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Secondary organic aerosols (SOAs) originating from the oxidation of biogenic volatile organic compounds

such as monoterpenes by atmospheric oxidants (e.g.OH, ozone, and NO3), constitute a widespread source

of organic aerosols in the atmosphere. Amongmonoterpenes, a-pinene has the highest emission rates and

its ozonolysis is often used as a canonical SOA system. However, the molecular composition of SOAs

obtained from monoterpene ozonolysis as a function of relative humidity (RH) remains unclear. Herein,

we investigated the real-time molecular composition of SOAs obtained from the ozonolysis of a-pinene

using extractive electrospray ionization coupled with long time-of-flight mass spectrometry (EESI-LTOF-

MS). We investigated the dependence of the molecular composition on RH in the presence and absence

of seed aerosols. We characterized a large number of organic compounds, including less oxygenated

and highly oxygenated organic molecules (HOMs). In the presence of a ammonium sulfate (AS) seed

aerosol, the fractions of both monomers and dimers in the SOAs from a-pinene ozonolysis remained

largely unchanged as RH increased from 3% to 84%, which can be attributed to a similar extent of

increase in the absolute abundance of both dimers and monomers with increasing RH. The increase of

the absolute abundance of monomers is likely due to the enhanced partitioning of less oxygenated

semi-volatile monomer products (such as C10H16Ox#6) at higher RH. The increase in the absolute

abundance of dimers may be attributed to acid-catalyzed reactions, which is corroborated by a marked

change in the distribution pattern of dimers. The average O/C of the most abundant product families in

the SOAs, such as C10H16Ox, decreased with increasing RH due to the decreasing fractions of more

oxygenated products (C10H16Ox>6). However, the elemental composition (O/C and H/C) of the total SOA

remained stable with increasing RH. In contrast, in the absence of the seed aerosol, an increase in the

monomer fraction and a decrease in the dimer fraction were observed with increasing RH. These

changes were attributed to a combination of different extents of condensation enhancement of

monomer and dimer vapors by increasing RH and different vapor wall losses of monomers and dimers.

Our results provide new insights into the RH-dependent molecular chemical composition of a-pinene

SOAs. We also highlight the necessity to characterize the composition of SOAs at the molecular level.
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Environmental signicance

Secondary organic aerosol (SOAs) formed from monoterpene oxidation has an important effect in climate change and human health. Relative humidity (RH) in
the atmosphere is an important environmental factor that can affect SOA composition, which further affects volatility and SOA yield. However, the RH-
dependence of the chemical composition of SOAs from monoterpene ozonolysis is still unclear. We show how the molecular composition of SOAs formed
in a-pinene ozonolysis, a canonical biogenic oxidation system, depends on RH and how the elemental composition (O/C, H/C) remains largely unaffected. This
work emphasizes the necessity to characterize the composition at the molecular level. RH-dependent SOA composition highlights the necessity to consider the
inuence of RH in atmospheric numerical models to improve the prediction of SOA concentration and composition.
1 Introduction

Secondary organic aerosols (SOAs) play a critical role in climate
change and human health. Biogenic SOAs formed through the
atmospheric oxidation of biogenic volatile organic compounds
(BVOCs), particularly isoprene and monoterpenes, contribute
largely to SOAs.1–3 Among monoterpenes, mostly from terres-
trial vegetation, a-pinene ranks the highest in global emission
rates, which can be oxidized by OH, NO3, and O3. These
oxidation processes lead to the formation of various products
that partition between the gas and particle phase,4–9 ultimately
resulting in SOA formation.

a-Pinene ozonolysis is a canonical SOA system.5,10,11 Our
understanding of SOA formation in a-pinene ozonolysis has
improved substantially in the past two decades.4,10,12–19 In
particular, the role of highly oxygenated organic molecules
(HOMs) with low or extremely low volatile organic compounds
(LVOCs or ELVOCs) in the formation of SOAs has been
recognized,20–22 which was rst observed in the a-pinene ozo-
nolysis system and later in various oxidation systems.7–9,23,24

Previous studies have measured the elemental composition25,26

and identied multifunctional particle-phase products,
including monomers with carboxylic acid groups and high-
molecular-weight compounds.5,10,11,27–29 However, the molec-
ular composition of SOAs formed in a-pinene ozonolysis and its
dependence on environmental factors remain elusive.

Particularly, the effect of the relative humidity (RH) on the
molecular composition of SOA from a-pinene ozonolysis is still
unclear. Although RH theoretically affects gas-particle parti-
tioning and leads to different gas- and particle-phase chemistry,
as shown in other reaction systems andmodeled by a number of
previous studies,30–38 previous studies have reported different
and even contradictory ndings regarding whether RH inu-
ences the composition of SOAs from a-pinene ozonolysis. For
example, Qin et al.30 found that neither the ion families in the
mass spectra nor the atomic ratios of various elements of SOAs
formed in a-pinene ozonolysis changes substantially with
increasing RH. In contrast, Zhang et al.10 observed that the
average molecular weight of a-pinene ozonolysis SOA is lower
under higher RH (55% versus <5% RH). Kidd et al.39 also re-
ported that the viscosity of SOA decreases with increasing RH,
and carboxylic acids increase with increasing RH, suggesting
that the composition of SOA is inuenced by RH. Caudillo
et al.40 found that the distribution of particle phase products in
the a-pinene ozonolysis at 223 K at high RH is quite different
from that at low RH. Recently, Surdu et al.33 observed an
increase in some less oxygenated compounds, such as
C10H16O2–4, with increasing RH in the absence of seed aerosol at
| Environ. Sci.: Atmos., 2024, 4, 519–530
both 243 and 263 K. This increase results in an increase of the
SOA mass at higher RH, and is attributed to the enhanced
partitioning of these less oxygenated semi-volatile organic
compounds (SVOCs) into the particle phase. In fact, even if RH
does not alter the bulk elemental composition and SOA mass
concentration, RH may still affect the specic composition of
SOA.10,27 This discrepancy in the literature highlights the need
for further investigation into the effects of RH on both the
detailed molecular composition and into the underlying
mechanism.

In the present study, we investigated the RH dependence of
the SOA molecular composition from a-pinene ozonolysis using
online mass spectrometry, and discussed the underlying
mechanisms and roles of particle-phase chemistry. We also
compared the inuence of the presence and absence of
ammonium sulfate (AS) seed aerosol on the RH dependence of
the SOA molecular composition.
2 Materials and methods
2.1 Flow tube setup and experiments

SOA in a-pinene ozonolysis was formed in a homemade 1.8 m
Pyrex glass ow tube (Fig. 1). The temperature of the ow tube
was maintained at 298 K by water bath (RH25-12A, Labtech). The
ow tube has an inner diameter of 20 cm and a volume of 62.8 L.
The typical ow rates used were 2.85–3.00 LPM. The residence
time in the ow tube for the experiments in this study was
∼14.5min, which could be adjusted by amovable sampling inlet.
The detailed experimental conditions are presented in Table S1.†
a-Pinene (∼160 ppb, $99%, Sigma-Aldrich) was oxidized by O3

(∼480 ppb) in the absence and presence of ammonium sulfate
(AS) seed aerosol (∼3 × 104 mm2 cm−3). O3 was generated by
passing zero air through an ultraviolet ozone generator (UVP, 97-
0067-02), and subsequently measured using an ozone analyzer
(Model 49i, Thermo Scientic) in each experiment. The VOC
vapor was generated consistently using a diffusion technique,41

and its concentration wasmeasured through a weighingmethod.
In brief, the volatile organic compounds were placed in a cylin-
drical diffusion vial with a volume of 4 ml, covered with a head-
space cap and penetrated with a PEEK tube. The diffusion vial
was placed in a glass bottle, which was temperature-controlled
with a water bath. Zero air entered the diffusion bottle from
the bottom through the air inlet, owed upward through the
diffusion vial and exited at the top of the glass bottle, nally into
the ow tube. Such a device has been used in previous
studies.42,43 AS seed aerosols were generated using a constant-rate
atomizer (3076, TSI) by atomizing AS solution, and subsequently
dried by a Naon dryer (Perma Pure). The RH was gradually
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The schematic diagram of the flow tube system used in this study.
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increased ranging from (3 ± 1)% to (84 ± 3)% in the presence of
AS seed, and from <1% to (91 ± 2)% in the absence of seed. The
RH was controlled by adjusting the ow ratio of dry air from
a zero air generator (747-30, AADCO) with <1% RH and humid
zero air humidied using a Naon tube with ultrapure water
(18.2 MU cm, MilliQ). The RH and temperature were continu-
ously monitored by a temperature and humidity sensor
(HMT333, Vaisala). All experiments in this study were performed
in the presence of an excessive amount of 2-propanol, which
served as an OH scavenger so that >90% of OH was scavenged by
2-propanol. Before each experiment, the ow tube was ushed
with dry zero air. Then, the ows with humid air, with O3, and
with AS seed aerosol (if added) entered the dark ow tube. VOC
vapors mixed with dry zero air were subsequently added into the
ow tube. Particle concentrations and the RH in the ow tube
both reached a steady state aer ∼60 min once all conditions
were set.
2.2 Instrumentation and data processing

The chemical components of a-pinene ozonolysis SOA were
characterized online by an Extractive Electrospray Ionization
inlet coupled with a Long Time-of-Flight Mass Spectrometer
(EESI-LTOF-MS, Aerodyne) with a mass resolution of ∼8500.
The details of the instrument have been previously described by
Lopez-Hilker et al.44 In brief, particles and gases are sampled
continuously through a charcoal denuder, which can remove
most volatile gas species efficiently. Aer the denuder, the
particle ow intersects a charged droplet spray, and then
collides with the electrosprayed droplets. Soluble components
in particles are extracted by solvents from charged droplets, and
then the droplets evaporate through a heated stainless-steel
capillary, nally yielding charged aerosol ions that are detec-
ted by a time-of-ight mass spectrometer. The electrospray
working solution was 100 ppm NaI in a 1 : 1 water (MilliQ) :
acetonitrile (UHPLC-MS grade, Sigma-Aldrich) mixture,
enabling the organics detected as [M + Na+]. Particles were
sampled at a ow rate of ∼0.9 L min−1. An auto-valve was used
to enable automatic alternates between direct sampling parti-
cles and sampling particle-free air through a HEPA lter (AQ,
© 2024 The Author(s). Published by the Royal Society of Chemistry
Parker). The durations of the direct sampling particles and lter
sampling are 8 min and 7 min, respectively. The difference of
the spectra between direct sampling and sampling through the
lter was used to derive the particle signal devoid of any
instrument background signal (including residue gases passing
through the denuder and impurities from the spraying solu-
tion). Mass spectra were recorded at a frequency of 0.2 Hz. The
chemical composition of SOA at each RH was measured and
averaged for two 8 min periods aer the particle concentrations
became stable for each experimental condition. Mass spectral
data were analyzed using Tofware v3.2.3. A total of 145
compounds were identied, including less oxygenated and
highly oxygenated organic molecules (Table S2†). The paired
sample T-test was used to examine whether the dimer distri-
bution at two different RH is signicantly different. A Scanning
Mobility Particle Sizer (SMPS 3938, TSI) was used to monitor the
particle size distribution.
3 Results and discussion
3.1 RH dependence of the SOA composition in the presence
of the AS seed aerosol

3.1.1 Inuence of RH on the component distribution in
SOA. SOA components were classied into monomers (C4–C10)
and dimers (C16–C20) (Fig. 2a). In the presence of the AS seed
aerosol, the fractions of monomers and dimers were generally
invariant with increasing RH, except for a slight increase in the
monomer fraction when RH increased from 3% to 28% RH.
Among the dominant products, the fraction of C10 monomers
decreased and that of C9 monomers increased with increasing
RH (Fig. 2a). Overall, the changes of the fractions of monomers
and dimers resulted in a slight decrease in the average molec-
ular weight of a-pinene SOA with increasing RH (Fig. S1a†).

Despite the general invariant fractions of monomers and
dimers with increasing RH, the absolute abundance of total
monomers increased with increasing RH. The absolute abun-
dance of total dimers also increased with increasing RH in
general, despite a slight decrease from 3% to 28% RH (Fig. 2b).
The difference of the absolute abundance between different RH
Environ. Sci.: Atmos., 2024, 4, 519–530 | 521
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Fig. 2 (a) The fractions of monomers and dimers in SOAs in the presence of the AS seed aerosol at different RH ((3 ± 1)%, (28 ± 2)%, (54 ± 2)%,
and (84 ± 3)%). The fraction of each class is normalized to the total products. Misc_monomer denotes other monomers, except for the C9 and
C10 monomers. Misc_dimer denotes other dimers, except for the C17-20 dimers. Misc denotes the other SOA components, which are not
identified. (b) The absolute intensity of total monomers (in red, left y-axis) and total dimers (in blue, right y-axis) in the presence of the AS seed
aerosol under different RH. The error bar represents 1s. Note that the peak intensity in mass spectra was normalized to the peak intensity of
NaINa+ (m/z 173), which is the most abundant peak from ion source.
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was statistically signicant (p values between any two adjacent
RH conditions from the T-test are below 0.01). The dependence
of the fractions of monomers and dimers on RH is determined
by the dependence of their absolute abundance on RH. For
a change of RH from 3% to 84%, the absolute abundance of
monomers increased by a factor of 2.9 (Fig. S2(b and d)†), and
the dimers increased with a comparable factor (3.3). These
changes nally led to a largely stable fraction with increasing
RH both in the total monomers and dimers (Fig. 2b). We would
like to note that while the normalized dimer abundance is not
completely monotonic as a function of RH, it generally shows an
increasing trend with RH. We compare the abundance at the
lowest and highest RH in order to quantitatively describe the
extent of changes of abundance as a function of RH.

The inuence of RH on the chemical composition of SOA
from a-pinene ozonolysis can be attributed to either the inu-
ence on gas-phase reactions or multi-phase processes. Although
RH can affect the gas-phase products of a-pinene ozonolysis by
the reaction of water with the Criegee radical,19,45 Li et al.23 re-
ported that the concentrations of all main HOM (monomers
and dimers) did not change in the RH ranging from 3% to 92%
at 293 K. Caudillo et al.40 also reported that the RH range from
20% to 60% does not have a signicant inuence on the
distribution of HOM products at 223 K. Therefore, HOM in the
gas phase is unlikely to be affected by RH. As HOM contributes
to most of the SOA from a-pinene ozonolysis,22 the inuence of
RH on the SOA composition here is likely attributed to the
inuence on multi-phase processes, such as particle-phase
reactions and gas–particle partitioning of organics.46,47

The increase in the absolute abundance of particle-phase
monomers is likely attributed to their decreasing activity and
increasing bulk-phase diffusivity with increasing RH, as re-
ported by Surdu et al.,33 who found a similar RH dependence of
the absolute abundance of C10H16O2–8 in the particle phase at
243 K.33 Specically, increasing RH can promote the particle
522 | Environ. Sci.: Atmos., 2024, 4, 519–530
water content. A higher particle water content leads to higher
water activity in the water–organic mixture. This can reduce the
mole fraction and thereby the activity of these organic
compounds in the particle phase, and thus ultimately reduce
the equilibrated gas-phase concentration of condensable
vapors. Therefore, the gas–particle equilibrium undergoes
a shi towards condensation at higher RH. Increasing RH can
also enhance the bulk diffusivity and further enhance the par-
titioning of organics. In addition, heterogeneous reactive
uptake may play a role in the enhancement of monomers and
dimers by RH. Previous studies have reported that water-soluble
organics, such as glyoxal and methylglyoxal, undergo reactive
uptake and subsequently contribute to the increase in the SOA
mass at high RH.48,49 In this study, the signicant increase in
monomers with increasing RH may also be contributed by the
enhanced reactive uptake and subsequent reactions of hydro-
philic compounds.10

In contrast to monomers, the increase in the absolute
abundance of particle-phase dimers with increasing RH is
unlikely to be explained to the decrease in their activity and
increase in bulk-phase diffusivity with increasing RH. Dimers
generally have much lower volatility than monomers. Thus,
most of them are expected to reside in the particle-phase, and
be less sensitive to partitioning. In this study, the enhancement
of dimers with increasing RH may be instead contributed by
particle-phase reactions. Such a speculation is substantiated by
the observation that the distribution of the dimer species
exhibited distinct patterns between the dry condition (3% RH)
and the other three RH conditions (Fig. 3, Table S3†). Speci-
cally, the fractions of C20 generally decrease and the fractions of
C16–19 with low oxygen number generally increase, indicating
a change in the dimer composition despite the largely invariant
total fractions of dimers and monomers. This observation
suggests that there were particle-phase reactions forming
dimers, which was inuenced by RH. Previous studies have
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Distribution of dimers in SOA formed in the presence of AS seeds during a-pinene ozonolysis under different RH: (a) (3± 1)%, (b) (28± 2)%,
(c) (54 ± 2)%, and (d) (84 ± 3)%. Color bar shows the fractions of each class of compounds in total dimers presented as a function of the number
of oxygen and carbon atoms in the molecules. Each data point is the sum over ions with a different number of hydrogen atoms.
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shown that the presence of the AS seed aerosol can enhance the
aerosol acidity, and the acid-catalyzed reactions may facilitate
the formation of dimers.50–55 Acid-catalyzed reactions have been
shown to play a crucial role in the formation of SOA,50 partic-
ularly in the case of oligomers in SOA from a-pinene
ozonolysis.51–53,56 For example, Du et al. found that neutraliza-
tion of the acidity of H2SO4 by NH3 resulted in the suppression
of oligomer formation in the SOA by b-caryophyllene ozonolysis,
indicating that the oligomer formation is acid-catalyzed.54 Such
an acid-catalyzed process may result in the increase in dimer
abundance with increasing RH in this study. In addition,
multiphase reactions may play a role in the increase of dimers
with increasing RH.

The dependence of the dimer abundance on RH is in
contrast with the study by Surdu et al.,33 who reported that the
absolute abundance of dimers in SOA formed in a-pinene
ozonolysis at 243 K remains unchanged with increasing RH.
© 2024 The Author(s). Published by the Royal Society of Chemistry
The discrepancy between our study and that of Surdu et al. may
be attributed to the disparity in the temperature employed.
While 298 K was used in this study, a much lower temperature
(243 K/263 K) was used by Surdu et al.33 At low temperature,
particle-phase reactions between monomers forming dimers
occur at a slower rate due to reduced rate constants and particle-
phase diffusivity. Therefore, the enhancement of dimer forma-
tion by RH at low temperature is expected to be less signicant
compared to that at high temperature. Moreover, the HOM
formed at low temperature are less oxygenated,57 which may
result in reduced reactivity for dimer formation in the particle-
phase due to less functional groups in these HOM. Conse-
quently, these HOM are not enhanced by RH at low
temperature.

Among monomers, both the absolute abundance of total C10

species and C9 species increased with increasing RH (Fig. S3b†).
As RH increased from 3% to 84%, the increase in the total C9
Environ. Sci.: Atmos., 2024, 4, 519–530 | 523
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monomers (7 times) is much higher than the increase in the
total products (0.9 times), including both monomers and
dimers, while the increase of the C10 species (0.5 times) was
lower than that of the total products. This phenomenon resul-
ted in a general increase in the C9 fraction and a general
decrease in the C10 fraction. The increase of the C9 species with
increasing RH can be attributed to the enhanced partitioning at
higher RH, as discussed above. The smaller increase of the
absolute abundance of C10 than the total products may be
attributed to their larger reactive loss from forming dimers than
C9. The amount of C20 dimers, which are likely formed from the
C10 compounds, increased more than that of the C18 dimer,
which is likely formed from the C9 compounds. Additionally, we
still cannot rule out that the increase in monomers can be
attributed in part to the decomposition of some dimers, even if
the absolute abundance of total dimers increased with
increasing RH. For example, the increase of C9 can be caused by
the decomposition of dimers.29 Yao et al. found that the
decomposition rates of most dimer peroxides increases with
increasing RH, while the fraction of dimers in products
decreased with increasing RH, suggesting that water acts as
a plasticizer.15 We would like to note that the reaction time in
this study is signicantly shorter (<20 min) compared to the
studies by Yao et al.15 (one to several hours) and Pospisilova
et al.29 (∼120 min). Thus, the decomposition of dimers is ex-
pected to be much less signicant than that in those studies.

3.1.2 Inuence of RH on chemical composition of specic
product family. Among the most dominant product families C9

and C10, the fractions of more oxygenated species (O/C > 0.65)
decreased with increasing RH (Fig. S4b†). The fractions of less
oxygenated products within each monomer family increased
with increasing RH. For example, the fractions of individual
C10H16Ox#6 in the C10H16Ox family generally increased, while
that of C10H16Ox>6 decreased with increasing RH (Fig. 4). As
a result, the overall O/C of the C10H16Ox family decreased from
0.26 at 3% RH to 0.15 at 84% RH.

The changes in fractions of individual C10H16Ox(x=2–9)

compounds within their family can be attributed to changes in
their absolute abundance and in the total compounds in SOA.
The increase of the absolute abundance of C10H16Ox#6 with
increasing RH was more pronounced than that of C10H16Ox>6
Fig. 4 The fractions of individual C10H16Ox(x=2–9) compounds in the
family under different RH in the presence of the AS seed aerosol. The
fraction of each C10H16Ox is normalized to the total intensity of the
C10H16Ox family. The gradual color gradient from light to deep
represents the RH range from (3 ± 1)%, (28 ± 2)%, (54 ± 2)%, and (84 ±

3)%.
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(Fig. S2†). This is attributed to the higher volatility of
C10H16Ox#6 than C10H16Ox>6. As discussed above, RH can
enhance the partitioning of more volatile products than less
volatile products. In this study, the C10H16Ox#6 products are
classied as a semi-volatile compound class (log C*(300K)
(C10H16Ox#6) ranges from 0.13 to 2.3), and the C10H16Ox>6

products are classied as LVOCs (log C*(300K) ranges from −3.2
to −0.8) based on the method to estimate volatility by previous
studies.33,58 Less oxygenated C10H16Ox are more volatile than
more oxygenated C10H16Ox. Therefore, the enhancement of
C10H16Ox#6 due to gas-particle partitioning by increasing RH
was higher than that of C10H16Ox>6. This is similar to the
rationale of the larger enhancement of monomers compared to
dimers by RH, which is further discussed in Section 3.2.1.

We would like to note that in our study, the inuence of
vapor wall losses, i.e., vapor deposited on the reactor walls, on
the particle formation for C10H16Ox#6 products is insignicant
as RH increases due to the much larger timescale of the vapor–
wall equilibration (sv,w) compared to that of vapor directly
condensing on particles (vapor–particle, (sv,p)) (Fig. S5†). These
time scales were calculated according to the method used by
Huang et al. (2016) and references therein, and more details of
the timescale estimates are provided in the ESI†). Our nding is
similar to the nding of Huang et al.,59 who found that the
condensation of SVOCs onto suspended particles remains
unaffected by the initial seed surface area. Similarly, with regard
to the C10H16Ox>6 products, which belong to LVOCs, the
condensation onto the suspended particle from vapor wall
losses can also be ignored (Fig. S5†).

Our nding of the increasing abundance of C10H16Ox#6 with
rising RH agrees with a recent study by Surdu et al., who re-
ported that C10H16Ox=2–3 in the particle phase increased by
a factor of 1.5 to 2 when RH rises from 20% RH to 60% RH at
263 K.33 However, C10H16Ox>6 remained constant in the study of
Surdu et al.,33 which is different from our nding. This disparity
between their study and this study may be attributed to the
difference in temperature, as we discussed in Section 3.1.1. As
C10H16Ox>6 are lower volatility organic compounds at low
temperature (263 K) and mostly reside in the particle-phase
similar to dimers, the inuence of RH on their gas–particle
partitioning is very limited.60

3.1.3 Inuence of RH on the elemental composition of
bulk SOA. Although the O/C ratio of some monomers such as
C10H16Ox decreased with increasing RH, the O/C ratio of the
total SOA remained largely unchanged in the range of 0.54 ±

0.02 in the presence of the AS seed aerosol (Fig. S1b†). The H/C
ratio of the total SOA also remained largely unchanged in the
range of 1.59 ± 0.01 (Fig. S1c†). The stable O/C ratio of the total
SOA (0.60 ± 0.03(s) for monomers and 0.15 ± 0.02(s) for
dimers), despite the decreasing O/C ratio of some monomers
such as C10H16Ox with increasing RH, is attributed to the O/C
changes of other components than C10H16Ox, which showed
an increase in the O/C ratio with increasing RH (Fig. S6†). For
example, the O/C of the C10H14Ox family increased with
increasing RH, which is because the absolute abundance of
C10H14Ox$6 increased by an order of magnitude compared to
that of C10H14Ox<6. It is possible that C10H14Ox$6 have more
© 2024 The Author(s). Published by the Royal Society of Chemistry
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functional groups than C10H14Ox<6. Thus, the more signicant
increase of C10H14Ox$6 may be caused by the enhanced reactive
uptake.61 However, the structures or functional groups of these
compounds could not be distinguished in this study. The
overall changes in all components resulted in a largely invariant
O/C ratio of total SOA with increasing RH.

The stable O/C ratio of total SOA products with increasing
RH is consistent with a number of previous studies. For
example, Qin et al. observed a stable O/C ratio of 0.52 ± 0.02 in
a-pinene ozonolysis SOA, regardless of the RH changes.30 Zhang
et al. found that the O/C and H/C of SOA formed in a-pinene
ozonolysis, measured by aerosol mass spectrometer (AMS), is
independent of RH,10 and the O/C of a-pinene SOA remains
stable in the range of 0.45 to 0.50 despite a RH increase from 5%
to 50%. Moreover, the range of O/C in our study is similar to the
previous studies.10,30,33However, our study is in contrast with the
study by Surdu et al. that reported the O/C of SOA formed in a-
pinene ozonolysis at 263 K decreased from 0.55 to 0.40 with RH
increasing from 10% to 80%.33 The discrepancy may also be
attributed to the difference in the reaction temperature. As
mentioned above, the product composition of various families
varied with RH, which compensated with each other in our
study. In the study of Surdu et al.,33 which was conducted at 243
K, C10H16Ox is the most dominant product. The absolute
abundance of other products (such as dimers) does not change
signicantly with increasing RH. Therefore, the change O/C of
SOA with increasing RH is largely determined by the depen-
dence of individual C10H16Ox on RH. At lower temperature, high
RH makes more semi-volatile or intermediate volatile organic
compounds (S/IVOC) condense to particles. Thus, C10H16O2–3

increases with increasing RH. In contrast, the C10H16Ox=6–8 are
classied as the low volatility organic compounds, and their
absolute abundance remains almost constant. Overall, these
trends nally lead to a decrease in the O/C ratio of total SOA
with increasing RH in the study of Surdu et al.33
3.2 RH dependence of the SOA composition in the absence
of seed aerosol

3.2.1 Inuence of RH on the component distribution. In
contrast to the nding in the presence of the AS seed aerosol,
the fraction of monomers increased with increasing RH, while
the fraction of dimers decreased with increasing RH in the
absence of seed aerosol (Fig. 5a). Overall, this led to a decrease
of the average molecular weight with increasing RH (Fig. S1a†).

The dependence of the fractions of monomers and dimers
on RH was attributed to the fact that the absolute abundance of
monomers increased by 24 times, and that of dimers increased
by 2 times from <1% RH to 91% RH. The enhancement of
monomers can be attributed to the enhanced partitioning by
RH, as discussed above in Section 3.1.1. The larger extent of
increase in monomers compared to dimers with increasing RH
can be attributed to their different volatility and thus their
different sensitivity to gas–particle partitioning, as discussed
above.

However, the increase of monomer abundance with
increasing RHwasmuch stronger in the absence of seed aerosol
© 2024 The Author(s). Published by the Royal Society of Chemistry
than that in the presence of the AS seed aerosol. This difference
can be attributed to vapor wall loss, i.e., the equilibration shi
between vapor-particle and vapor-wall competition, as reported
by Huang et al.59 The particle loading was generally lower in the
absence of seed aerosol than that in the presence of the AS seed
aerosol. The estimated timescale of the vapor–particle (sv,p)
equilibration is longer or similar to that of vapor–wall equili-
bration (Fig. S5†). The surface area concentrations increased
with increasing RH in the absence of seed aerosol (Fig. S1d†),
which can lead to enhanced condensation of organic vapors
onto particles at higher RH. Therefore, the inuence of the
competition between the vapor–particle partitioning and vapor–
wall partitioning on the monomer abundance in particles could
not be neglected. Furthermore, the increase in the absolute
abundance of monomers was partly contributed by favored
condensation of vapors onto particles at higher RH that would
otherwise deposit onto the reactor walls, in addition to the
enhanced condensation by RH, particularly for low RH condi-
tions in the experiments with the absence of seed particles.

Overall, the vapor wall loss and the enhanced condensation
of organic vapors at higher RH resulted in an increase of
monomer fraction and a decrease in dimer fraction in the
absence of seed aerosol.

3.2.2 Inuence of RH on the chemical composition of
specic product families. Similar to the results in the presence
of the AS seed aerosol, the fractions of more oxygenated C9 and
C10 species (O/C > 0.65) decreased with increasing RH in the
absence of seed aerosol. Conversely, the fraction of less
oxygenated C9 and C10 species increased with increasing RH
(Fig. S4a†). In the C10H16Ox(x=2–9) family, the increase in the
absolute abundance of C10H16Ox#6 was 30 times with the RH
increase from <1% to 91%, which was also more pronounced by
4 times for C10H16Ox>6 (Fig. S2a†). The different dependences of
different species within the C10H16Ox(x=2–9) family on RH can be
attributed to their different volatilities, as discussed above
(Sections 3.1.2 and 3.2.1).

The increase of C10H16Ox(x<6) with increasing RH can be
attributed to the enhanced condensation by RH and/or vapor
wall loss, as discussed above (Sections 3.1.2 and 3.2.1).
Comparing the estimated timescales for vapor–particle and
vapor–wall equilibration, specically for C10H16Ox#6 (repre-
sented by C10H16O3, Fig. S5†), we see that the vapor wall loss is
likely to be most signicant within the RH range of <1% to 28%.
This is also true for C10H16Ox>6 and dimers. However, the vapor
wall loss should only contribute minimally to the increase of
C10H16Ox#6, as the RH increased from 28% to 91% because the
timescale of vapor-particle equilibration is much shorter than
that of the vapor–wall equilibration in that RH range (Fig. S5†).
Therefore, the increase in C10H16Ox#6 at the RH range from
28% to 91% is likely contributed mostly by RH via enhancing
the gas–particle partitioning, as discussed in Section 3.1.1.
Regarding C10H16Ox>6, their absolute abundance increased and
reached a plateau (Fig. S2a†) at >58% RH. We cannot clearly
distinguish whether the vapor wall loss or the enhanced parti-
tioning by RH is more important in the increase of C10H16Ox>6

with increasing RH. This is because the timescales of vapor–
particle equilibrium and vapor-wall equilibrium of LVOCs
Environ. Sci.: Atmos., 2024, 4, 519–530 | 525
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Fig. 5 (a) The fractions of monomers and dimers in the SOA in the absence of the AS seed aerosol at different RH (<1%, (28 ± 1)%, (58± 2)%, and
(91 ± 2)%). The fraction of each class is normalized to the total products. Misc_monomer denotes other monomers, except for the C9 and C10

monomers. Misc_dimer denotes other dimers, except for the C17–20 dimers. Misc denotes the other SOA components, which are not identified.
(b) The absolute intensity of the total monomers (in red, left y-axis) and total dimers (in blue, right y axis) in the absence of the AS seed aerosol
under different RH. The error bar represents 1s. Note that the peak intensity in the mass spectra was normalized to the peak intensity of NaINa+

(m/z 173), which is the most abundant peak from the ion source.
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represented by C10H16O9 were comparable. The plateau above
>58% RHmight be because the vapor wall losses at 58% RH and
91% RH were similar as the particle surface area concentration
and thus timescales of vapor–particle equilibrium versus vapor–
wall equilibrium of C10H16Ox>6 were similar. Overall, the fact
that less oxygenated C10H16Ox increased more sharply with
increasing RH than more oxygenated C10H16Ox is more likely
attributed to the lower sensitivity of the lower volatile
compounds to the enhanced condensation by RH rather than
the vapor wall loss. Otherwise, more oxygenated compounds
would increase more with increasing RH than less oxygenated
compounds.

For low volatility compounds, such as C19H28O7–11, the
abundance also increased largely as a function of RH (Fig. S7†).
This dependence on RH could be attributed to the vapor wall
loss or the enhanced condensation by RH. If the dependence on
RH resulted from the enhanced condensation by RH, it is ex-
pected to be more pronounced for compounds with higher
volatility. In contrast, if the dependence resulted from the vapor
wall loss, it is expected to be more pronounced with lower
volatility. We found that the increment of the absolute abun-
dance of C19H28Ox=7–11 with increasing RH (from 28% RH to
91% RH) is higher than that of C10H16Ox=7–9 (Fig. S8†). As
C10H16Ox=7–9 has higher volatility than C19H28Ox=7–11, this
nding suggests that for these low volatility compounds
(LVOCs, represented by C10H16O9 or ELVOCs, represented by
C19H28O9), the condensation from vapor deposited onto the
wall may be more important than RH enhancement for
promoting the abundance in the absence of seed aerosol.

3.2.3 Inuence of RH on elemental composition of bulk
SOA. Similar to the result in the presence of the AS seed aerosol,
the O/C ratio (0.54 ± 0.03) and H/C ratio (1.61 ± 0.01) of the
total SOA remained largely unchanged with increasing RH
(Fig. S1(b and c)†), which can be explained by the similar reason
as in the presence of the AS seed aerosol.
526 | Environ. Sci.: Atmos., 2024, 4, 519–530
4 Conclusion

In this study, we investigated the RH dependence of the
molecular composition of SOA formed in a-pinene ozonolysis in
the absence and presence of ammonium sulfate seed aerosol.
The fractions of both monomers and dimers in SOA formed in
the presence of AS seed aerosol remained largely unchanged
with increasing RH, which is due to their similar extent of
increase in their absolute abundance with increasing RH. The
increase in the absolute abundance of monomers is likely
attributed to the increase in bulk diffusivity and enhanced
partitioning of less oxygenated semi-volatile monomer products
(such as C10H16Ox#6) with increasing RH. The increase of
dimers with increasing RH is likely due to acid-catalyzed reac-
tions, which is supported by the fact that distribution of dimers
changed markedly with increasing RH. The RH dependence of
SOA composition resulted in a slight decrease in the overall
molecular weight of SOA with increasing RH. The average O/C of
the most abundant product family, C10H16Ox, decreased with
increasing RH. This is attributed to the more pronounced
increase in less oxygenated compounds (C10H16Ox#6) compared
to more oxygenated compounds (C10H16Ox>6). Despite the
changes in the O/C within the most abundant families, the O/C
of the total SOA remained largely invariant with increasing RH,
which is attributed to the counteracting trend of various fami-
lies with increasing RH in altering the overall O/C of SOA.

In the absence of seed aerosol, we observed an increase in
themonomer fraction and a decrease in the dimer fraction from
<1% RH to 91% RH as a result of the more pronounced increase
in the absolute abundance of monomers with increasing RH
than dimers. Moreover, a signicant decrease in the overall
molecular weight of SOA with increasing RH was observed. The
dependence of SOA components on RH is attributed to
enhanced condensation by higher RH (for C10H16Ox#6) and/or
to vapor wall loss (for C10H16Ox>6 and dimers), i.e., the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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equilibration shi between vapor–particle and vapor–wall
competition for the compounds with lower volatility. This
nding is based on the comparison of the timescale of the
condensation from the vapor–wall to the suspended particles
with that from the direct vapor condensation onto the particle,
and different responses of compounds with different volatility
to increasing RH.

Admittedly, there are still some limitations in this study. The
detailed dimer formation mechanism of particle-phase reac-
tions between C10 compounds are still unclear, and the reaction
mechanism need further study. The reason for the RH depen-
dence of C10H14Ox compounds lacks direct evidence. Further-
more, the relative importance of the vapor wall loss and the
enhanced partitioning by RH in the increase of C10H16Ox>6 with
increasing RH in the absence of seed aerosol cannot be clearly
distinguished. In addition, although the RH dependence of the
SOA composition was likely attributed to multiphase processes
rather than the inuence of RH on the gas-phase HOM, the gas-
phase HOM was not directly measured due to limited instru-
mentation. Previous studies reported that HOM from a-pinene
is independent of RH.23,40 Yet, in the ozonolysis of other
monoterpenes, e.g., limonene compared with D3-carene, RH-
dependent product distribution in the gas-phase has also
been reported to play a vital role in the composition and yield of
SOA.62 Therefore, more mechanistic studies are warranted in
the future.

As a canonical biogenic oxidation system, a-pinene ozonol-
ysis in the atmosphere takes place under varying RH. The RH-
dependent chemical composition of SOA can further affect its
physico-chemical properties. For example, the viscosity39 and
volatility63 of a-pinene ozonolysis SOA have been found to be
inuenced by RH. The RH-dependent chemical composition
may also play a role in SOA mass concentration, as the molec-
ular level composition affects volatility and SOA yield. However,
the effect of RH on SOA yields remains inconclusive.10,17,18,62,64,65

The RH-dependent chemical composition can also inuence
the CCN activity of SOA. The decrease of the average molecular
weight with increasing RH may enhance the hygroscopic
parameter k, which is inversely proportional to the molar
volume of solute, and thus to the molecular weight (provided
that the density of different organics is largely similar).66–68

Moreover, the RH-dependent SOA composition reported here
highlights the necessity to consider the inuence of RH on the
SOA formation in atmospheric numerical models.69,70 Addi-
tionally, this work emphasizes the necessity to characterize the
composition at the molecular level, as the RH-dependent
composition is not manifested in the elemental composition
(O/C, H/C), which remains largely unchanged with increasing
RH.10
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B. Bohn, R. Häseler, A. Kiendler-Scharr, F. Rohrer,
R. Tillmann, et al., Secondary organic aerosol formation
from hydroxyl radical oxidation and ozonolysis of
monoterpenes, Atmos. Chem. Phys., 2015, 15(2), 991–1012,
DOI: 10.5194/acp-15-991-2015.

13 T. Kurtén, K. H. Møller, T. B. Nguyen, R. H. Schwantes,
P. K. Misztal, L. Su, P. O. Wennberg, J. L. Fry and
H. G. Kjaergaard, Alkoxy Radical Bond Scissions Explain
the Anomalously Low Secondary Organic Aerosol and
Organonitrate Yields From a-Pinene + NO3, J. Phys. Chem.
Lett., 2017, 8(13), 2826–2834, DOI: 10.1021/
acs.jpclett.7b01038.

14 Q. Ye, E. S. Robinson, X. Ding, P. Ye, R. C. Sullivan and
N. M. Donahue, Mixing of secondary organic aerosols
versus relative humidity, Proc. Natl. Acad. Sci. U. S. A., 2016,
113(45), 12649–12654, DOI: 10.1073/pnas.1604536113.

15 M. Yao, Z. Li, C. Li, H. Xiao, S. Wang, A. W. H. Chan and
Y. Zhao, Isomer-Resolved Reactivity of Organic Peroxides
in Monoterpene-Derived Secondary Organic Aerosol,
Environ. Sci. Technol., 2022, 56(8), 4882–4893, DOI:
10.1021/acs.est.2c01297.

16 Z. Zhao, C. Le, Q. Xu, W. Peng, H. Jiang, Y.-H. Lin,
D. R. Cocker and H. Zhang, Compositional Evolution of
Secondary Organic Aerosol as Temperature and Relative
Humidity Cycle in Atmospherically Relevant Ranges, ACS
Earth Space Chem., 2019, 3(11), 2549–2558, DOI: 10.1021/
acsearthspacechem.9b00232.

17 N. L. Prisle, G. J. Engelhart, M. Bilde and N. M. Donahue,
Humidity inuence on gas-particle phase partitioning of a-
pinene + O3 secondary organic aerosol, Geophys. Res. Lett.,
2010, 37(1), L01802, DOI: 10.1029/2009gl041402.

18 A. M. Jonsson, M. Hallquist and E. Ljungstrom, Impact of
humidity on the ozone initiated oxidation of limonene, D3-
528 | Environ. Sci.: Atmos., 2024, 4, 519–530
carene, and a-pinene, Environ. Sci. Technol., 2006, 40(1),
188–194, DOI: 10.1021/es051163w.

19 T. Berndt and O. B. Stratmann, F. Gas-phase ozonolysis of a-
pinene: gaseous products and particle formation, Atmos.
Environ., 2003, 37, 3933–3945, DOI: 10.1016/S1352-2310(03)
00501-6.

20 F. Bianchi, T. Kurtén, M. Riva, C. Mohr, M. P. Rissanen,
P. Roldin, T. Berndt, J. D. Crounse, P. O. Wennberg,
T. F. Mentel, et al., Highly Oxygenated Organic Molecules
(HOM) from Gas-Phase Autoxidation Involving Peroxy
Radicals: A Key Contributor to Atmospheric Aerosol, Chem.
Rev., 2019, 119(6), 3472–3509, DOI: 10.1021/
acs.chemrev.8b00395.

21 M. Ehn, E. Kleist, H. Junninen, T. Petäjä, G. Lönn,
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