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Abstract: The impact of relative humidity (RH) on organic new particle formation (NPF) from
the ozonolysis of biogenic volatile organic compounds (BVOCs) remains an area of active debate.
Previous reports provide contradictory results, indicating both the depression and enhancement of
NPF under conditions of high RH. Herein, we report on the impact of RH on NPF from the dark
ozonolysis of cis-3-hexenyl acetate (CHA), a green-leaf volatile (GLV) emitted by vegetation. We
show that RH inhibits NPF by this BVOC, essentially shutting it down at RH levels > 1%. While
the mechanism for the inhibition of NPF remains unclear, we demonstrate that it is likely not due
to increased losses of CHA to the humid chamber walls. New oxidation products dominant under
humid conditions are proposed that, based on estimated vapor pressures (VPs), should enhance
NPF; however, it is possible that the vapor phase concentration of these low-volatility products is not
sufficient to initiate NPF. Furthermore, the reaction of C3-excited state Criegee intermediates (CIs)
with water may lead to the formation of small carboxylic acids that do not contribute to NPF. This
hypothesis is supported by experiments with quaternary O3 + CHA + α-pinene + RH systems, which
showed decreases in total α-pinene-derived NPF at ~0% RH and subsequent recovery at elevated RH.
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1. Introduction

Volatile organic compounds in the atmosphere contribute significantly to secondary
organic aerosol (SOA) [1,2]. Some estimates place the fraction of SOA mass in fine and
ultrafine particles in continental air masses to be greater than 70% [1,3,4]. Biogenic volatile
organic compounds (BVOCs), such as monoterpenes and green-leaf volatiles (GLVs), are
major contributors to atmospheric SOA by way of oxidation with atmospheric gases to
form low-volatility compounds that either form new particles or partition to existing
particles [5–13]. Cis-3-hexenyl acetate (CHA) is one of several stress-induced GLVs emitted
by green-leaf plants that has been shown to generate SOA in laboratory studies [14] and
could be a significant contributor to the SOA mass in regional airsheds [15–18]. To date,
however, all studies to the authors’ knowledge have considered only SOA mass formation
(CSOA) under dry conditions, and no studies have been undertaken on the impact of
atmospherically relevant relative humidities (RHs) on new particle formation (NPF) from
this GLV. Similarly, the vast majority of studies to date on NPF and CSOA from the dark
ozonolysis of monoterpenes have been conducted at fixed and uncharacteristically low
levels of RH that are not representative of the lower troposphere [19], which is where
most of the NPF and CSOA are hypothesized to occur [9,20–25]. Recently, studies have
been reported to better understand the role of RH in NPF and SOA generation from the
ozonolysis of several monoterpenes, including α- and β-pinene [26–31], limonene [27,28],
and 3∆-carene [27,28]. Reported results have been contradictory, with some reporting an
enhancement in NPF and CSOA as a result of higher RH [27,31–33], while others report
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sharp decreases [28,31,34–38]. The cause(s) of these discrepancies remains unclear. Further
exacerbating the issue are the different VOCs and oxidant mixing ratios (ξVOC and ξO3)
used in laboratory studies, which have ranged from parts-per-trillion by volume (pptrv) to
parts-per-million by volume (ppmv), the latter predominantly in studies employing flow
reactors with reaction times of up to a few minutes only. It is unlikely that results obtained
at these high ξVOC/ξO3 are representative of the natural environment, thereby providing
inaccurate data and guidance to atmospheric modelling efforts. For example, recently, we
reported on significant enhancements in NPF for the dark ozonolysis of α- and β-pinene at
ξVOC < 20 ppbv in the presence of high RH [26].

Herein, we report on laboratory environmental chamber studies on the impact of RH
on NPF and CSOA in both ternary (CHA + O3 + RH) and quaternary (CHA + α-pinene +
O3 + RH) systems. Systematic experiments at varying ξVOCs and RHs were carried out
to gain an improved understanding of the quantitative nature of the RH impact, as well
as potential mechanisms likely producing the observed outcomes. A scanning mobility
particle sizer (SMPS) was used to quantify NPF and infer CSOA. An electrical low-pressure
impactor (ELPI+) was used to determine time-evolution particle and size distributions. Soft
ionization near-infrared aerosol mass spectrometry was used for the chemical analysis of
the SOA at mass loadings as low as 1 µg m−3. We show that RH impacts NPF in a nonlinear
manner and that the correlation of NPF with RH could be positive or negative as a function
of the chemical system and ξVOC.

2. Materials and Methods
2.1. Reagents

CHA (>97.0%) was purchased from TCI (Portland, OR, USA) and (+)-α-pinene (98%)
was purchased from Alfa Aesar (Haverhill, MA, USA). Both were used without further
purification. In all experiments, ozone was produced using a commercial generator
(OL80A/DLS, Ozone Lab, Burton, BC, Canada) using dry, particle-free (zero) air. Ozone was
injected by diverting the output flow of the generator to the chamber for a pre-determined
time pulse to yield the desired ozone concentration. Typical injection pulses were in the
range of 10–120 s, depending on the size of the chamber in use.

2.2. Experimental Conditions and Instrumentation

All experiments were conducted under ambient temperature and atmospheric pres-
sure. Two Teflon reaction chambers were utilized separately for this work and are referred
to as the 775 L particle genesis chamber (PGC) and the 8 m3 University of Vermont Envi-
ronmental Chamber (UVMEC) [39]. For both types of reaction chambers, zero air was used
for flushing (after H2O2 passivation with UV lamps) until the background aerosol mass
and number concentrations were below 0.01 µg m−3 and 10 particles cm−3, respectively.

Aerosol particle size distributions were measured using a scanning mobility particle
sizer (SMPS 3082, TSI Inc., Shoreview, MN, USA) operating with sheath and aerosol flows
of 3 and 0.3 L min−1, respectively. CSOA was estimated by assuming spherical particles with
a density of 1.3 g cm−3, in accord with the predictive estimates of Nakao et al. [40]. Aerosol
particle size distributions were also measured using an electrical low-pressure impactor
(ELPI+, Dekati Technologies Ltd., Kangasala, Finland), where particles were sorted into
14 different size-bins at s−1. The ELPI+ provides much higher temporal resolution (1 Hz
scan rate) than the SMPS, allowing for time-evolution measurements of the SOA, albeit
at lower size resolution. Chemical analysis of the SOA was carried out using a custom-
built Near-Infrared Laser Desorption/Ionization Aerosol Mass Spectrometer (NIR-LDI-
AMS) [39,41]. Aerosol sampling occurred through a Liu-type aerodynamic lens, and the
SOA was collimated into a particle beam that was aligned to deposit aerosol mass onto the
tip of a 1 mm diameter aluminum probe (99.9% purity, ESPI metals, Ashland, OR, USA)
suspended under high vacuum in the ionization region of the mass spectrometer. Particles
collected on the probe’s tip were both desorbed and ionized using a single pulse from an
unfocused, 3 mm diameter Nd:YAG laser (Brio, Quantel USA, Big Sky, CO) with a 20 mJ,
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4 ns half-width pulse. The deposited SOA mass was entirely desorbed by 2–3 laser shots. A
time-of-flight mass analyzer was used for ion detection with a working mass range from
0 to 500 m/z and a mass resolution of 1000 at 300 m/z. For each experiment, mass spectra
were collected at 0.1–2 min intervals over the course of approximately 60 min.

2.3. General Methodology

CSOA values obtained from SMPS measurements have been corrected for wall losses
using ammonium sulfate reference aerosol in accordance with a previously established
method [42]. Standard deviations are estimated based on a previous report that systemati-
cally evaluated instrumental errors in our chamber measurements [43]. In accord with this
previously established method [43], ξO3 was established in the chamber prior to injection
of the VOC, which helped minimize variability in the measurements. It may be that the
order in which the reagents are injected will impact the outcomes; however, this is beyond
the scope of the present study. In all experiments, ξVOC and ξO3 were 100–270 (±10) and
200–500 (±20) ppbv, respectively, depending on the specific experiment (detailed in each ta-
ble/figure). The temperature inside the chamber, while not actively controlled, was 22 (±1)
◦C. Once the RH and ξO3 were established and equilibrated in the chamber (10–15 min
after O3 injection), a glass micro-syringe (Hamilton 7000 series gas-tight syringe) was used
to quantitatively transfer VOC aliquots to a glass three-neck flask that was placed in a hot
water bath (80 ± 2 ◦C). For the ternary system experiments, a split valve and stop/flow
valve were used on the injection line with a 2 L min−1 flow of zero air to the UVMEC to
permit particle measurements at low ξVOC (detailed here: [43]). For the quaternary system
experiments, a solution mixture of CHA and α-pinene was prepared (dissolving α-pinene
directly into CHA) to the desired mole ratio, permitting both VOCs to be injected as a
single aliquot. The liquid-phase VOC content within the flask was visually monitored as a
6 L min−1 flow of zero air carried the volatilized VOC into the reaction chamber. Once all
of the VOC was introduced, the zero air flow was shut off after 10–20 min of continuous
flow. The mole ratio of CHA:α-pinene was 2:1 in all cases, which would result in a ratio of
C5:C10-Criegee intermediates (CIs) at 2:1.

2.4. Humidification of the Chambers

For RHs exceeding ~2%, RH was established in the chamber by a tandem bottle
setup, where a 6 L min−1 flow of zero air passed through a gently heated 4 L bottle
containing 0.5 L of reverse osmosis water, then flowed through an additional 4 L bottle
held at room temperature before entering the chamber (Figure 1a). For low RHs (<2%),
RH was established in the chamber by quantitative transfer of a liquid water aliquot
(high purity, reverse osmosis) via a 100 µL gas-tight glass syringe to a heated box setup
(Figure 1b) through a rubber septum. This approach uses a three-neck U-shaped glass
assembly housed in an aluminum box with an internal wax media; the apparatus sits on
a hotplate to maintain a desired temperature (90 ± 2 ◦C). Zero air flowing at 2 L min−1

was used to transfer the vaporized water aliquot to the UVMEC. Each transfer of 100 µL
equated to approximately 0.1% RH. Multiple transfers were used to attain the desired RH
for a given experiment. RH and temperature in the chamber were measured using a Vaisala
HUMICAP® HMT130 dual sensor (Vaisala Inc, Vantaa, Finland).

It is important to note that the recirculating sheath air in the SMPS remained at
RH < 30% for the duration of any single experiment, so any liquid water taken up by organic
particles in the reaction chamber should quickly evaporate during size measurement. We
confirmed that SOA size distributions measured at high RH in the chamber were for dried
particles by comparing particle size distributions pre- and post-passage through a 30 cm
diffusion drier. No difference in size distribution was measured, suggesting that the SOA
particles measured with the SMPS are “fully dried”, and that measured increases in particle number
concentration (N), SOA mass (CSOA), and geometric mean diameter (GMD) correspond only to
particulate organic material.
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2.5. AMS Methodology

Chemical analysis of SOA particles was carried out by NIR-LDI-AMS. This approach,
developed in the authors’ laboratory, uses a low energy, near-infrared laser pulse to vaporize
and ionize SOA particles with little to no molecular fragmentation, producing predom-
inantly [M-H]− ions. This soft ionization approach produces simplified mass spectra,
facilitating molecular analysis and providing chemical profiles of SOA particles. A detailed
description of NIR-LDI-AMS for SOA chemical analysis is provided elsewhere [39,41].

Newly formed organic particles were sampled with a condensation and growth ap-
paratus (CGA) developed in house (Figure 2) [44]. The CGA was optimized to utilize a
squalane matrix to (1) prevent mass spectral interferences in the chemical analysis of the
SOA and (2) grow all nascent particles with diameters greater than a few nm to a fixed
diameter of 110 nm, ideal for aerodynamic sampling using a Liu-type lens. The authors are
aware of only one other research group using a similar approach to sample and analyze
water-soluble nanoparticles (NPs) [45].
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Figure 2. Experimental setup for CGA. 3WV = 3-way valve, CO = 150 µm critical orifice. Arrows
indicate direction of aerosol flow. Blue dots on PGC indicate aerosol particles.

3. Results and Discussion
3.1. Effect of Low (<2%) RH on NPF

Chamber experiments were undertaken to systematically probe the role of RH on
NPF and CSOA generation from the dark ozonolysis of CHA. The numerical results are
summarized above in Table 1. Note that the experiment was run in triplicate only for the
case of the dry conditions (0.0% RH). Owing to the difficulty in reproducing an exact RH
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at such low levels, all experiments with any humidity present were performed only once.
Nonetheless, we have demonstrated in a previous report [43] that the typical reproducibility
utilizing our optimized setup is better than 10% relative standard deviation.

Table 1. Maximum particle number density (Nmax), SOA mass (CSOA,max), and particle geometric
mean diameter (GMDmax) measured for each experiment. Each value was normalized (indicated by *)
to those measured at 0% RH. ξCHA and ξO3 are the CHA and O3 mixing ratios (ppbv), respectively.
n = 3 for the dry experiment at 0.0% RH, and n = 1 for all other runs. Typical relative standard
deviation for each metric is less than 10%, as demonstrated in a separate report [43].

RH (%) ξCHA
(ppbv) ξO3 (ppbv) Nmax (103

cm−3)
Nmax * CSOA,max

(µg m−3) CSOA,max * GMDmax
(nm) GMDmax *

0.0 99.5 297.7 89.2 1 31.5 1 83.5 1

0.070 99.2 302.4 69.8 0.78 35.0 1.11 92.5 1.11

0.094 99.9 293.2 57.2 0.64 30.6 0.97 93.6 1.12

0.169 98.6 295.6 38.7 0.43 29.8 0.95 104.8 1.26

0.199 99.6 284.0 34.6 0.39 31.8 1.01 113.4 1.36

0.393 100.3 294.0 20.6 0.23 29.2 0.93 126.9 1.52

0.591 100.1 297.1 18.5 0.21 12.2 0.39 181.3 2.17

1.5 99.2 292.3 0.1 0.002 0.78 0.025 199.8 2.39

For the case of CHA, even slight increases in RH (<0.1%) at particle genesis resulted
in reductions in NPF (Figure 3). A similar trend was observed for CSOA produced under
dry and humid conditions. However, the attenuation of NPF appears to be more sensitive
to RH compared to CSOA. This effect may be due, in part, to enhanced partitioning of
semi-volatile (SV) and low-volatility (LV) oxidation products to the organic particulate
under humid conditions.
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Figure 3. Semi-log plot of relative changes in Nmax* (black), CSOA,max* (blue) and GMDmax* (red)
measured as a function of relative humidity at particle genesis. All values are normalized to those
measured at 0.0% RH. Lines are drawn to aid the eye. n = 1.

Assuming the organic particles remain liquid, the uptake of gas-phase compounds
follows an absorptive mechanism (not simple surface condensation). Under these condi-
tions, the partitioning of gas-phase compounds to the particulate can be approximated by
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the partition coefficient (Kp), which describes the equilibrium concentration of oxidation
products in the gas and particle phases. Kp is given by [46,47]

Kp =
760RT fom

106 MWomζ ρ0
L

where R (m3 atm mol−1 K−1) is the ideal gas constant; T (K) is the temperature; fom is
the weight fraction of the particulate that comprises the absorbing organic material (om)
phase; MWom (g mol−1) is the average molecular weight of the absorbing om phase; ζ is
the activity coefficient; and ρ0

L (Torr) is the saturation vapor pressure of the compound as
a liquid. Each ζ is a function of the composition of the aerosol mixture and the tempera-
ture, and each ρ0

L is a strong function of the temperature. Increased liquid water content
within the organic particulate will decrease the average molecular weight of the organic
matter, thereby favoring SOA partitioning (Kp) [46,47] as RH increases. This hypothesis is
supported by the increased GMDmax with increasing RH (Table 1). Similar enhancements
in organic aerosol mass were reported for SOA generated from the dark ozonolysis of
α-pinene at atmospherically relevant mass loadings [48]. This same conclusion is suggested
by the apparent leveling off of the SOA mass loss (CSOA*) at the highest RHs (lowest
mass loadings).

In addition, Figure 4a,b shows the ELPI+ time evolution of CHA-derived SOA number
and size distributions for 12 and 2 h of flushing, respectively, after having humidified
the chamber to 60% RH. With less flushing, the magnitude of N decreased by more than
an order of magnitude, while the GMD distribution shifted to greater sizes (fewer, larger
particles; in support of experiments from Table 1). This demonstrated that CHA, as a
chemical precursor to aerosol formation, is so sensitive to water that even miniscule
amounts of water (where the RH sensor read 0.0%) left in the chamber from a previous
experiment was sufficient to impact the chemical formation of CHA-derived SOA in a
subsequent experiment.

Air 2023, 1, FOR PEER REVIEW 6 
 

 

Assuming the organic particles remain liquid, the uptake of gas-phase compounds 
follows an absorptive mechanism (not simple surface condensation). Under these condi-
tions, the partitioning of gas-phase compounds to the particulate can be approximated by 
the partition coefficient (𝐾 ), which describes the equilibrium concentration of oxidation 
products in the gas and particle phases. 𝐾  is given by [46,47] 𝐾 = 760𝑅𝑇 𝑓10  𝑀𝑊 𝜁 𝜌  

where R (m3 atm mol−1 K−1) is the ideal gas constant; T (K) is the temperature; fom is the 
weight fraction of the particulate that comprises the absorbing organic material (om) 
phase; MWom (g mol−1) is the average molecular weight of the absorbing om phase; 𝜁 is 
the activity coefficient; and 𝜌  (Torr) is the saturation vapor pressure of the compound 
as a liquid. Each 𝜁 is a function of the composition of the aerosol mixture and the tem-
perature, and each 𝜌  is a strong function of the temperature. Increased liquid water con-
tent within the organic particulate will decrease the average molecular weight of the or-
ganic matter, thereby favoring SOA partitioning (𝐾 ) [46,47] as RH increases. This hypoth-
esis is supported by the increased GMDmax with increasing RH (Table 1). Similar enhance-
ments in organic aerosol mass were reported for SOA generated from the dark ozonolysis 
of α-pinene at atmospherically relevant mass loadings [48]. This same conclusion is sug-
gested by the apparent leveling off of the SOA mass loss (CSOA*) at the highest RHs (lowest 
mass loadings). 

In addition, Figure 4a,b shows the ELPI+ time evolution of CHA-derived SOA num-
ber and size distributions for 12 and 2 h of flushing, respectively, after having humidified 
the chamber to 60% RH. With less flushing, the magnitude of N decreased by more than 
an order of magnitude, while the GMD distribution shifted to greater sizes (fewer, larger 
particles; in support of experiments from Table 1). This demonstrated that CHA, as a 
chemical precursor to aerosol formation, is so sensitive to water that even miniscule 
amounts of water (where the RH sensor read 0.0%) left in the chamber from a previous 
experiment was sufficient to impact the chemical formation of CHA-derived SOA in a 
subsequent experiment. 

  

Figure 4. Time evolution of CHA-derived SOA particle number distributions following chamber 
humidification and subsequent dry flushing. (a) 12 h of dry flushing; (b) 2 h of dry flushing. For 
both, SOA was generated at RH = 0% (as measured by the RH sensor), ξVOC = 150 ppbv, ξO3 = 500 
ppbv. n = 1. 

Figure 4. Time evolution of CHA-derived SOA particle number distributions following chamber
humidification and subsequent dry flushing. (a) 12 h of dry flushing; (b) 2 h of dry flushing. For both,
SOA was generated at RH = 0% (as measured by the RH sensor), ξVOC = 150 ppbv, ξO3 = 500 ppbv.
n = 1.

3.2. Effect of Solubility on Decreased NPF

Decreased NPF as a function of increasing RH may be due to enhanced losses of CHA, a
water-soluble GLV, and/or its oxidation products onto the chamber walls. Under conditions
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of high humidity, water vapor will adsorb/absorb onto/into the walls of the chamber,
forming a thin aqueous layer into which CHA could dissolve. For example, Teflon® can
adsorb/absorb 1–10 mg of water per dm2 of surface area at >90% RH [49–52], which for
the UVMEC used in this study (24 m2 internal surface area) suggests a total water content
on/in the walls of 2.4–24 g. Considering the aqueous solubility of CHA (0.9 g/L [53]), this
is sufficient water to solubilize up to 2.2–22 mg of CHA, which is significant compared to
the total amount of CHA injected for a typical experiment (e.g., 270 ppbv = 11.8 mg).

To test this hypothesis, experiments were conducted whereby the amount of chamber
wall water was varied by the control of chamber flushing with dry, particle-free air. For
these experiments, the UVMEC was humidified to 60% RH and allowed to equilibrate
for 60 min. With an estimated water adsorption time constant of 3.8 min [52], this was
sufficient to saturate the chamber walls with water. The desorption time constant (τd) has
been estimated to be 90 min [52]. Different levels of residual water loadings remaining on
the chamber walls were then achieved by flushing for 1.5, 12 and 60 h. It is interesting to
note that after flushing for 1.5 h (τd = 1) after humidification/equilibration, the measured
RH in the sealed chamber (static conditions, no flushing) slowly increased from 0% to 2%
over the course of an additional hour. Therefore, any experiment that was run after only
a short period of flushing (less than 2–3 τd), could be considered the same as running
it at an RH of a few %. No increase in RH was measured over time after flushing the
chamber for more than 48 h (i.e., there was no measurable residual water remaining on
the chamber walls after the extended flushing period). With this, a final experiment was
conducted, wherein after flushing the chamber for 60 h and re-humidification to 2% RH
(which should result in negligible wall water), the experiment was run again. The results
(Figure 5) indicate the recovery of SOA formation (both NPF and SOA mass) as a function
of chamber flushing.
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Furthermore, when the RH was brought up to 2% RH (from a completely dry chamber,
following a 60 h flushing period), SOA formation closely approximated that after flushing
for only 1.5 h. Note that for the 1.5 h flush experiment, CHA was injected while the RH
sensor indicated a nominal RH of 0.0%. Unfortunately, instrumental enhancements that
permit the measurement of RH with a resolution of 0.01% (as shown in Table 1) had not
yet been implemented. We now know that due to the poorer resolution used for the ELPI+
measurements, the RH in the UVMEC could have been as high as 0.5% before the RH
sensor would indicate 1.0%. It follows, therefore, that we would expect Nmax obtained at
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2% RH (which in reality could have been anywhere between 1.5% and 2.5%) to be lower
than after the 1.5 h flush. This suggests that, for CHA, the reduction in NPF and CSOA is
not due to solubility, but rather primarily due to gas-phase chemistry in the presence of
water vapor.

3.3. Water-Facilitated Chemistry

Using NIR-LDI-AMS chemical analysis of the CHA-derived SOA, we observe dif-
ferences in product profiles between aerosol formed under dry and humid conditions.
A brief description of the ozonolysis reaction pathway (Scheme 1) is helpful to better
understand potential pathways leading to these RH-induced oxidation products and the
ensuing discussion.

Air 2023, 1, FOR PEER REVIEW 8 
 

 

flushing for only 1.5 h. Note that for the 1.5 h flush experiment, CHA was injected while 
the RH sensor indicated a nominal RH of 0.0%. Unfortunately, instrumental enhance-
ments that permit the measurement of RH with a resolution of 0.01% (as shown in Table 
1) had not yet been implemented. We now know that due to the poorer resolution used 
for the ELPI+ measurements, the RH in the UVMEC could have been as high as 0.5% be-
fore the RH sensor would indicate 1.0%. It follows, therefore, that we would expect Nmax 
obtained at 2% RH (which in reality could have been anywhere between 1.5% and 2.5%) 
to be lower than after the 1.5 h flush. This suggests that, for CHA, the reduction in NPF 
and CSOA is not due to solubility, but rather primarily due to gas-phase chemistry in the 
presence of water vapor. 

3.3. Water-Facilitated Chemistry 
Using NIR-LDI-AMS chemical analysis of the CHA-derived SOA, we observe differ-

ences in product profiles between aerosol formed under dry and humid conditions. A 
brief description of the ozonolysis reaction pathway (Scheme 1) is helpful to better under-
stand potential pathways leading to these RH-induced oxidation products and the ensu-
ing discussion. 

 
Scheme 1. Mechanism for the electrophilic addition of ozone to cis-3-hexenyl acetate (CHA) and 
subsequent cleavage of the primary ozonide (POZ) [14]. 

Upon the cycloaddition of ozone to CHA, the primary ozonide will decompose to 
yield a stable aldehyde and an excited Criegee intermediate (CI). The CIs can be energet-
ically stabilized, which allows for further reactions, leading to the formation of low-vola-
tility highly oxygenated molecules (HOMs), which contribute to NPF [28,32,54–61]. SOA 
formation is often discussed in terms of a competition between nucleation (NPF) and con-
densation (growth, in terms of mass). In other words, oxidative products of higher vola-
tility may be less likely to nucleate to form new particles but will still contribute to overall 
CSOA through condensational growth. On the other hand, products of sufficiently low vol-
atility, such as dimers of CIs of at least 10 carbons each (as in the case of cyclic monoter-
penes (C10-CI dimers) [28,32,54–60,62,63] and highly oxidized products generated via au-
toxidation [54,55,58,64–71], would favor NPF. In the case of CHA, our results suggest that 
water negatively affects both SOA processes (nucleation and condensation). As the gas-
phase water concentration increases, more of the CHA-derived CIs (henceforth referred 
to as C5-CIs) are quenched and diverted away from subsequent reactions that could lead 
to low volatility products, which act as nucleating agents to enhance NPF; therefore, the 
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subsequent cleavage of the primary ozonide (POZ) [14].

Upon the cycloaddition of ozone to CHA, the primary ozonide will decompose to yield
a stable aldehyde and an excited Criegee intermediate (CI). The CIs can be energetically sta-
bilized, which allows for further reactions, leading to the formation of low-volatility highly
oxygenated molecules (HOMs), which contribute to NPF [28,32,54–61]. SOA formation
is often discussed in terms of a competition between nucleation (NPF) and condensation
(growth, in terms of mass). In other words, oxidative products of higher volatility may
be less likely to nucleate to form new particles but will still contribute to overall CSOA
through condensational growth. On the other hand, products of sufficiently low volatility,
such as dimers of CIs of at least 10 carbons each (as in the case of cyclic monoterpenes
(C10-CI dimers) [28,32,54–60,62,63] and highly oxidized products generated via autoxida-
tion [54,55,58,64–71], would favor NPF. In the case of CHA, our results suggest that water
negatively affects both SOA processes (nucleation and condensation). As the gas-phase
water concentration increases, more of the CHA-derived CIs (henceforth referred to as
C5-CIs) are quenched and diverted away from subsequent reactions that could lead to low
volatility products, which act as nucleating agents to enhance NPF; therefore, the quenching
reaction with water for C5-CIs would decrease NPF events. Additionally, because the SOA
mass continues to decrease at higher RH, it appears that the products from the quenched
C5-CIs are of relatively high volatility and participate less effectively in condensational
growth as well.
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Computational and experimental studies have predicted that smaller CIs are more
reactive toward water [63,72–81]; therefore, it is possible that the C5-CIs are depleted before
multigenerational chemical pathways are activated and a significant supersaturation of
extremely low-volatility gas-phase products (ELVOCs) formed is large enough to result in
NPF. Reducing ELVOCs would likely shift the balance between NPF and CSOA toward the
latter, resulting in fewer, larger particles (increased GMD, Table 1). To better understand
the chemical processes leading to this observation, NIR-LDI-AMS was deployed to provide
insight into composition changes of the SOA affected by the presence of water vapor at
particle genesis.

3.4. Proposed Chemical Mechanisms

A mechanistic description for the formation of products from the ozonolysis of CHA
has been presented elsewhere [14]. As seen in Scheme 1, the electrophilic addition of ozone
across the double bond produces a primary ozonide (POZ), which decomposes to yield
four fragments. Two of the products are closed shell aldehydes, while the other two are
energetic alkylperoxide CIs that can unimolecularly rearrange to the carboxylic acids or be
stabilized and participate in subsequent, multigenerational products.

Observationally, we see that the mass spectrum derived under humid conditions
differs from that under dry conditions (Figure 6). Specifically, under humid conditions,
newly dominant products are recorded at 147, 203, 261, 317, 319, and 347 m/z. Scheme 2a,b
proposes rational mechanisms leading to some of these products.
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Based upon the current literature reports and estimated VPs for these pure compounds
(Table 2), one would expect that these heavier MW products would be of sufficiently low VP
to contribute to NPF [56,82], contrary to our observation. This suggests that either the vapor-
phase concentration of these products does not reach supersaturation, and hence does not
form new particles, or that there exists another mechanism(s), physical or chemical, that
results in decreased NPF rates and overshadows any enhanced NPF due to these products.
As such, while interesting, it is not likely that the deviations in chemical pathways described
here (that are induced by water vapor) can explain the observed behavior.
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Table 2. Estimated vapor pressures for products of CHA ozonolysis dominant under humid conditions.

Product MW
(g mol−1)

Estimated VP
(Pa) Volatility Class

148 10−2 IVOC

184 (pinonic acid) 10−3 SVOC

204 10−4 SVOC

262 10−8 LVOC

318 10−10 ELVOC

320 10−13 ULVOC

348 * 10−15 ULVOC
Vapor pressures were estimated using UManSysPro (http://umansysprop.seaes.manchester.ac.uk/tool/vapour_
pressure, accessed on 7 March 2023). ULVOCs (shaded cells) are considered necessary for homogeneous NPF.
* VP estimated based on adding 2 -CH2- units or one -C=O unit to 320 product.

3.5. Quaternary System Experiments

In contrast to CHA, α-pinene shows only a slight decrease in NPF, while SOA mass
remains constant [26–31]. Due to the cyclic alkene in α-pinene, the ozonolysis of the
endocyclic double bond results in a single C10-CI that is much larger and heavier and with
a lower VP than the CHA-derived CIs. Therefore, unlike CHA-derived SOA, the stabilized
CI products are of sufficient VP to partition to existing SOA and will also favor secondary
reactions, such as dimerization and autoxidation, which contribute to NPF and CSOA. The
question remains however, whether the quenching of the C5-CIs in the CHA system with
water outcompetes oligomerization and autoxidation reactions, leading to a decrease in
NPF. To answer this question, experiments were conducted using a quaternary system of
α-pinene, CHA, water vapor, and ozone.

In a manner analogous to Heinritzi et al. [83], we conducted mixed system experiments
using CHA and α-pinene, anticipating that the presence of the small C5-CIs from the
ozonolysis of CHA would sequester C10-CIs from α-pinene, preventing the formation
of C20-dimers necessary for NPF. We have shown previously that gas-phase water does
not suppress NPF from α-pinene ozonolysis at low ξVOC [26]. Therefore, if CHA reduces

http://umansysprop.seaes.manchester.ac.uk/tool/vapour_pressure
http://umansysprop.seaes.manchester.ac.uk/tool/vapour_pressure
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α-pinene-derived SOA formation, and CHA CIs are efficiently sequestered by water, then
the addition of water vapor to this quaternary system should aid in recovering SOA
formation from α-pinene ozonolysis (Table 3). In other words, CIs are competing between a
reaction with water or a reaction with another CI. If the C5-CI reaction with water is faster,
then an increase in NPF will result. If, on the other hand, intermolecular reactions involving
the C5-CIs are faster, then the resulting dimers/oligomers are less likely to contribute to
NPF and CSOA.

Table 3. Results of NPF and SOA formation from quaternary system of α-pinene, CHA and O3 with
and without added humidity. n = 1.

ξα-Pinene:CHA:RH
α-Pinene

(ppbv)
CHA

(ppbv) %RH Ozone
(ppbv)

Nmax (×103)
(#/cm3)

∆Nmax * CSOA
(µg/m3) GMD (nm)

ξ6:0:0 6 0 0 500 32.7 −82%
4.32 49.9

ξ6:12:0 6 12 0 500 5.8 2.33 64.5

ξ6:0:60 6 0 60 500 144 −20%
11.5 49.1

ξ6:12:60 6 12 60 500 115 6.89 43.9

* ∆Nmax describes the relative decrease in Nmax in the presence of CHA under dry and humid conditions.

Comparing ξ6:0:0 and ξ6:12:0 (ξα-pinene:CHA:RH) supports the observation of Heinritzi
et al. [83] in that the addition of a source of small CIs reduces NPF from the monoterpene
by 82%. It should be noted that in a binary system of CHA and O3, no particles are formed
at the ξCHA used here. We also observed that the GMD increases significantly when CHA is
present, likely due to the partitioning of CHA ozonolysis products, as well as C15 products
from the cross coupling of the C5 and C10-CIs to α-pinene SOA. While the addition of
water does not result in the full recovery of α-pinene SOA (compare ξ6:0:60 and ξ6:12:60),
with a remaining net reduction in NPF of 20%, the reduced GMD under humid conditions
suggests that SOA mass for the quaternary system under humid conditions arises primarily
from NPF and not simply from particle growth (through the partitioning of S- and LVOCs).

4. Conclusions

Herein we report on experiments to elucidate the impact and role of gaseous water
at particle genesis on NPF and CSOA from the ozonolysis of the green-leaf volatile CHA.
We demonstrate that at ξCHA = 100 ppbv and at RHs as low as 1.5%, NPF is effectively
shut down for this SOA precursor. At lower RHs, NPF appears to be more sensitive to
RH than does CSOA. NPF from α-pinene ozonolysis at similar ξVOCs, on the other hand,
remained insensitive to the presence of RH, in accord with previous reports [26,27,84–86].
We also present evidence to demonstrate that the effective shutdown of particle formation
for CHA-derived SOA in the presence of water is not a physical process but rather is due to
gaseous water playing an important role in the chemical mechanism and leading to the
shutdown of NPF.

Even at low RHs (<2%), there were marked decreases in SOA production (NPF and
CSOA) with fewer, larger particles being formed. Although the estimated vapor pressures
of the formed gas-phase products should be sufficiently low to nucleate and contribute
to NPF, we observed a dramatic decrease in SOA production even when little water was
present (0.07% RH led to a 21.7% decrease in particle formation). Therefore, we suggest
that the Criegee intermediates formed upon the ozonolysis of CHA are quenched by the
gaseous water, which subsequently do not nucleate and contribute to NPF. Our findings, in
tandem with our recent observations with α- and β-pinene [26], suggest that gaseous water,
the third most abundant atmospheric gas, plays a vital role in the mechanistic formation of
atmospheric aerosols.
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