
1.  Introduction
A substantial fraction of sub-micron tropospheric aerosol particles (20%–90%) consists of organic matter 
(Jimenez et al., 2009; Q. Zhang et al., 2007). Its formation can be attributed to either direct emission of primary 
organic aerosol or to reactions of organic compounds in the gas phase followed by condensation and chemical 
processing leading to secondary organic aerosol (SOA; Ervens et  al.,  2011). Currently, the total global SOA 
burden is modeled to range from 0.3 to 2.3  Tg (SOA mass; Hodzic et  al.,  2016; Pai et  al.,  2020; Spracklen 
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et al., 2011; Tsigaridis et al., 2014). However, the total global formation source of SOA is still uncertain with 
12–1,820 Tg (SOA mass) yr −1 based on models and other estimation approaches (Goldstein & Galbally, 2007; 
Hallquist et al., 2009; Hodzic et al., 2016; Shrivastava et al., 2015; Spracklen et al., 2011; Tsigaridis et al., 2014; 
Tsigaridis & Kanakidou, 2018). SOA mass estimations are subject to errors due in part to a lack of knowledge 
about gaseous precursor compounds and their oxidation processes, which result in low-volatility products.

Highly oxygenated organic molecules (HOMs) have been identified during measurements in both remote forest 
areas and highly polluted megacities, as well as in chamber experiments studying the oxidation of isoprene, 
monoterpenes, sesquiterpenes, and structurally related compounds (Berndt et al., 2016, 2015; Bianchi et al., 2019; 
Brüggemann et al., 2017; Ehn et al., 2012; Huang et al., 2021; Jokinen et al., 2014, 2015; Mutzel et al., 2015; 
Praplan et al., 2015; Rissanen et al., 2014; Tong et al., 2019; Wang et al., 2021). The constituents of this class of 
gas-phase oxidation products are characterized by a high proportion of oxygen and are formed on a time scale 
of seconds, which can only be explained by a fast insertion of oxygen via autoxidation mechanisms (Crounse 
et al., 2013; Ehn et al., 2014). In the formation of HOMs, peroxyl radicals (RO2) are driving the autoxidation 
through intramolecular H-shift, leading to the formation of closed-shell products by uni- or bimolecular termina-
tion reactions (Berndt et al., 2019; Jokinen et al., 2014; Rissanen et al., 2014; Vereecken & Nozière, 2020; Wang 
et al., 2021). The resulting stable products contain a variety of functional groups such as multiple hydroperoxide 
and/or carbonyl groups. For example, HOMs produced from monoterpene ozonolysis were characterized on the 
molecular level using online tandem mass spectrometry analyses (Tomaz et al., 2021). Due to the proposed numer-
ous functionalities, it is expected that HOMs have low vapor pressures and should quickly condense on aerosol 
particles (Ehn et al., 2014). Experimental and model investigations have shown that HOMs from α-pinene ozonol-
ysis can be classified as semi-, low- and extremely low volatile organic compounds (SVOC, LVOC, and ELVOC, 
respectively) applying the volatility basis set (Donahue et al., 2012; Huang et al., 2021; Jokinen et al., 2015; Tröstl 
et al., 2016). Accordingly, HOMs can be important gas-phase precursors for the formation of SOA.

First evidence for the condensation and following presence of HOMs in the particulate organic mass was shown in 
a study by Mutzel et al. (2015) from our laboratory, where HOMs containing carbonyl functions were identified 
in both gas and particle-phases. A later publication by Krapf et al. (2016) quantified the peroxide content of SOA 
after HOMs condensation and showed that the particle-phase peroxide products are very labile, confirming the 
findings of Mutzel et al. (2015). The authors quantified the decomposition of particle-phase HOM hydroperoxide 
(ROOH) moieties with a first-order decomposition rate constant of 2.6 × 10 −4 s −1 (Krapf et al., 2016). Moreo-
ver, molecules containing multiple peroxide functionalities (C8−10H12−18O4−9 monomers and C16−20H24−36O8−14 
dimers) were identified in α-pinene SOA (X. Zhang et al., 2017). Simultaneous detection of these molecules in 
the gas phase also provides direct evidence for their gas-to-particle conversion. In addition, Tong et al. (2019) 
found HOMs in ambient fine particulate matter (PM), which was positively correlated with the formation of 
radicals in aqueous PM extracts. Recently, Roldin et  al.  (2019) have developed a near-explicit model which 
can reproduce the observed new particle formation, HOM gas-phase composition and SOA formation over the 
boreal forest. Since HOMs are considered to contribute to both particle formation and growth to a large extent 
(Gatzsche et al., 2018; Kristensen et al., 2020; Kürten et al., 2016; J. Zhao, Ortega, et al., 2013), they might 
explain two-thirds or even entire SOA mass (Ehn et al., 2014).

Decomposition of hydroperoxide functional groups of HOMs can trigger the formation of reactive species, such 
as OH radicals, and subsequent particle-phase reactions (Tong et al., 2021), from which highly oxidized organo-
sulfates (HOOS) could be further formed (Mutzel et al., 2015). The particle-phase organosulfate formation from 
α-pinene oxidation was found to be acid-catalyzed (Duporté et al., 2020). Moreover, online aerosol measurements 
in a forest of Bavaria (Germany) showed that particulate HOOS followed the diurnal behavior of gas-phase 
HOMs and strongly correlated with particulate sulfate under high relative humidity (RH) conditions (Brüggemann 
et  al.,  2017). Besides the monoterpene-derived HOOS, the isoprene-derived methyltetrol sulfates are consid-
ered the most abundant HOOS species with ambient concentration of up to 1 μg m −3 (Hettiyadura et al., 2017, 
2019). These findings confirm that particle-phase chemistry can play an important role in the formation of such 
compounds (Brüggemann et al., 2020; Herrmann et al., 2015; Tong et al., 2021). Up to now, the particle-phase 
partitioning and chemistry of HOMs, especially their uptake behavior, have not been fully understood.

The present study aims to investigate the uptake behavior of HOMs formed by the OH-oxidation of α-pinene. 
Here, special emphasis is placed on the following: (a) determining uptake coefficients of HOMs experimentally 
for the first time to the best of our knowledge, (b) identifying limiting uptake sub-processes and (c) investigating 
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the influence of aerosol seed state and surface acidity on the uptake behavior and the associated SOA yield by 
combining on-line, off-line and modeling approaches.

2.  Materials and Methods
2.1.  Aerosol Chamber Experiments

Experiments were performed at the 19 m³ (S/V ratio = 2 m −1) TROPOS Atmospheric Chemistry Department 
Chamber (ACD-C), which was used in a continuous flow reactor (CFR) mode under atmospherically relevant 
conditions, giving sufficient time for extended filter sampling and corresponding detailed offline organic anal-
ysis. A detailed description of the procedure is given in Mutzel et al. (2015) and a schema of the set-up can be 
found in Figure S1 in Supporting Information S1. Briefly, α-pinene was stored in a glass bulb with a premix 
4.317 mbar in 1,949 mbar helium). A constant flow of 1 mL min −1 was sampled from the glass bulb and contin-
uously introduced to the chamber using 105 L min −1 compress air carrier gases. Similarly, an H2O2/H2O solution 
(Th. Geyer, ≥ 30%) in a gas saturator was flushed at a flowrate of 150 mL min −1 and continuously introduced 
to the chamber with 105 L min −1 compress air carrier gases. Consequently, the total incoming flow of 210 L 
min −1 was balanced by a corresponding outflow of 210 L min −1 including the sampling flow of all the connected 
instrumentation maintaining the total volume of the chamber constant (detailed on the individual flow rates are 
given Figure S1 in Supporting Information S1). The set-up and mode of operation leads to a renewal of 1% of 
the chamber volume per minute. OH-radicals were generated by the photolysis of H2O2 using UV-lamps (Osram 
EVERSUN® Super, λ  =  300–420  nm). Seed particles were produced by atomizing salt solutions (Table S1 
in Supporting Information S1). To reach a steady-state condition inside the chamber, the continuous injection 
of both α-pinene and H2O2 started the day before and concentrations were left to stabilize over the night. The 
next morning, lamps were turned on starting the oxidation of α-pinene and the HOMs production. The fast 
OH-production leads to a decrease of 30% of the α-pinene concentration inside the chamber. Again, the system 
was let stabilized over 4–5 hr to reach a new steady-state level for all species, representing approx. 80% of the 
initial α-pinene concentration. Although OH concentration was not directly measure, to still give an estima-
tion, the change of the steady-state concentration of α-pinene was used to derive the OH concentration. The 
steady-state concentration decreased from 10.5 to 8.8 ppbv. Using the rate constant of Gill and Hites (2002) an 
OH concentration of 7 ± 3 × 10 5 molecules cm −3 was calculated. Additionally, using the F0AM model with the 
MCM3.3.1 for α-pinene associated pathways (Wolfe et al., 2016), a steady-state OH concentration of 2 × 10 6 
molecules cm −3 was modeled, which is closed to the value estimated from the experiments. Only when this last 
steady-state was achieved, the seed particles were injected for 2 min (Figure S2 in Supporting Information S1). As 
the chamber was running in CFR mode, the seed particles were diluted, while the reactants and reaction products 
remained constant. Therefore, the organic mass concentration was corrected by normalizing it from the decay of 
the sulfate mass concentration (see details in Supporting Information S1).

Two types of experiments were carried out (see Table S1 in Supporting Information S1): (a) for experiments on 
HOMs uptake, reactants were injected constantly, and seed particles were introduced for 2 min. This set of exper-
iments can be divided in two experiments depending on the two types of seeds (neutral: Na2SO4, or acidic: (NH4)
HSO4) used, while HOMs reactants (α-pinene and H2O2) were kept constant over the entire experimental period. 
To exclude any possible potential conversion of (NH4)HSO4 to (NH4)2SO4 due to a probable contamination of the 
chamber with ammonia, the NH4 + to SO4 2− ratio from the equivalents of NH4 + to SO4 2− measured by the AMS 
was analyzed (see Figure S3 in Supporting Information S1). (b) This set of experiments was dedicated to offline 
analysis regarding particle-phase compounds. In order to collect enough material, both reactants and seed parti-
cles (at the same concentration as for type A) were injected constantly and filters were sampled over approx. 90 h. 
For each type B experiment, three PTFE filters (fluorocarbon coated borosilicate glass fiber filter, d = 47 mm, 
PALLFLEX T60A20, PALL, NY, USA) and one quartz fiber filter (QF I, Micro-quartz fiber filter, d = 47 mm, 
MK 360, Munktell, Bärenstein, Germany) were loaded by sampling volumes as shown in Table S1 in Supporting 
Information S1. An overview of the experimental conditions is given in Table S1 in Supporting Information S1 
and a critical evaluation of different aerosol sinks is given in Section S1 in Supporting Information S1.
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2.2.  Instrumentation and Chemical Analysis

A set-up of online and offline instrumentation as well as chemical analysis similar to the study of Mutzel 
et al. (2015) from our laboratory was used. In brief, the detection of gas-phase HOMs was performed using a NO3 − 
chemical ionization atmospheric pressure interface time-of-flight mass spectrometer (NO3 −-CI-APi-TOF-MS 
Airmodus, Ltd., Tofwerk AG) equipped with a compact-ToF-MS (cToF, Tofwerk AG, sampling flow rate 10 L 
min −1). As synthetic standards for HOMs are not yet available, the instrument was calibrated with sulfuric acid as 
widely reported in the literature (e.g., Bianchi et al., 2019; Ehn et al., 2014; Mutzel et al., 2015). However, HOMs 
are generally assumed to have a lower cluster stability, which would result in an underestimation of the actual 
gas-phase concentrations. That means, all calculated HOMs concentrations have to be understood as H2SO4 
equivalents and thus, as lower limits for all the given HOMs concentrations. Particle number-size-distribution 
was followed using a TROPOS-style mobility particle size spectrometer (MPSS; Wiedensohler et al., 2012) at 1 L 
min −1, while particle chemical composition was measured by a High-Resolution Time-of-Flight Aerosol Mass 
Spectrometer (HR-TOF-AMS, Aerodyne Inc., DeCarlo et al., 2006) at 0.080 L min −1. In filter experiments (Type 
B), filter samplers were collected at 30 L min −1. The collected filters were analyzed for particle-phase HOMs, 
SOA tracer compounds and organosulfates with high-performance liquid chromatography electrospray ionization 
coupled to time-of-flight mass spectrometry (HPLC/(−)ESI−TOFMS) and ultra-performance liquid chromatog-
raphy electrospray ionization coupled to time-of-flight mass spectrometry (UPLC/(−)IMS−QTOFMS), respec-
tively. More details on the analytical analysis can be found in Section S1 in Supporting Information S1.

2.3.  Phase State Conditions of the Aerosol Seeds

The aerosol-phase state can influence the uptake behavior of gas-phase compounds to aerosol particles, for exam-
ple, by affecting the diffusion within particles (Y. Zhang et al., 2018). In this study, the two different seeds, Na2SO4 
and (NH4)HSO4 were injected in the CFR at low RH conditions (RH < 5%). Based on the literature knowledge, 
Na2SO4 seed particles are present in a solid state under these dry conditions (see e.g., Gao et al., 2007). Different 
from this, several studies (see Cziczo et al., 1997 and references therein) found that (NH4)HSO4 seed particles 
can still prevail in a non-solid state even under really low humidity conditions. Along the same line, Tang and 
Munkelwitz (1994) showed that (NH4)HSO4 aerosol particles often remain liquid when they are exposed to very 
low water vapor at partial pressure of p < 10 −6 torr. Therefore, the two seeds used in the present study are most 
likely characterized by different phase states leading to a different uptake behavior.

Besides the aerosol-phase state also the nature of the aerosol surface, particularly the presence of water which in 
turn enables the presence of acidity on inorganic seeds, can affect the reactive uptake gas phase compounds by 
altering surface conversions. From studies using Fourier Transform IR-spectroscopy (e.g., Badger et al., 2006) 
it is known that even under very low RH (<2%) conditions, small amounts of condensed-phase water may be 
associated with the particle surface, likely promoting the presence of acidity. Therefore, the present study almost 
certainly includes two different surface acidity seed regimes, a neutral Na2SO4 and acidic (NH4)HSO4 seed, 
providing different reactive uptake conditions.

Furthermore, the different seeds are characterized by slightly different size distributions. The initial size distribu-
tion of Na2SO4 and (NH4)HSO4 peaks at 70 and 80 nm, respectively. However, at such a diameter, the dynamic 
shape factor is not influencing the sizing and can be considered to be about 1.0 (see e.g., Alexander et al., 2016). 
As a consequence, the shape of the different seed particles is not affecting the surface area calculation based on 
MPSS measurements and thus the uptake coefficient calculation.

3.  Results and Discussion
HOMs uptake experiments (Type A) are characterized by different behaviors of HOMs in the gas phase which 
include a steady-state generation of gas-phase HOMs produced by α˗pinene/OH oxidation, followed by the initial 
uptake directly after the seed injection, as well as the subsequent fast and/or slow recoveries under two different 
aerosol seed conditions. These different periods are going to be discussed in the following respective sections, 
while the last section is dedicated to the HOMs chemical composition from filter measurements (Type B).
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3.1.  Overview of Uptake Experiments (Type A)

Two uptake chamber experiments are presented in Figure  1 showing the time courses of α-pinene, the total 
gas-phase HOMs, the organic aerosol (OA) mass concentration and the normalized OA for the two seed condi-
tions Na2SO4 (Figure 1a) and (NH4)HSO4 (Figure 1b), respectively. Because the chamber was running in a CFR 
mode and aerosols were injected for 2 min only, OA mass concentration and seed were continuously diluted 
while the other parameters (HOMs, H2O2, α-pinene) were maintained in steady-state. To consider it, the organic 
mass concentration was normalized by the decrease of sulfate signal over the experiment time. The resulting 
normalized OA corresponds to the expected concentration without dilution effect and wall-loss, therefore also in 
a steady-state mode as all the other parameters (Figure 1). Details on the normalization protocol can be found in 
the corresponding Section S1 in Supporting Information S1.

Before the seed injection, rather constant total HOMs concentrations of about 6.5 × 10 8 and 5.9 × 10 8 molecules 
cm −3 were measured for the Na2SO4 and (NH4)HSO4 seed experiments, respectively. It is noteworthy that the total 
gas-phase concentrations given have to be considered as lower limits for the respective HOMs. The sensitivity 
of the HOMs detection via NO3 −-CI-APi-TOF-MS depends strongly on the chemical agent used for the ioniza-
tion in combination with the functionalities of the HOMs. In the past, ionization with nitrate ions was the most 
commonly used (Bianchi et al., 2019; Ehn et al., 2014; Mutzel et al., 2015). For the lack of better standards, in 
situ produced H2SO4 was used as the calibration standard, which is expected to form more stable nitrate clusters 
than most HOMs. In more recent studies, however, other reagent ions such as acetate ions were found to be more 
sensitive toward HOM RO2 with only one hydroperoxide group, resulting in higher yield estimates of up to a 
factor of three higher compared to ionization with nitrate (Berndt et al., 2016, 2015). Berndt et al. (2016) have 
shown that HOM yields from OH-radical induced oxidation of α-pinene have been significantly underestimated 
when using nitrate for ionization.

Figure 1.  Time courses of concentration of total gas-phase highly oxygenated organic molecules (HOMs; brown), α-pinene (black), organic aerosol (OA, light green), 
and normalized OA (dark green) in Na2SO4 (a) and (NH4)HSO4 (b) seeds conditions. The shaded range marks the four different periods in both experiments. To 
consider the dilution of the particles due to the continuous flow reactor (CFR) mode, the organic mass was normalized using the sulfate mass concentration (see details 
in Supporting Information S1). The rate of the OA mass growth rate has been determined from the slope of the linear fitting of the normalized OA during periods III 
and IV (black solid lines).
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After seed injection, the total HOMs concentrations dropped by about 57% or 3.7 × 10 8 molecules cm −3 under 
Na2SO4 conditions and 42% or 2.5 × 10 8 molecules cm −3 under (NH4)HSO4 conditions, respectively. Subse-
quently, a HOMs recovery process took place under both seed conditions until the end of the experiments. 
However, this recovery process showed a much faster HOMs recovery in the first 30 min. During this time, 
significant differences in the behavior of OA mass concentrations were observed, depending on the type of seed 
particles. Under (NH4)HSO4 seed conditions, a continuous OA formation was observed for 30 min and reached 
its maximum at 90 min. Under Na2SO4 seed conditions however, OA kept decreasing until the end of the exper-
iment. After the quick HOMs recovery process of 30 min, the HOMs concentrations in both experiments slowly 
recovered to the initial concentration level within 180 min. Based on the different behaviors of HOMs and OA 
throughout the experiments, the uptake experiments for both seed conditions can be split into four periods (I–IV, 
see below) which are sequentially discussed in the following Sections 3.2–3.4.
�Period I: Pre-stabilization period without seed particles (first 60 min)
�Period II: Initial uptake period directly after seed injection (4 min)
�Period III: Transition period (following 30 min)
�Period IV: HOMs regeneration period (until the end of the experiments).

3.2.  Formation and Identification of Gas-Phase HOMs in Period I

During the period I, steady states of the gas-phase α-pinene oxidation were reached prior to the seed injection in 
both experiments, leading to a constant HOMs concentration. All possible HOMs assigned with m/z as well as 
their formation mechanisms are proposed by a comprehensive collection of previous studies (Berndt et al., 2016; 
Bianchi et al., 2019; Ehn et al., 2014; Jokinen et al., 2014; Mentel et al., 2015; Rissanen et al., 2014). The mech-
anism scheme is given in Figure S8 in Supporting Information S1. It should be noted that, in the present study, 
no organonitrates are considered due to the low background NO concentration that was below the detection 
limit of 100 ppt, as experiments were performed without any NO addition. To ensure a constant formation of 
closed-shell products, a comparatively high amount of H2O2 was introduced to the chamber. The mixing ratio can 
be estimated to be around 5 ppm based on the concentration of H2O2 in the gas saturator. This results in a high 
steady-state concentration of HO2 radicals and thus, an increase of relative concentration of closed-shell products. 
Consequently, only HOM products with a fraction larger than 0.5% to the total HOMs are considered. Given this, 
all gas-phase HOM dimers are ignored due to their low fractions. In total, the resulting HOM products (n = 39) 
account for 78.0% and 77.5% of the total gas-phase HOMs formed under Na2SO4 and (NH4)HSO4 conditions, 
respectively. All concerned HOMs are listed in Table 1 and their corresponding time courses are given in Table 
S2 in Supporting Information S1. For each detected m/z signal, there are different possibilities for their chemical 
structure, since the HOMs identification has rarely been done on the molecular structure level. Therefore, formu-
las proposed in Table 1 are derived based on the summarized mechanism from literature shown in Figure S8 in 
Supporting Information S1. Nonetheless, the elementary formula of C10 HOMs can be quite reliable, since the 
formation of C11 and C9 products is barely possible from the OH-oxidation of α-pinene according to the known 
mechanism. These C10 HOMs are the dominant species measured in the present study (Table 1). In total, regard-
ing the fractions of HOMs with respect to different C contents, the C10 HOMs account for 47.1% and 48.3%, 
while smaller molecular HOMs (i.e., C7 HOMs) account for 30.0% and 27.7% of total gas-phase HOMs under 
Na2SO4 and (NH4)HSO4 conditions, respectively. A closer look at the O/C ratios shows that smaller C7 HOMs 
(averaged O/C ratio of 0.82) are more oxygenated compared to C10 HOMs (averaged O/C ratio of 0.71).

3.3.  Initial Uptake of HOMs During Period II

3.3.1.  Determination of Uptake Coefficients

After the seed injection, aerosol particles can act as additional sink leading to reduced concentrations of HOMs 
as their vapor pressures are mostly low enough. Sink estimations given in Figure S6 in Supporting Information S1 
illustrate that under the chosen steady-state flow reactor conditions, the particle condensation loss represents the 
dominant sink term for HOMs compared to other losses enabling the determination of uptake coefficients. A 
closer look into the first 4 min after seed injection (see period II in Figure 1) shows that the total HOMs concen-
trations dropped by about 57% or 3.7 × 10 8 molecules cm −3 under Na2SO4 conditions and 42% or 2.5 × 10 8 
molecules cm −3 under (NH4)HSO4 conditions, respectively. The observed relative drops agree well with former 
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Measured mass MW Proposed formula O/C γ(Na2SO4) γ((NH4)HSO4) CC f

208 146 C7H14O3 0.43 (2.7 ± 0.3)×10 −2 NA a A 7.8% (7.5%)

324 262 C10H14O8 0.80 (1.0 ± 0.1)×10 −1 (9.7 ± 1.3)×10 −2 D 7.0% (7.6%)

310 248 C10H16O7 0.70 (1.2 ± 0.1)×10 −1 (7.7 ± 0.9)×10 −2 C 5.4% (6.0%)

294 232 C10H16O6 0.60 (2.9 ± 0.3)×10 −1 (7.1 ± 0.9)×10 −2 C 4.5% (4.5%)

312 250 C10H18O7 0.70 (1.2 ± 0.1)×10 −1 (9.7 ± 1.1)×10 −2 C 3.7% (4.0%)

296 234 C10H18O6 0.60 (1.1 ± 0.1)×10 −2 (8.6 ± 1.2)×10 −2 C 3.7% (4.0%)

220 158 C7H10O4 0.57 (3.1 ± 0.4)×10 −2 NA A 2.9% (2.4%)

278 216 C10H16O5 0.50 (7.2 ± 0.9)×10 −2 (3.6 ± 0.4)×10 −2 B 2.9% (2.3%)

234 172 C7H8O5 0.71 (7.0 ± 0.8)×10 −2 NA A 2.7% (2.1%)

250 188 C7H8O6 0.86 (6.3 ± 0.8)×10 −2 NA A 2.5% (2.1%)

326 264 C10H16O8 0.80 (1.2 ± 0.1)×10 −1 (9.7 ± 1.2)×10 −2 C 1.9% (2.0%)

341 279 C10H15O9
 b 0.90 (9.4 ± 0.1)×10 −2 (5.6 ± 0.8)×10 −2 R 1.8% (1.9%)

308 246 C10H14O7 0.70 (1.0 ± 0.3)×10 −1 (4.8 ± 0.6)×10 −2 D 1.8% (1.7%)

309 247 C10H15O7
 b 0.70 (7.2 ± 0.1)×10 −2 (4.9 ± 0.6)×10 −2 R 1.6% (1.6%)

282 220 C7H8O8 1.14 (8.9 ± 0.1)×10 −2 (7.2 ± 0.9)×10 −2 C 1.5% (1.5%)

325 263 C10H15O8
 b 0.80 (6.8 ± 0.3)×10 −2 (5.3 ± 0.8)×10 −2 R 1.5% (1.5%)

238 176 C7H12O5 0.71 (5.4 ± 0.1)×10 −2 (2.3 ± 0.3)×10 −2 B 1.5% (1.4%)

224 162 C7H14O4 0.57 (4.4 ± 0.5)×10 −2 NA A 1.4% (1.4%)

268 206 C7H10O7 1.00 (9.9 ± 0.5)×10 −2 (6.4 ± 0.4)×10 −2 C 1.4% (1.3%)

280 218 C10H18O5 0.50 (8.6 ± 1.2)×10 −2 (7.3 ± 0.7)×10 −2 B 1.4% (1.3%)

236 174 C7H10O5 0.71 (4.3 ± 1.0)×10 −2 (2.9 ± 1.0)×10 −2 B 1.4% (1.3%)

342 280 C10H16O9 0.90 (1.1 ± 0.8)×10 −1 (8.6 ± 0.5)×10 −2 D 1.2% (1.2%)

311 249 C10H17O7
 b 0.70 (5.9 ± 0.1)×10 −2 (3.8 ± 0.6)×10 −2 R 1.2% (1.2%)

339 277 C10H13O9
 b 0.90 (1.0 ± 0.1)×10 −1 (5.3 ± 1.4)×10 −2 R 1.2% (1.2%)

240 178 C7H14O5 0.71 (8.0 ± 1.0)×10 −2 (2.7 ± 0.4)×10 −2 B 1.1% (1.2%)

340 278 C10H14O9 0.90 (1.4 ± 0.2)×10 −1 (9.9 ± 1.2)×10 −2 D 1.1% (1.2%)

264 202 C10H18O4 0.40 (6.4 ± 0.8)×10 −2 (3.8 ± 0.5)×10 −2 B 1.1% (1.1%)

252 190 C7H10O6 0.86 (7.0 ± 0.9)×10 −2 (4.7 ± 0.5)×10 −2 B 1.1% (1.0%)

266 204 C7H8O7 1.00 (6.0 ± 0.8)×10 −2 (3.7 ± 0.5)×10 −2 B 1.0% (1.0%)

276 214 C10H14O5 0.50 (5.6 ± 0.8)×10 −2 (4.7 ± 0.5)×10 −2 X c 1.0% (1.0%)

292 230 C10H14O6 0.60 (8.8 ± 1.1)×10 −2 (4.7 ± 0.5)×10 −2 X 1.0% (0.9%)

298 236 C7H8O9 1.30 (1.0 ± 0.1)×10 −1 (6.9 ± 0.9)×10 −2 D 1.0% (0.9%)

262 200 C10H16O4 0.40 (6.5 ± 0.9)×10 −2 (3.7 ± 0.4)×10 −2 B 0.8% (0.8%)

271 209 C7H13O7
 b 1.00 (3.3 ± 0.5)×10 −2 NA R 0.8% (0.7%)

357 295 C10H15O10
 b 1.00 (9.0 ± 0.6)×10 −2 (5.7 ± 0.2)×10 −2 R 0.7% (0.7%)

297 235 C7H7O9
 b 1.30 (8.0 ± 1.2)×10 −2 (2.1 ± 0.3)×10 −2 R 0.7% (0.7%)

222 160 C7H12O4 0.57 (4.2 ± 1.2)×10 −2 (1.6 ± 0.7)×10 −2 B 0.7% (0.7%)

375 313 C10H17O11
 b 1.10 (1.4 ± 0.2)×10 −1 (8.8 ± 1.2)×10 −2 R 0.6% (0.6%)

218 156 C7H8O4 0.57 (3.2 ± 0.4)×10 −2 (1.1 ± 0.2)×10 −2 B 0.5% (0.5%)

Sum 78.0% (77.5%)

Note. f values obtained under (NH4)HSO4 seed conditions are given in the parentheses.
 aNA, not available.  bRradicals.  cClass X: others.

Table 1 
Experimentally Determined Initial Uptake Coefficient (γ), Measured Mass, Molar Mass (MW), Proposed Formula, 
Corresponding O/C Ratio, Compound Class (CC, Defined in Section 3.4.1), and Contribution to the Total HOMs (f)
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chamber experiments by Peräkylä et al. (2020). In their α-pinene oxidation experiments, they observed reductions 
by about 60% after seed injection.

Based on the individual drop of the gas-phase HOMs concentrations during this period II in Table S2 in Support-
ing Information S1, initial uptake coefficients γ for each detected single HOM compound have been calculated 
using the following equations (Ammann et al., 2013):

𝑑𝑑[𝑋𝑋]𝑔𝑔

𝑑𝑑𝑑𝑑
= −𝑘𝑘1𝑠𝑠𝑠𝑠[𝑋𝑋]𝑔𝑔 = −𝛾𝛾

𝑐𝑐

4
SSA[𝑋𝑋]𝑔𝑔� (1)

𝛾𝛾 = −
4

𝑐𝑐 SSA [𝑋𝑋]𝑔𝑔

𝑑𝑑[𝑋𝑋]𝑔𝑔

𝑑𝑑𝑑𝑑
=

4 𝑘𝑘1st

𝑐𝑐 SSA
� (2)

𝑐𝑐 =

√

8𝑅𝑅𝑅𝑅

𝜋𝜋𝜋𝜋
� (3)

with the concentration [X]g of compound X in the gas phase in molecules cm −3, the mean thermal velocity 𝐴𝐴 𝑐𝑐 (see 
Equation 3) of compound X in m s −1, the universal gas constant R (8.31451 J K −1 mol −1), the temperature T in 
K, the molar mass M of compound X in g mol −1, the specific surface area (SSA; SSANa2SO4 = 1.30 × 10 −3 cm −1; 
SSA(NH4)HSO4 = 1.77 × 10 −3 cm −1) of the seed particles in cm −1, and the first-order rate loss coefficient k1st of 
compound X. The latter has a dimension of s −1 and describes the concentration loss of a HOM compound in the 
gas phase due to particle uptake during period II. To calculate the uptake coefficient γ of a HOMs compound, 
the slope of the concentration decreases after the seed injection (d[X]g/dt) has been determined from the meas-
ured NO3 −-CI-APi-TOF-MS data. The slope values represent the minimum (maximum negative) slope of a 2 
min moving data set during the 4 min period II. By rearranging Equation 1, both the uptake coefficient γ and 
the first-order rate loss coefficient k1st of compound X can be calculated. For the sake of clarity, the calculation 
procedure is displayed in Figure S5 in Supporting Information S1. All calculated values are given in Table 1 and 
Table S2 in Supporting Information S1, respectively. It should be mentioned that district concentration drops, that 
is, noticeable changes from the pre-seed steady-state conditions, were also observed for RO2-HOM compounds 
(see Table S2 in Supporting Information S1). This allowed for the determination of uptake coefficients γ also for 
RO2 radicals which are reported in Table 1 and Table S2 in Supporting Information S1, too.

The first-order rate loss coefficients k1st for the different HOMs under Na2SO4 and (NH4)HSO4 seed conditions 
(named kNa2SO4 and kNH4HSO4 in Table S2 in Supporting Information S1) are in the range of 1.9 × 10 −3–7.0 × 10 −3 
s −1 and 0.9 × 10 −3–6.8 × 10 −3 s −1, respectively. The k1st values under Na2SO4 seed conditions are on average a 
factor of 1.3 higher compared to the (NH4)HSO4 seed values implying an aerosol phase-state effect. In compar-
ison to the low RH chamber experiments by Peräkylä et al. (2020), the NH4HSO4 seed k1st value of C10H16O7 
(m/z = 310) is about times 2 lower in the present study. Considering the different measurement and calculation 
methods as well as chambers used in the two studies, a factor of 2 implies comparable values.

The initial uptake coefficients γ of all single HOM compounds are in the range of 1  ×  10 −2–2  ×  10 −1 (see 
Table 1). These data are not affected by absolute sensitivity issues of the HOMs detection as they are discussed 
in Section S1 in Supporting Information S1, as relative changes are used for the determination of the uptake 
coefficients. Experimentally determined uptake coefficients from the present study have been found comparable 
to uptake coefficients measured for the uptake of the reactive compounds such as isoprene oxide IEPOX and 
α-pinene oxide to SOA particles (Drozd et al., 2013; Gaston et al., 2014; Lal et al., 2012).

Moreover, the results obtained in the present study show that γ values of HOMs taken up to Na2SO4 seed parti-
cles are on average 1.7 times higher than those to (NH4)HSO4 acidic seed particles. This can be attributed to the 
lower SSA of the Na2SO4 seed particles (SSANa2SO4/SSA(NH4)HSO4 = 1.30 × 10 −3/1.77 × 10 −3 = 0.73), and the 
higher k1st of HOMs decrease under Na2SO4 conditions (averaged k1st_Na2SO4/k1st_(NH4)HSO4 = 1.4). According to 
Equation 2, the obtained difference between the γ values of the (NH4)HSO4 and the Na2SO4 seed can explained 
by these two factors. The difference in the k1st (see Table S2 in Supporting Information S1) can be due to the 
different phase-states of the two seeds which can also cause differences in the initial uptake. Higher k1st of HOMs 
for effloresced (NH4)HSO4 seed at low and for deliquesced (NH4)HSO4 seed at high RH conditions were found 
by Peräkylä et al. (2020) which suggests a seed state effect for the initial uptake.
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3.3.2.  Relationships Between the Measured HOMs Uptake Coefficients and Their Chemical Structures/
Physicochemical Properties

To examine the difference in the uptake behaviors among individual HOM compounds in more detail, relation-
ships between uptake coefficients and chemical structural information of the investigated HOMs were analyzed. 
First, the calculated γ values of each closed-shell HOMs were compared to their respective molar mass (Figure 2a; 
similar plot for the RO2-HOMs given in Figure S9 in Supporting Information S1), and the oxygen-carbon (O/C) 
ratio based on a defined chemical structure (Figure 2b) for the two different aerosol seeds. For both seeds, the 
uptake coefficient of the closed-shell HOMs increased together with their molar mass (Figure 2a), however, 
with slightly higher γ values for the Na2SO4 seed compared to (NH4)HSO4. A similar observation is made when 
comparing the γ values of the radicals for the two types of seeds (Table 1). Furthermore, the uptake coefficients 
of the closed-shell HOMs products are higher compared to detected radical products (see Figure S9 in Supporting 
Information S1). Looking at the corresponding O/C ratio of each of the closed-shell HOMs, it is not possible 
to link it to the change in the γ values since the O/C values are randomly distributed (Figure 2a). However, a 

Figure 2.  The calculated 𝐴𝐴 𝐴𝐴 value for gas-particle uptake of highly oxygenated organic molecules (HOMs) as the functions of (a) molar mass, (b) O/C ratio, (c) vapor 
pressure and (d) Henry's law constant. Data points are sorted according to seed with Na2SO4 and (NH4)HSO4 seed marked by triangles/diamonds and circles/squares, 
respectively. Numbers in parenthesis indicate the number of ROOR/ROOH groups in a molecule.
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quite different conclusion can be drawn when looking at a specific number of carbon atoms like C7 and C10 
(Figure 2b). In this case, a clear increase in the γ values with an increasing O/C ratio can be reported, indicating 
a stronger uptake of more oxidized HOMs in agreement with previous works (e.g., Peräkylä et al., 2020). This 
dependency is increasing with a higher number of carbon atoms in the HOM molecules, shown by a steeper slope 
for C10- than for C7-HOMs. As reported for the molecular mass correlation, the type of the seeds seems to also 
influence dependency between the O/C ratio and the γ values (initial uptake), with a higher slope for the Na2SO4 
seed. These results indicate that the potential contribution of the C10 HOMs to the SOA formation is higher than 
that of the C7 compounds.

The good correlation between the molar mass and gamma observed here agrees with the results of Peräkylä 
et al. (2020) for HOMs from α-pinene ozonolysis experiments. These authors investigated the fraction of HOMs 
remaining after seed injection as a function of the mass of the detected cluster. They found that for clusters with 
lower cluster masses (M + NO3 − ion <250 Da) almost no uptake occurs. For HOM monomers with masses 
>350 Da (M + NO3 − ion), they observed gas-phase reductions of about 70% but no further decrease for HOMs 
with even higher molecular mass. A sigmoidal transition was observed between the two extremes, associated 
with a gradual decrease of volatility with increasing mass. The finding of the present study of a stronger uptake 
for compounds with higher molecular mass is consistent with the results of Peräkylä et al. (2020). However, in 
the present study, we have only focused on HOM monomers (M + NO3 − ion <375 Da). The gradual increase and 
good linear correlation are related to this fact.

The dependencies of the γ values on the functional groups associated with the individual HOMs and their related 
physicochemical properties (vapor pressure and Henry's law constant) were further investigated to identify poten-
tial relationships. However, it should be noted that these investigations have used these two parameters only as 
potential proxy for other key physicochemical HOM properties such as polarity, etc. It is not assumed that the two 
applied seed particles at these very low RH conditions consist exclusively in an aqueous- or liquid-phase state but 
small amounts of condensed-phase water can be associated with the particle surface (see Section 2.3).

Vapor pressures and the Henry's law constants for each of the closed-shell HOMs products were calculated by 
EVAPORATION (Compernolle et al., 2011) using the UManSysProp v1.0 facility (Topping et al., 2016) and 
HENRYWIN (Meylan & Howard, 1991; US-EPA, 2012), respectively. However, these two approaches require 
knowledge about the chemical structures of each considered closed-shell HOM. Unfortunately, due to the rather 
coarse mass resolution of the cTOF that equipped our NO3 −-CI-APi-TOF-MS, different chemical compositions 
are possible for a single observed m/z ratio. Although, estimation results can be found for all the close-shell HOM 
compounds (Figure S8 in Supporting Information S1), only selected HOMs data, which have been proposed from 
previous studies, are considered in Figures 2c and 2d.

Figure 2c depicts the calculated vapor pressures as the function of the observed uptake coefficients for both the 
Na2SO4 and (NH4)HSO4 seeds. The calculated vapor pressures cover eight orders of magnitude range from 10 −13 
to 10 −5 atm. It can be seen that the vapor pressures of HOMs carrying no or only one ROOR/ROOH function-
ality are lower than HOMs having more ROOR/ROOH moieties or even a peracid functionality. Accordingly, 
Figure 2c shows higher γ values with decreasing vapor pressures. However, the γ value increases not exclusively 
as a function of the vapor pressure, as similar γ values are observed for different HOMs which have orders of 
magnitude different vapor pressures. Similar to the variation of the predicted vapor pressures, the calculated 
Henry's law constants show a broad variation between the different HOMs with values ranging from 10 4 M atm −1 
for HOMs with carbonyl groups to 10 14 M atm −1 for HOMs with peracid groups. For HOMs with more ROOR/
ROOH/R(O)OOH moieties, higher Henry's law constants and higher γ values can be observed.

Overall, good correlations (R 2 = 0.80/0.85 under (NH4)HSO4/Na2SO4 seed conditions) were found between the 
uptake coefficient and their molar mass, which might be useful for the development of a γ estimation method. 
Meanwhile, the results demonstrate a relationship between the HOMs uptake coefficients and their degree 
of functionalization. The numbers of ROOR/ROOH/RC(O)OOH functions resulting from the autoxidation 
processes can be linked to the measured uptake coefficients. Furthermore, the aerosol seed crucially affects the 
uptake coefficients of HOMs, as γ values are significantly higher under Na2SO4 seed conditions compared to 
those under (NH4)HSO4 seed conditions. Nevertheless, more precise identifications of HOMs on the molecular 
structure level are of great necessity to improve the understanding of the impact of physicochemical properties 
on HOMs uptake coefficients.
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3.3.3.  Estimated Contribution of HOMs to the OA in Experiment Period II

Gas-phase HOMs uptake and their subsequent reactions in the particle-phase lead to the particulate OA forma-
tion. During the decrease of the HOMs in period II, 0.82 and 1.98 μg m −3 OA were formed under Na2SO4 and 
(NH4)HSO4 seed conductions, respectively. The contribution of the HOMs to the total OA (fHOMs/OA(t) = [HOMs]
t/[OA]t) was compared to their uptake coefficient during period II (Figure S10 in Supporting Information S1) for 
the two different seed experiments.

Basically, increasing trends can be found for the possible contributions of single HOM compounds to OA forma-
tion with the increase of γ under both seed conditions. Meanwhile, not only the uptake coefficients, but also the 
fHOMs/OA of individual gas-phase HOMs are higher for the use of Na2SO4 seed particles. Summing up the fHOMs/OA, 
the uptake of total HOMs on (NH4)HSO4 and Na2SO4 seed particles contribute 5.3% and 15.3% to the OA forma-
tion, respectively. This nearly three times higher fHOMs/OA under Na2SO4 seed conditions can be mainly attrib-
uted  to less OA formation (2.4 times less OA for the use of Na2SO4 seeds compared to the use of (NH4)HSO4 
ones) and the higher HOMs uptake. However, it should be noted that these yields have to be considered as lower 
limits, as it has been already demonstrated that operating NO3 −-APi-ToF-MS with other ionization techniques 
could enable for a detection of not only a wider range but also a high concentration of oxygenated volatile organic 
compounds (OVOCs; Bianchi et al., 2019). This might lead to a more comprehensive evaluation of atmospheric 
HOMs concentrations and consequently, to higher OA mass fraction.

3.3.4.  Analysis of the Different Uptake Resistances

To clarify whether the experimentally determined total γ is limited by individual processes in the gas and/or the 
particle-phase, the resistance model by Schwartz was applied (Finlayson-Pitts & Pitts, 2000; Schwartz, 1986). 
According to the resistance model, the total uptake coefficient γtot is given by:

1
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with the specific uptake coefficients γg, γsol, and γrxn for diffusion in gas phase, solution, and reaction in a bulk 
phase, as well as the mass accommodation coefficient α. The specific uptake coefficients γg, γsol and γrxn can be 
estimated according to the following equations:
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with gas-phase diffusion coefficient Dg in m 2 s −1, mean thermal velocity 𝐴𝐴 𝑐𝑐 in m s −1, particle diameter dparticle in m, 
Henry's law constant H in M atm −1, temperature T in K, gas constant 𝐴𝐴 𝐴𝐴 in atm L mol −1 K −1, bulk phase diffusion 
coefficient Db in m 2 s −1, exposure time 𝐴𝐴 𝐴𝐴 in s and first-order reaction rate constant 𝐴𝐴 𝐴𝐴 in s −1. Further parameters 
used for estimation are given in Table S3 in Supporting Information S1.

In the resistance model, key parameters such as gas-phase diffusion coefficient (Dg), mass accommodation factor 
(α) and bulk-phase diffusion coefficient (Db) have been varied. Selected results are shown in Figure  3. The 
investigations of the individual resistances showed that a variation of the gas-phase diffusion coefficient Dg in 
a reasonable range of (0.1–1) × 10 −6 m 2 s −1 has almost no limiting effect on the uptake. Even if α becomes 1, 
which is close to the value of 0.88 for LVOC/SVOC to organic surface reported by Liu et al. (2019), 1/γg only 
adds to a minor fraction of 0.2–1/γtot (Figure 3a). For further calculations, Dg was set to 5.5 × 10 −6 m 2 s −1 as 
estimated for HOMs with an increment system (Fuller et al., 1966; Mennola et al., 2003). Likewise, the varia-
tion of the bulk-phase diffusion coefficient Db in a dissimilar range of 1 × 10 −10–1 × 10 −20 m 2 s −1 for a liquid to 
semi-solid particle-phase, only has a negligible limiting effect (f(1/(γsol + γrxn)) < 0.01) on the uptake in the range 
of a semi-solid particle-phase (Db ∼ 1 × 10 −20 m 2 s −1; Figure 3b). This is due to the high Henry's law constant 
H resulting in a small aerosol resistance term 1/(γsol + γrxn) shown in Figure 3b for the fraction of 1/(γsol + γrxn) 
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of 1/γtot. Over the whole range of Db, the mass accommodation coefficient 𝐴𝐴 𝐴𝐴 is the major limiting factor for the 
uptake of HOM compounds with a high Henry's law constant H, such as C10H18O7 (m/z 312 [M + NO3] -) for listed 
conditions (Figure 3c). In case of HOM products with a lower Henry's law constant H (i.e., C10H16O5 (m/z 278 
[M + NO3] −), the diffusion and reaction in bulk phase play a more decisive role under semi-solid particle-phase 
conditions (Figure 3d).

Overall, the uptake coefficients were obtained for each individual HOMs during period II under both Na2SO4 and 
(NH4)HSO4 seed conditions. In this period, stronger initial uptake behaviors were observed for the use of Na2SO4 
particles, whereas more OA formation was found under (NH4)HSO4 seed conditions. In addition to the initial 
uptakes, different concentration patterns can be observed for individual HOMs under two seed conditions in the 
subsequent reactive uptake periods, which are to be discussed in the following section.

3.4.  Reactive HOMs Uptake and OA Formation During Periods III and IV

Following the concentration drop in period II, the concentration of gas-phase HOMs recovered over the exper-
imental time due to the flushing out and wall loss of the seed particles and therefore loss of surface for conden-
sation, as well as the possible occurrence of HOMs saturation on the particle surfaces. This recovery proceeded 
in two periods called periods III and IV under both seed conditions (Figure 1). Period III corresponds to a fast 
return of the gas-phase HOMs concentration under both seed conditions, but with a continuous OA formation 
observed only under (NH4)HSO4 seed condition, while period IV is characterized by a rather slow recovery 
process until the total removal of particles from the chamber (see Figure  1 and MPSS data in Figure S4 in 
Supporting Information S1).

Figure 3.  (a) Fractions of the resistance terms 1/γg and 1/α of 1/γtot, as well as γtot as a function of α for C10H18O7; (b) fraction of 1/(γsol + γrxn) of 1/γtot as a function of α 
and bulk-phase diffusion coefficient Db for C10H18O7; γtot as a function of α and bulk-phase diffusion coefficient Db for selected HOMs C10H18O7 (c) and C10H16O5 (d).
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3.4.1.  HOMs Classification Regarding Their Common Uptake Behaviors

A closer look into the time profiles of each individual HOM compounds in periods III and IV (Table S2 in 
Supporting Information S1) reveals the presence of several classes of uptake behaviors. Closed-shell HOMs were 
grouped in four classes named A, B, C, and D (see Figure 4 and Table 1), all characterized by even m/z ratios. In 
contrast to closed-shell HOMs, radical HOMs have odd m/z ratios and were grouped in class R. In general, the 
molar mass of HOMs in different classes is increasing from A to D, and their oxygen content follows the same 
trend.

Five HOMs are classified into class A and they are all identified as C7 HOMs corresponding to the smallest 
molecular compounds. In contrary to the other classes, Class A shows a distinct behavior for the two seeds 
(Figure 4). A rapid growth in the gas phase during period II and partly period III was observed with the (NH4)
HSO4 seed for HOMs in class A, while the concentration decreased during period II for the Na2SO4 seed as 
observed for all other classes. The increase of gas-phase concentrations for class A HOMs upon seed injection 
of (NH4)HSO4 particles implies that some fragmentation reactions may occur in or on (NH4)HSO4 particles. As 
proposed by Mutzel et al. (2015) and observed by Peräkylä et al. (2020), heterogeneous fragmentation reactions 
can result in a degradation of larger HOMs to smaller carbonyl compounds that could then evaporate to the gas 
phase because of their higher vapor pressures and lead to an increase of the class A HOMs gas-phase concen-
tration levels compared to the pre-seed period I. Class B includes HOMs showing regular uptake behaviors 
with only initial uptake under both seed conditions. The HOMs concentration in this class fully recovered to the 
initial level during period III and there are no obvious differences under both seed conditions. The recovery to 
the pre-seed concentration level is caused by the continuously decreasing condensation sink due to the dilution 
of the seed aerosol in the chamber through flush-out and wall losses of aerosols. For more oxygenated HOMs 

Figure 4.  Classification of highly oxygenated organic molecules (HOMs) according to their typical time courses under 
both Na2SO4 and (NH4)HSO4 seed conditions. The m/z of the respective HOMs plotted are marked in red. The fraction of 
individual HOMs to total HOMs in each class are summed up according to Table 1 and given at the bottom-right corner in 
each subplot.
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in class C with larger m/z and oxygen contents of 6–7 (Table 1), a slower recovery to the pre-seed concentration 
level under acidic (NH4)HSO4 seed condition is observed suggesting an continuous reactive uptake occurring 
during period III and IV under acidic (NH4)HSO4 seed conditions. Perhaps, effective acidity-driven reactions in 
the particle-phase can consume more HOMs than are refilled by condensation from the gas phase leading to an 
undersaturation of these HOMs in the particle-phase. This undersaturation induces further uptake and a delayed 
return to the pre-seed concentration level under (NH4)HSO4 seed condition, a so-called reactive uptake behavior. 
When HOMs get extremely highly oxygenated (class D HOMs with the highest m/z and oxygen contents of 7–9), 
their concentration slowly returns to the pre-seed levels, suggesting a reactive uptake for both seed conditions 
which can be attributed to the presence of more hydroperoxyl groups in their chemical structures. Multiple 
mechanisms have been proposed for the degradation of hydroperoxides on atmospheric particles. The decompo-
sitions of α-hydroxy-hydroperoxides, as well as peroxyacetic acid has been reported to lead to the formation of 
hydrogen peroxide and aldehydes (O'Sullivan et al., 1996; Staffelbach & Kok, 1993; Zhou & Lee, 1992). Simi-
larly, acid-catalyzed reactions lead to the formation of alcohols and smaller degradation products (Enami, 2021). 
Additionally, the comparatively weak O-O bond of hydroperoxyl groups is prone to homolytical cleavage by 
photolysis, forming alkoxy- and hydroxyl radicals. In this case, a continuous removal of hydroperoxyl HOMs 
cannot be ruled out, as experiments were performed under illumination (Chen et al., 2011; Krapf et al., 2016; Li 
et al., 2016; Pospisilova et al., 2021) and thus, condensational saturation of class D HOMs in the particle-phase 
can hardly be reached, resulting in the continuous reactive uptake of HOMs under both seed conditions. Similar 
to heterogenous reactions, photodegradation of HOMs after partitioning could result in the formation of smaller 
fragments as well as enhance particle-phase reactions (Pospisilova et  al.,  2021). As smaller HOMs with less 
carbon atoms might be much more volatile, such products might partition to the gas phase, which would explain 
the increase of gas-phase concentrations for class A HOMs for (NH4)HSO4 seed particles. In the case of Na2SO4 
seed particles, the overall smaller fraction of OA might prevent the evaporation of such degradation products and/
or their solid state suppress photolysis processes (Wong et al., 2015).

The γ values and fHOMs/OA of HOMs in each class can be found in Figure S11 in Supporting Information S1. The 
uptake coefficients of HOMs in classes A and B are obviously smaller than those in classes C and D. Considering 
the molar mass of HOMs in different classes, this is in line with our finding that uptake coefficients of HOMs are 
positively correlated to their molar masses. Meanwhile, similar relationships can be found for fHOMs/OA of indi-
vidual HOM compounds. Summing up the fHOMs/OA of HOMs in each class, it can be seen that class C dominates 
the OA formation induced by HOMs condensation under both seed conditions (2.3% and 5.6% in Na2SO4 and 
(NH4)HSO4 seeds, respectively), and class D can also play a significant role (1.4% and 3.4% in Na2SO4 and (NH4)
HSO4 seeds, respectively). Unsurprisingly, class C also represents a dominant HOMs fraction (Σf) contributing 
to 22.1% and 23.3% under Na2SO4 and (NH4)HSO4 seed conditions, respectively. Meanwhile, class B HOMs 
have a similar Σf than class D HOMs but a much lower fHOMs/OA. This finding suggests that HOMs in Class B 
are less favorable in the uptake processes which is in line with their lower γ values (Figure S11 in Supporting 
Information S1). Likewise, Class A HOMs are the most unfavorable for condensation with the lowest γ values 
(Figure S11 in Supporting Information S1). To get a better understanding of the different behaviors of HOMs in 
different classes, further investigations on the identification of accurate chemical structures of these HOMs are 
encouraged.

3.4.2.  Total OA Mass Formation

In period III, similar behaviors can be observed for the total HOMs under both seed conditions. About 65.5% 
(2.37 × 10 8 molecules cm −3) and 64.8% (1.56 × 10 8 molecules cm −3) of HOMs were regained under Na2SO4 and 
(NH4)HSO4 conditions, respectively (Figure 1). However, a significant difference in particle-phase OA formation 
was found during this period when comparing the two experiments using different types of seeds. Under acidic 
non-solid (NH4)HSO4 seed conditions, OA is slowly growing during period III, reaching the maximum concen-
tration of 2.5 μg m −3 at the end of this period, whereas the OA mass concentration is continuously decreasing 
under the neutral solid Na2SO4 seed condition throughout periods III and IV (Figure 1). At the beginning of the 
period III, an organic coating thickness of about 2 nm for both seeds was estimated consisting of a few molec-
ular layers of organic compounds around the seed particles. To exclude the chamber dilution effect, OA mass 
concentrations were normalized from the dilution ratio using the measured sulfate mass concentrations directly 
after injection as dilution factors (Figure 1 and method description in the SI). From the normalized OA mass 
concentration, OA formation rates of 52.9 and 22.4 ng m −3 min −1 (Figure 1) were calculated for (NH4)HSO4 and 
Na2SO4 seeds, respectively. This result clearly indicates the presence of a reactive uptake process of the HOMs, 
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that is, continuously loss behavior, under both seed conditions. However, the more acidic surface conditions 
and/or the different phase-state of the (NH4)HSO4 seed may significantly enhance particulate OA formation as 
the growth rate for those seed particles is by a factor of three higher than for Na2SO4 ones. An enhanced SOA 
formation under dry chamber conditions was also observed by Riva et al. (2019) when using (NH4)HSO4 instead 
of (NH4)2SO4 seed. However, using the same set of experiments, Peräkylä et al. (2020) have found just small 
differences in the pattern of the gas-phase oxidation products using (NH4)HSO4 and (NH4)2SO4 seeds. Therefore, 
Peräkylä et al. (2020) concluded that the SOA difference was not caused by enhanced HOM uptake. However, in 
the present study, differences in the uptake behavior of HOMs were detected perhaps of the use of Na2SO4 seed 
which is much more chemically inert than (NH4)2SO4. It is important to note that due to the difference on the seed 
particles states (solid for Na2SO4 and non-solid for (NH4)HSO4), a small contribution of it on the partitioning 
cannot be completely excluded.

Furthermore, Figure 5 confirms the acidity-driven reactions of HOMs in particle-phase. Under acidic non-solid 
(NH4)HSO4 seed conditions, the temporal increase of the normalized OA mass concentration can be associated 
with the temporal increase of the O/C ratio of particles (Figure 5a), which supports an occurring particle-phase 
reaction process leading to the formation of more highly oxygenated compounds. The HOMs saturation in acidic 
(NH4)HSO4 seed particles were therefore reduced, and continuous condensation is enabled. A similar depend-
ency can hardly be found for Na2SO4 seed particles. Figure 5a shows neither a temporal increase of the normal-
ized OA nor a clear temporal trend in the O/C ratio for Na2SO4 seed conditions as well as no link between both 
parameters. This is supported when comparing the Class A HOMs with the measured OA mass concentration 
(Figure S12 in Supporting Information S1), where this type of HOMs show an increase of their gas-phase concen-
tration after seed injection, presenting a close behavior than the OA mass concentration for the (NH4)HSO4 seed, 
while the same HOMs presents a typical uptake profile for the Na2SO4 seed conditions.

Figure 5b presents the normalized OA mass concentration against the total HOMs concentration as the function 
of the time after the seed aerosol injection. Under Na2SO4 seed conditions, an increase of the normalized OA 
mass concentration was found in period IV (after 90 min, i.e., when the gas-particle equilibrium was regained 
for most HOMs). This is in line with our initial hypothesis that mainly the initial uptake contributes to the OA 
formation under dry Na2SO4 seed condition. Only after a certain time when certain amount of organic matter 
has formed on the solid Na2SO4 seed, an increased OA formation can occur resulting in a delayed increase of the 
normalized OA compared to the expected non-solid (NH4)HSO4 seed. In contrary, for the (NH4)HSO4 seed condi-
tion, an almost linear relationship was observed between the normalized OA mass concentration and the total 
gas-phase HOMs concentration during period IV (90–200 min), which further supports the continuously reac-
tive uptake process after the initial uptake. As higher seed acidity together with the expected non-solid aerosol 
phase state are driving the reactive uptake mechanism, acid-catalyzed reactions may be the predominant sinks of 
HOMs under (NH4)HSO4 seed conditions. Such acid-catalyzed reactions are already well-known for compounds 
such as IEPOX and was further observed for smaller hydroperoxides (Gaston et al., 2014; Nguyen et al., 2014; 

Figure 5.  Normalized organic aerosol (OA) concentration as the functions of particle-phase O/C ratio (a) and total gas-phase highly oxygenated organic molecules 
(HOMs) concentration (b) under (NH4)HSO4 (circles) and Na2SO4 (triangles) seed conditions color-coded with the time after aerosol seed injection.
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Riva et al., 2017; Tilgner et al., 2021). Possible mechanisms for acid-catalyzed reactions are ring opening of 
epoxide structures, known for epoxides from isoprene oxidation, but also intramolecular rearrangement reactions 
(D'Ambro et al., 2017; Mutzel et al., 2015; Surratt et al., 2010). Since different behaviors of HOMs uptake were 
observed under the Na2SO4 and (NH4)HSO4 seeds conditions, it is of great necessity to focus on the identification 
of the particulate chemical composition in order to see the differences on the detected particle-phase species 
under different seed conditions. Although the type of the seed is clearly affected the partitioning of the HOMs, we 
cannot exclude similar behavior for the other oxidation products of the α-pinene that might also affect the overall 
OA mass concentration cannot be also completely excluded.

3.5.  Identification of Particulate HOMs and Their Reaction Products by Filter Experiments (B)

To further identify the particulate organic compounds formed and to further understand the uptake and chemical 
processing, filter-based particle-phase analysis was performed regarding the detection of HOMs, organosulfates 
including HOOS, small carbonyl compounds and typical SOA markers from α-pinene OH oxidation using the 
experiment type B. All organic compounds detected in the particle-phase are listed in Table S4 in Supporting 
Information S1. Some of the detected m/z can be assigned to known SOA marker compounds from α-pinene 
oxidation, for example, m/z 199 and 187 to hydroxy-pinonic acid and hydroxy-terpenylic acid, respectively. 
These marker compounds are known products from secondary chemistry, mainly oxidation of pinonaldehyde and 
myrtenal (Mutzel et al., 2016), indicating the presence of both HOMs-related and also other, more classical SOA 
formation mechanisms. Possible mechanisms for their formation were discussed earlier for α-pinene ozonolysis 
by Mutzel et al. (2015). No dimers HOMs were detected in the filter experiments (B) of this study, which is in 
accordance with the measured HOMs results in the gas phase from the uptake experiments (A). Additionally, 
dimers have been shown to evade detection in filter analysis as previously reported by X. Zhang et al. (2017).

Looking closely at the particulate organic compounds produced from α-pinene/OH oxidation, six HOMs were 
detected offline on the particulate phase and are listed in the first section of Table S4 in Supporting Informa-
tion S1. All these HOMs have also been observed in the uptake experiments, and their suggested HOMs structure 
from gas phase has been assigned. These six HOMs belong to either class B (C10H16O4, C10H16O5, and C10H18O5) 
or class C (C10H18O6, C10H18O7, and C10H16O6). Differences can be observed between these two classes: all 
off-line HOMs were observed predominantly in Na2SO4 seed particles, while no class C HOMs were detected in 
acidic (NH4)HSO4 seed particles. The absence of the most oxygenated HOMs (class C) in acidic (NH4)HSO4 seed 
particles further supports our hypothesis that these HOMs undergo acidity-driven reactions in the particle-phase, 
leading to an missing saturation, continuous uptake and increased OA formation.

The detection of one compound (C10H16O5) after derivatization with 2,4-dinitrophenylhydrazone indicates the 
existence of a carbonyl moiety under both seed conditions. As already known, acidity has led to the formation of 
organosulfates and hints at a highly reactive environment in the particle-phase. But possible surface chemistry 
processes at higher pH values might also promote the decay of hydroperoxides as discussed before. With half-live 
times of 3–60 min, it has to be assumed that partitioned HOMs are not stable and might not be detected in their 
original structure (Krapf et al., 2016; Zhou & Lee, 1992). The identification of diaterebic acid acetate (DTAA) 
supports this view. Additionally, several compounds with lower oxygen content (C10H16O2-4) were detected and 
listed in the second section of Table S4 in Supporting Information S1. The presence of these compounds can be 
explained by both (a) gas-phase formation and subsequent partitioning and (b) by known decomposition reactions 
of C10 HOMs accompanied by loss of oxygen, including mechanisms with homolytic and acid-catalyzed O-O 
bond breakage with subsequent C-C bond breakage, but also rearrangement reactions maintaining the carbon 
chain (Cooper, 1951; Hock & Lang, 1944; R. Zhao, Lee, et al., 2013). Noteworthily, consecutive reactions with 
OH radicals and/or H2O2 as well as photolysis (Pospisilova et al., 2021; Wong et al., 2015) can again oxidize the 
condensed HOMs and their oxidation products, leading to the formation of compounds with the same chemical 
sum formula as that of detected gas-phase HOMs but different structures (von Sonntag & Schuchmann, 1991; R. 
Zhao, Lee, et al., 2013).

Apart from the C10 compounds, compounds with 7–9 carbon atoms were found in the particulate phase. Most 
of them were detected for both seeds, although in lower amounts in the (NH4)HSO4 seed regime (see chroma-
tograms in Figure S13 in Supporting Information S1). In addition, small carbonyl compounds like glyoxal and 
glyoxylic acid are present in both seeds, indicating particle-phase reactions as a source of the C7 − C9 compounds. 
Particle-phase decomposition reactions of C10 compounds would result in the formation of C7 − C9 in combination 
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with C1 − C3 compounds. Based on the summarized mechanism in Figure S8 in Supporting Information S1, only 
C7 HOMs formations are proposed in the gas phase, and thus condensation can be considered as another source 
of C7 compounds.

Moreover, it has been shown that the condensation and chemical condensed-phase reactions of HOMs from 
α-pinene ozonolysis leads to the formation of HOOS (Brüggemann et  al.,  2017; Mutzel et  al.,  2015). In the 
present study, a similar process was observed for the uptake of HOMs from α-pinene/OH oxidation under (NH4)
HSO4 seed conditions. The acid-enhanced formation of particle-phase OA leading to the formation of organo-
sulfate compounds is supported by both the identification of the sulfur-containing organic fragments from AMS 
measurements (CH3SO2 and C4HSO, Figure S14 in Supporting Information S1) and the identification of C7 and 
C10 organosulfates from the filter measurements for acidic (NH4)HSO4 seed only (Table S4 in Supporting Infor-
mation S1). As listed in Table S4 in Supporting Information S1, eight C7 and C10 organosulfates were detected 
only under acidic (NH4)HSO4 seed conditions. Four of those (m/z 239, 249, 279, and 281, [M–H] –) were observed 
before in the field as well as in laboratory-generated aerosol particles (Brüggemann et al., 2017, 2020; Mutzel 
et al., 2015; Surratt et al., 2007, 2008). Mechanistically, the formation of organosulfate compounds under (NH4)
HSO4 seed conditions can be explained to occur after initial decomposition of HOMs at their hydroperoxide 
groups, for example, through the Korcek mechanism, followed by the nucleophilic attack of HSO4 − and/or elec-
trophilic addition, and a subsequent loss of O2, HO2 or OH (Brüggemann et al., 2017, 2020; Iinuma et al., 2009; 
Minerath & Elrod, 2009; Riva et al., 2016; Surratt et al., 2007). Such a reaction mechanism further supports the 
absence of hydroperoxide HOMs under acidic (NH4)HSO4 seed conditions.

3.6.  Atmospheric Implications

HOMs formed from α-pinene/OH reactions have diverse uptake behaviors due to their different reactivities in 
the particle-phase. Based on the results from both online and offline measurements, it can be concluded that the 
reactions of hydroperoxyl HOMs can play a major role in SOA formation leading to the continuously reactive 
uptake of HOMs under suitable aerosol phase-state and acidity conditions. Moreover, the partitioned HOMs can 
further react with HSO4 −, leading to the organosulfate formation under typical acidic aerosol particle conditions 
(Pye et al., 2020). With a pKa of 1.92, HSO4 − are abundant under more acidic particle conditions. Considering the 
low acidity of freshly formed particles during the early growth process, it further confirms that the HOMs uptake 
can play a significant role not only for the SOA formation, but also for the early growth of newly formed parti-
cles. This can have significant implications for the understanding of the atmospheric formation and processing of 
aerosols, as well as encourage further intense scientific investigations. Meanwhile, obtained uptake coefficients 
for numerous HOMs could be implemented in atmospheric chemical models. Furthermore, the present study also 
indicates the need to consider subsequent acidity-driven particle-phase chemistry into advanced models. All in 
all, this would help to gain a better understanding of atmospheric aerosol particle formation and early growth as 
well as enable the improvement of model SOA predictions.

4.  Conclusions
In the present study, both online and offline chamber experiments were performed to explore the gas-particle 
uptake and subsequent particle-phase chemistry of HOMs from α˗pinene/OH oxidation. Based on their contri-
bution to the total HOMs, 39 HOMs were put into focus and their uptake behaviors were investigated. In addi-
tion, particle-phase organic mass formation was studied, and a significant acidity and/or phase state effect was 
observed.

During the initial uptake process, uptake coefficients γ for all the individual HOMs were derived under both 
seed conditions. Results showed that γ values of HOMs taken up onto Na2SO4 seed particles are on average 1.7 
times higher than those taken up to (NH4)HSO4 seed particles. This can be attributed to the lower SSA of the 
Na2SO4 seed particles and the higher k1st of HOMs under Na2SO4 conditions. The difference in the k1st can be 
due to the different phase-states of the two seeds. In addition, uptake coefficients of investigated HOMs were 
found strongly correlated to the molar mass and also linked to their O/C ratio. Moreover, a resistance model was 
applied to clarify whether the experimentally determined total γ is limited by individual processes in the gas and 
the particle-phase. We found that the mass accommodation coefficient α is the key limiting factor for the uptake 
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of the most produced HOMs with a high Henry's law constant. In cases of compounds with a lower Henry's law 
constant H (i.e., C10H16O5), the diffusion and reaction in bulk phase play a greater role in semi-solid particles.

All investigated closed-shell HOMs from α-pinene/OH oxidation in this study were grouped into four classes 
according to their different uptake behaviors. Basically, higher oxygenated HOMs with more hydroperoxyl moie-
ties were found more reactive, and seed acidity can play a key role in the uptake process and chemical fate of 
HOMs in certain classes. According to their acidity-dependent reactivity, the class C HOMs appear to be the class 
responsible of the higher OA formation under acidic (NH4)HSO4 seed conditions.

The injection of seed particles resulted in (a) a decrease in the gas-phase HOMs concentrations and, at the same 
time, (b) an increase in the particle-phase OA mass concentration. Significant differences in the SOA chemical 
composition between the two types of seed were observed from both the online uptake experiments and the 
offline sample analyses. One of them is the presence of organosulfates, including HOOS, which are exclusively 
found on acidic (NH4)HSO4 seed. The suggested explanation is that the particle-phase organosulfate formation 
from HOMs via the mechanism of the nucleophilic attack of HSO4 − is a main driver of the reactive uptake under 
(NH4)HSO4 seed conditions.

Data Availability Statement
The data (measured α-pinene gas-phase concentration, HOMs gas-phase concentrations, and organic, sulfate 
as well as ammonium particle mass concentration) used in this study are archived and available at the EURO-
CHAMP Data Center (https://doi.org/10.25326/FJNF-7224 [Herrmann,  2021a] and https://doi.org/10.25326/
KC8N-DY53 [Herrmann, 2021b]). Data from Figure 2 and Figure S9 in Supporting Information S1 are given in 
Table 1. All data from Figures 3 and 5 and Figures S10 and S14 in Supporting Information S1 are available at the 
public data repository Zenodo (https://doi.org/10.5281/zenodo.6833062 [Poulain et al., 2022]). The estimation 
of the vapor pressure and Henry constants were performed by EVAPORATION (Compernolle et al., 2011) using 
the UManSysProp v1.0 facility, http://umansysprop.seaes.manchester.ac.uk/ (Topping et al., 2016) and HENRY-
WIN, https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/7259635 (Meylan & Howard,  1991; 
US-EPA, 2012), respectively, and given in Figure S8 in Supporting Information S1. For the estimation of the 
contribution of different HOM loss processes (Figure S6 in Supporting Information S1), the applied OH concen-
tration was modeled by F0AM model (https://github.com/AirChem/F0AM) using the MCM3.3.1 mechanism 
(Wolfe et al., 2016). Software: AMS data were analyzed with IGOR Pro 8.04 (Igor Pro, www.wavemetrics.com), 
API-ToF-MS data were analyzed with TofTool 5.67 (Junninen et  al.,  2010) under Matlab 8.3.0.532 (https://
mathworks.com/products/matlab.html). Figures were made with Igor Pro 8.04, Origin Pro 2021b (https://www.
originlab.com/), Sigma Plot 14 (http://www.systat.de/), and Gnuplot 5.0 (http://gnuplot.sourceforge.net/).
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