S., Kjaergaard, H. G., and Wennberg, P. O.:
Autoxidation of Organic Compounds in the Atmosphere, J. Phys. Chem. Lett., 4,
3513-3520, 10.1021/jz4019207, 2013.

linuma, Y., Miiller, C., Berndt, T., Boge, O., Claeys, M., and Herrmann, H.: Evidence
for the Existence of Organosulfates from B-Pinene Ozonolysis in Ambient
Secondary Organic Aerosol, Environ. Sci. Technol.,, 41, 6678-6683,
10.1021/es070938t, 2007.

Jang, M. S., Carroll, B., Chandramouli, B., and Kamens, R. M.: Particle growth by acid-
catalyzed heterogeneous reactions of organic carbonyls on preexisting aerosols,
Environ. Sci. Technol., 37, 3828-3837, 10.1021/es021005u, 2003.

Kroll, J. H., Ng, N. L., Murphy, S. M., Varutbangkul, V., Flagan, R. C., and Seinfeld, J.
H.: Chamber studies of secondary organic aerosol growth by reactive uptake of
simple  carbonyl  compounds, J.  Geophys. Res.-Atmos., 110,
10.1029/2005JD006004, 2005.

Li, J., Wang, W., Li, K., Zhang, W., Peng, C., Zhou, L., Shi, B., Chen, Y., Liu, M., Li,
H., and Ge, M.: Temperature effects on optical properties and chemical
composition of secondary organic aerosol derived from n-dodecane, Atmos. Chem.
Phys., 20, 8123-8137, 10.5194/acp-20-8123-2020, 2020.

Li, X., Chee, S., Hao, J., Abbatt, J. P. D., Jiang, J., and Smith, J. N.: Relative humidity
effect on the formation of highly oxidized molecules and new particles during
monoterpene  oxidation,  Atmos. Chem. Phys., 19, 1555-1570,
https://doi.org/10.5194/acp-19-1555-2019, 2019.

Nguyen, T. B., Tyndall, G. S., Crounse, J. D., Teng, A. P., Bates, K. H., Schwantes, R.
H., Coggon, M. M., Zhang, L., Feiner, P., Milller, D. O., Skog, K. M., Rivera-Rios,
J. C., Dorris, M., Olson, K. F., Koss, A., Wild, R. J., Brown, S. S., Goldstein, A.
H., de Gouw, J. A., Brune, W. H., Keutsch, F. N., Seinfeldcj, J. H., and Wennberg,
P. O.: Atmospheric fates of Criegee intermediates in the ozonolysis of isoprene,
Phys. Chem. Chem. Phys., 18, 10241-10254, 10.1039/c6¢cp00053c, 2016.

Shu, Y. G. and Atkinson, R.: RATE CONSTANTS FOR THE GAS-PHASE
REACTIONS OF O-3 WITH A SERIES OF TERPENES AND OH RADICAL
FORMATION FROM THE O-3 REACTIONS WITH SESQUITERPENES AT
296+/-2-K, INTERNATIONAL JOURNAL OF CHEMICAL KINETICS, 26,
1193-1205, 10.1002/kin.550261207, 1994.

Surdu, M., Lamkaddam, H., Wang, D. S., Bell, D. M., Xiao, M., Lee, C. P, Li, D.,
Caudillo, L., Marie, G., Scholz, W., Wang, M., Lopez, B., Piedehierro, A. A., Ataei,
F., Baalbaki, R., Bertozzi, B., Bogert, P., Brasseur, Z., Dada, L., Duplissy, J.,
Finkenzeller, H., He, X.-C., Hohler, K., Korhonen, K., Krechmer, J. E., Lehtipalo,
K., Mahfouz, N. G. A., Manninen, H. E., Marten, R., Massabo, D., Mauldin, R.,
Petdja, T., Pfeifer, J., Philippov, M., Rorup, B., Simon, M., Shen, J., Umo, N. S.,
Vogel, F., Weber, S. K., Zauner-Wieczorek, M., Volkamer, R., Saathoff, H., Mdhler,
0., Kirkby, J., Worsnop, D. R., Kulmala, M., Stratmann, F., Hansel, A., Curtius, J.,
Welti, A., Riva, M., Donahue, N. M., Baltensperger, U., and El Haddad, I.:



Molecular Understanding of the Enhancement in Organic Aerosol Mass at High
Relative Humidity, Environ. Sci. Technol., 57, 2297-2309,
10.1021/acs.est.2c04587, 2023.

Thomsen, D., Elm, J., Rosati, B., Skenager, J. T., Bilde, M., and Glasius, M.: Large
Discrepancy in the Formation of Secondary Organic Aerosols from Structurally
Similar ~ Monoterpenes, ACS  Earth Space Chem., 5, 632-644,
10.1021/acsearthspacechem.0c00332, 2021.

Tillmann, R., Hallquist, M., Jonsson, A. M., Kiendler-Scharr, A., Saathoff, H., linuma,
Y., and Mentel, T. F.: Influence of relative humidity and temperature on the
production of pinonaldehyde and OH radicals from the ozonolysis of &alpha;-
pinene, Atmos. Chem. Phys., 10, 7057-7072, 10.5194/acp-10-7057-2010, 2010.

Zhang, Y., He, L., Sun, X., Ventura, O. N., and Herrmann, H.: Theoretical Investigation
on the Oligomerization of Methylglyoxal and Glyoxal in Aqueous Atmospheric
Aerosol  Particles, ACS  Earth Space Chem., 6, 1031-1043,
10.1021/acsearthspacechem.1c00422, 2022.

Zhao, Y., Yao, M., Wang, Y., Li, Z., Wang, S., Li, C., and Xiao, H.: Acylperoxy Radicals
as Key Intermediates in the Formation of Dimeric Compounds in a-Pinene
Secondary Organic Aerosol, Environ. Sci. Technol., 56, 14249-14261,
10.1021/acs.est.2¢02090, 2022.



