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Abstract: In this work, the relative yields of aqueous secondary organic aerosols (aqSOAs) at the
air–liquid (a–l) interface are investigated between photochemical and dark aging using in situ time-of-
flight secondary ion mass spectrometry (ToF-SIMS). Our results show that dark aging is an important
source of aqSOAs despite a lack of photochemical drivers. Photochemical reactions of glyoxal and
hydroxyl radicals (•OH) produce oligomers and cluster ions at the aqueous surface. Interestingly,
different oligomers and cluster ions form intensely in the dark at the a–l interface, contrary to the
notion that oligomer formation mainly depends on light irradiation. Furthermore, cluster ions form
readily during dark aging and have a higher water molecule adsorption ability. This finding is
supported by the observation of more frequent organic water cluster ion formation. The relative
yields of water clusters in the form of protonated and hydroxide ions are presented using van
Krevelen diagrams to explore the underlying formation mechanisms of aqSOAs. Large protonated
and hydroxide water clusters (e.g., (H2O)nH+, 17 < n ≤ 44) have reasonable yields during UV aging.
In contrast, small protonated and hydroxide water clusters (e.g., (H2O)nH+, 1 ≤ n ≤ 17) form after
several hours of dark aging. Moreover, cluster ions have higher yields in dark aging, indicating the
overlooked influence of dark aging interfacial products on aerosol optical properties. Molecular
dynamic simulation shows that cluster ions form stably in UV and dark aging. AqSOAs molecules
produced from dark and photochemical aging can enhance UV absorption of the aqueous surface,
promote cloud condensation nuclei (CCN) activities, and affect radiative forcing.

Keywords: glyoxal; aqueous SOA; cluster ion; water cluster; dark aging; van Krevelen diagram; ab
initio molecular dynamics simulation

1. Introduction

The formation mechanisms of organic aerosols at the air–liquid (a–l) interface are
poorly understood despite the speculation that this interface may be highly reactive due to
the unique surface properties different from the bulk [1,2]. Water and cluster ions are also
known to be important in mitigating Earth’s atmospheric composition [3–5]; however, little
is known about the reaction pathways. Sea surface microlayers covering over 70% of the
Earth can generate water-soluble secondary organic aerosols (SOA) under sunlight and
significantly impact particle formation [6] and affect aerosol hygroscopicity [7]. Given the
specific surface properties (i.e., surface tension, surface ionic strength, reactivity), the a–l in-
terface becomes a different environment for interfacial chemical reactions forming aqueous
SOAs (aqSOAs) compared to the bulk-phase reactions [8–11]. Glyoxal is a predominant
source of global SOA, generating 3–13 TgC/year globally [12,13]. It mainly stems from the
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oxidation of volatile compounds (VOCs), primarily emitted and possibly formed by ocean
surface layer chemistry. Its lifetime ranges from 1.3 to several hundred hours in urban
air [14]. Its concentration ranges from µM to M in fog or cloud droplets and wet aerosol
particles [15]. Glyoxal is easy to uptake into the aqueous phase due to its high Henry’s
law constant (more than 3 × 105 M atm−1 under 25 ◦C) [16]. It participates in oxidation,
hydration, and polymerization in the aqueous phase to form aqSOAs [17–20]. Although
a–l interfacial reactions are suggested as a source of aqSOAs [9], only limited research is
available. Thus, large uncertainties remain with regard to chemical transformation, uptake
coefficient, ionic strength, and hygroscopic growth at the a–l interface [21].

The SOA yields from chamber studies are normally defined as the SOA formed divided
by the total initial organic carbon mass [22,23]. Generally, the aqSOA yield calculations
consider daytime chemistry as the main or sole contributor [24]. A few reports discussed the
aqSOA formation mechanisms in dark aging [25–27]. Recent findings suggest that biomass
burning in the dark can also generate SOA in the aqueous phase [28,29]. The water-soluble
SOA produced at the sea surface contributes to the hygroscopic property of aerosols [7].
Therefore, aqSOAs can participate in new particle formation in the environment and
contribute to the aerosol loading in the troposphere.

Recent laboratory studies investigate organic peroxide formation mechanisms in bulk
in dark [30,31], and nucleophilic attack of the O atom was proposed [32]. Cluster ions,
water clusters (hydroxide/hydronium ions), and organic peroxides have recently been
observed at the a–l interface using the System for Analysis at the Liquid Vacuum Interface
(SALVI) microfluidic reactor [33–35]. Products formed at the a–l interface influence the
surface chemical reactions of organics, solvation shell properties, and ion mobility at the
interface [36–38]. Cluster ions are important nuclei to form ultrafine particles, where water
vapor enhances atmospheric water (i.e., ice, cloud) [39] and particle formation [40,41]. Thus,
this topic of interfacial reactions leading to aqSOAs warrants further investigation.

Although previous theoretical calculations suggest that ions at the a–l interface are
important for atmospheric chemistry, it was difficult to detect surface molecular evolu-
tion using bulk techniques until the recent invention of the vacuum-compatible SALVI
microreactor that enabled in situ liquid time-of-flight secondary ion mass spectrometry
(ToF-SIMS) [42,43] and single photon ionization mass spectrometry [44]. We use the mi-
crofluidic SALVI reactor to present the liquid surface. We use the vacuum–liquid interface
to approximate the a–l interface using this newly invented technique, liquid ToF-SIMS, to
acquire surface compositional changes. Our recent results validate that in situ mass spectral
analysis is valuable in understanding aqSOA formation [33,34,44].

We investigated the glyoxal oxidation reactions at the a–l interface and compared
the relative aqSOA yield between dark and UV aging under controlled conditions in a
microfluidic reactor. The results of in situ mass spectral imaging are applied in the van
Krevelen diagrams to explore the aqSOA evolution at the interface. Our results show
that water clusters play an important role in the aqSOA formation in UV or dark aging.
Such findings lead to the postulation that nighttime oxidation of glyoxal contributes to
aqSOA and provides different types of products, including different oligomers, compared
to daytime chemistry. These new results fill in the gap of a–l experimental research and
reduce the uncertainties in understanding chemical transformation, uptake coefficient,
ionic strength, and hygroscopic growth of aqSOA in Earth’s atmosphere.

2. Materials and Methods
2.1. Chemicals

Chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA). The liquid
mixture consisted of 5 mM glyoxal (40 wt % in water, electrophoresis grade) and 20 mM
hydrogen peroxide (H2O2, 30 wt % in water, certified ACS grade) reactants [33,34,45]. The
concentrations were selected because they were relevant to aqSOA formation via aqueous-
phase reactions in clouds (~1–300 µM) or wet aerosols (~1–10 M) that were reported in
field measurements [46,47]. In addition, we approximated the pseudo first-order kinetics
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of glyoxal and hydrogen peroxide. The solutions were diluted with deionized (DI) water
(18.2 MΩ) dispensed from a Barnstead water purification system (Nanopure diamond).
The pH of the mixture was measured by a portable pH meter (Accumet, Fisher Scientific,
Hampton, NH, USA) as soon as reaction times were reached.

2.2. SALVI Microreactor Fabrication

The SALVI microreactor was composed of polydimethylsiloxane (PDMS) using soft
lithography [42,43]. Briefly, the main reactions took place in a microchannel that was
200 µm wide and 300 µm deep, encapsulated in a PDMS block (Figure 1b). The silicon
nitride (SiN) membrane was supported on a silicon (Si) frame 200 µm thick with a window
area of 7.5 × 7.5 mm2 (Norcada Inc., Edmonton, Alberta, Canada). The SiN window was
attached to the PDMS block using oxygen plasma treatment. More details about the SALVI
fabrication and operation were described in previous publications [33,34,44].
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Figure 1. The schematic of the air–liquid (a–l) aqSOA formation study: (a) sample preparation; (b) UV
and dark aging using the SALVI microfluidic reactor; and (c) in situ liquid ToF-SIMS analysis with
three types of measurement modes.

2.3. Dark and UV Aging Experiments

The experimental setup and workflow are illustrated in Figure 1. Before aging experi-
ments, 5 mM of glyoxal and 20 mM of H2O2 solution were mixed thoroughly in a glass
vessel (Figure 1a). A syringe pump (Cole-Parmer, Vernon Hills, IL, USA) was connected to
inject the mixture solution into the device at a flow rate of 10 µL/min. The devices were
covered with aluminum foil (Figure 1b) and kept away from light for a series of aging times



Atmosphere 2022, 13, 188 4 of 15

to simulate dark aging. For UV aging, the reactant solution was first injected into the SALVI
microreactor channel [42,43] and the microreactor was set 10 cm below a UV illumination
source (Oriel lamp model 6035, power supply model 6060, Franklin, MA, USA) for different
periods of time [45]. The lamp current was 18 ± 5 mA. With the 18 mA power supplies,
90% of the output wavelength is 253.7 nm with an output power of 70 W in AC mode. It
is estimated to provide 10−13–10−12 M of OH radicals in the reactor [48]. We set the aging
time from 0.5 to 8 h to simulate the average real solar illumination time in the atmosphere.
All samples were prepared in the SALVI microreactors and the a–l surface was studied
using in situ liquid SIMS. The sample matrices are listed in Table S1.

2.4. In Situ Liquid ToF-SIMS

The a–l interface was probed by ToF-SIMS using the SALVI devices (Figure 1c). The
microfluidic device was installed on the ToF-SIMS stage and introduced to the load-lock of
the ToF-SIMS instrument as soon as the designated time intervals of UV and dark aging
were reached. It took approximately 30 min to reach the desirable vacuum of 5 × 10−7 mbar
in the load-lock, and this dark aging time was included in the overall aging time. The
glyoxal solution that underwent 6 h of dark aging was studied as a control experiment to
compare the oxidation products from the mixtures of glyoxal and H2O2 (Figure 2, Figures
S1 and S2). More details were described previously [33,34,45].
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Figure 2. Comparison of relative yields of (a) oligomers and (b) cluster ions in the positive ion
mode at the a–l interface between UV and dark aging. Similarly, comparison of relative yields of
(c) oligomers and (d) cluster ions in the negative ion mode. The error bars represent the standard
deviation of replicate measurements. Normalization was performed using selected products’ total
ion counts.
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A ToF-SIMS V-100 instrument (IONTOF GmbH, Münster, Germany) with a 25 keV
Bi3+ ion beam was used to detect the interfacial products [42,43]. All results were acquired
in replicates to ensure data quality and reproducibility. Interference peaks, such as poly-
dimethylsiloxane (PDMS) fragments and bismuth cluster peaks, were removed (Figures S1
and S2 and Table S1) to make aqSOA analysis easier. The measurement uncertainties are
summarized in Table S2, and precisions are higher than 95%.

The experiments were performed using a single wavelength with a well-calibrated
light source. More investigations of a light source approximating the solar spectrum would
be needed to study the potential wavelength dependence of photolysis-driven oxidation
of atmospheric aerosols [49,50]. Additionally, there is a known dependence of refractive
indices in the atmosphere [51]. Therefore, it is important to explore the wavelength depen-
dence of the secondary oxidation products at the a–l interface. More details of ToF-SIMS
data analysis were described recently [33,45]. Figure S3 depicts reproducibility results of in
situ liquid SIMS. Figure S4 gives examples of liquid SIMS results of cluster ion formation
from dark aging experiments.

2.5. Liquid SIMS Data Analysis

ToF-SIMS raw data were analyzed using the SurfaceLab 6 software (Version 6.3,
IONTOF GmbH, Germany) [52]. Mass calibration was performed using the following
peaks: H+ m/z+ 1, CH3

+ m/z+ 15, Si+ m/z+ 28, C2H5O3
+ m/z+ 77, H11O5

+ m/z+ 91, Bi+ m/z+

209, Bi2+ m/z+ 418, Bi3+ m/z+ 627 were used to calibrate the mass spectra in the positive ion
mode; and H− m/z− 1, O− m/z− 16, Si− m/z− 28, SiO2

− m/z− 60, SiO3
− m/z− 76, Si2O5H−

m/z− 137, Si3O7H−, and m/z− (SiO2)3OH− 197 were used to calibrate the mass spectra in
the negative ion mode. Moreover, dry reference sample analysis was performed to ensure
confidence in peak identification (Table S1). Liquid SIMS spectra were plotted in unit
mass [53,54] to reflect the mass resolution acquired in the imaging mode [52,55,56]. Peak
assignment was conducted using the peak center to identify the main component [53]. The
relative mass resolution (Dev.) was calculated by the equation: Dev. = ∆m/m, where m is
the theoretical mass of the possible peak and ∆m is the difference between the theoretical
mass and observed mass. The peaks were assigned a relative mass resolution under 300
ppm. The relative yield was calculated using the peak intensities of ions of interest divided
by the total ion intensity of all the identified peaks, including oligomers, clusters, and
water clusters. For example, the water clusters are in the form of (H2O)nOH−, 1 ≤ n ≤ 43;
(H2O)nH+, 1 ≤ n ≤ 44 in the negative ion mode. The normalized ion intensities were used
to indicate relative yields. Water cluster peaks are summarized in Tables S3 and S4 [57].

2.6. Ab Initio Molecular Dynamics Simulation

Ab initio molecular dynamics (AIMD) simulations were performed using the CP2K
code (Table S5) [58]. For each cluster ion system, a 25 ps production run at 300 K was
followed by an annealing process and geometry optimization to obtain the energy. Opti-
cal absorption spectra were obtained using the Tamm–Dancoff approximation and time-
dependent density functional theory [59,60]. Multiple AIMD frames were used to encom-
pass the ensemble average to calculate the spectrum of each ion [61,62]. More technical
details are provided in SI.

3. Results and Discussions
3.1. Comparing AqSOA Formation between UV and Dark Conditions

Figure 1 shows the schematic of the experimental setup using SALVI and ToF-SIMS.
Aqueous phase oxidation of glyoxal by •OH produces low-volatility compounds [17,19,34].
Many cluster ions are formed from the glyoxal oxidation at the a–l interface consisting of
glyoxal and H2O2, whereas the control samples of only glyoxal or H2O2 do not (Figure
S1a). We compared the relative ion yields of oligomers, water clusters, and cluster ions
between UV and dark aging to determine whether the a–l interfacial oxidation of glyoxal
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and •OH/H2O2 can generate low-volatility compounds based on in situ SIMS observations.
Peak identification of aqSOA products is summarized in Table 1, Tables S3 and S4.

Table 1. The main products identified in dark interfacial aging in the positive ion mode.

m/z+ [M + H]+ Peak Assignment

Oxidation Products

93 C2H5O4
+ 2-hydroxy-2-hydroperoxyethanal (HHPE)

Oligomers/Polymers

149 C4H5O6
+ C2H4O3 (Glyoxylic acid)—C2H4O4 (HHPE)

177 C5H5O7
+ m/z+ 57 C2HO2

+—m/z 120 C3H4O5a
193 C5H5O8

+ m/z+ 177 C5H5O7
+—O

223 C6H7O9
+ m/z+ 149 C4H5O6—m/z 110 C2H6O5

225 C6H9O9
+ HHPE—glyoxal—C2H2O3

231 C6H15O9
+ m/z+ 173 C4H13O7

+—glyoxal
301 C8H13O12

+ m/z+ 149 C4H5O6
+—m/z+ 152 C4H8O6

327 C6H15O15
+ m/z+ 94 C2H6O4—m/z 110 C2H6O5—m/z 122 C2H2O6

333 C6H21O15
+ m/z+ 317 C6H21O14

+—O
347 C8H11O15

+ m/z+ 149 C4H5O6—m/z 76 C2H4O3—m/z 122 C2H2O6
411 C8H27O18

+ m/z+ 353 C6H25O16
+—m/z 58 C2H2O2

485 C10H29O21
+ m/z+ 411 C8H27O18

+—m/z 74 C2H2O3

533 C6H45O27
+,

C14H29O21
+ m/z+ 515 C6H15O11

+—15H2O/7 C2H4O3 (monohydrated glyoxal)

537 C8H41O25
+ m/z+ 461 C4H37O22

+—C2H4O3 (monohydrated glyoxal)

Cluster Ions

113 C2H9O5
+ C2H2O2···(H2O)3H+b

165 C4H7O7
+ C2H3O3···C2H2O4H+

173 C4H13O7
+ m/z 154 C4H10O6 (glyoxal dimer) ···H3O+

191 C3H11O9
+ m/z+ 113 CH5O6

+···m/z 78 C2H6O3
261 C6H13O11

+ m/z+ 108 C2H4O5H+···m/z 152 C4H8O6
263 C6H15O11

+ m/z+ 110 C2H6O5H+···m/z 152 C4H8O6
281 C6H17O12

+ m/z+ 263 C6H15O11
+···H2O

299 C6H19O13
+ m/z+ 263 C6H15O11

+···2H2O
317 C6H21O14

+ m/z+ 263 C6H15O11
+···3H2O

319 C8H15O13
+ m/z+ 301 C8H13O12

+···H2O
335 C6H23O15

+ m/z+ 263 C6H15O11
+···4H2O

353 C6H25O16
+ m/z+ 263 C6H15O11

+···5H2O
357 C10H13O14

+ m/z+ 57 C2HO2
+···m/z 300 C8H12O12

371 C6H27O17
+ m/z+ 263 C6H15O11

+···6H2O
375 C10H15O15

+ m/z+ 357 C10H13O14
+···H2O

389 C6H29O18
+ m/z+ 263 C6H15O11

+···7H2O
407 C6H31O19

+ m/z+ 263 C6H15O11
+···8H2O

425 C6H33O20
+ m/z+ 263 C6H15O11

+···9H2O
429 C8H29O19

+ m/z+ 411 C8H27O18+···H2O
443 C6H35O21

+ m/z+ 263 C6H15O11
+ ··10H2O

461 C6H37O22
+ m/z+ 263 C6H15O11

+···11H2O
479 C6H39O23

+ m/z+ 263 C6H15O11
+···12H2O

497 C6H41O24
+ m/z+ 263 C6H15O11

+···13H2O
515 C6H43O26

+ m/z+ 263 C6H15O11
+···14H2O

525 C7H41O25
+ m/z+ 479 C6H39O23

+···CH2O2 (formic acid)
543 C7H43O26

+ m/z+ 525 C7H41O25
+···H2O

551 C6H47O28
+,

C14H31O22
+ m/z+ 533 C6H45O27

+···H2O, 7C2H4O3 (monohydrated glyoxal)···H3O+

561 C7H45O27
+ m/z+ 525 C7H41O25

+···2H2O
579 C7H47O28

+ m/z+ 525 C7H41O25
+···3H2O

597 C7H49O29
+ m/z+ 525 C7H41O25

+···4H2O

“m/z” indicates the observed mass to charge ratio using liquid SIMS. “···” indicates weak intermolecular interac-
tions. “–” indicates the covalent bond.
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Figure 2 depicts the comparison of relative yields of aqSOA (e.g., oligomers, cluster
ions) components observed at the a–l interface between UV and dark aging. The relative
yields of aqueous oligomers present an increasing trend during UV and a decreasing one
in dark aging (Figure 2a). The maximal relative yield reaches 30% after 8 h of oxidation,
while in dark aging, the maximal relative yield reaches no more than 25%.

The maximal relative yields of oligomers in dark aging occur at 1–2 h, and further
oxidation does not show an enhancement of these oligomer peaks. Most of the aqSOA
products in UV aging are identified as glyoxal polymers, indicating that UV aging facilitates
high molecular weight SOA formation. The pH of the solutions decreases along with the
UV aging (Table S1), implying that more organic acids and their derivatives were generated
because of photochemistry. Such results suggest that the solution acidity can promote the
formation of high molecular weight organic compounds to some degree. Similar findings
were reported previously [9,63,64]. In contrast, aqSOA products formed in dark aging are
mainly organic peroxides. Additionally, their m/z ratios are smaller than those in UV aging,
suggesting a disparate formation mechanism.

Cluster ions are formed by weak intermolecular forces between organic species and wa-
ter molecules (i.e., C4H11O6

+···H2O) and between organic species (i.e., C2H7O5
+···C4H8O6)

(Table S3). Cluster ions provide valuable insights into the structure and properties of the
aqueous surface exposed to air. Water molecules participate in cluster ion formation more
in dark than in UV aging. Figure S4 shows that cluster ions detected at the a–l interface
contain more water clusters in dark aging than those in UV aging. This finding implies
that the water affinity of organics at the a–l interface is stronger in dark aging than in
UV aging. This result suggests that organics are activated as CCN under supersaturated
conditions. The interfacial oligomer products are mainly detected in the negative ion mode
(Figure 2a,c). The relative yields of oligomers and cluster ions in the positive ion mode are
also depicted in Figure 2. The relative yields of oligomers (Figure 2a,b) are higher than those
of cluster ions (Figure 2c,d), indicating that the oligomers are dominant SOA components
in both UV and dark aging. Cluster ions, mainly in the form of organic−water clusters,
have higher relative yields in dark aging than UV aging (Figure 2d). This phenomenon
indicates that weak intermolecular forces at the a–l interface have a stronger impact on
dark aging when photochemistry turns off. This result also suggests that water plays a
more active role in fostering cluster ion formation in dark. Furthermore, the cluster ion
yields show an increasing trend in UV aging. In contrast, the cluster ion yields exhibit a
declining trend in dark aging, suggesting a different micro-environment at the a–l interface
compared to UV aging.

Water clusters affect physicochemical properties such as electric conductivity and sol-
vation as a result of the micro-environmental change at the interface [34,65]. Relative yields
in both positive and negative modes are compared to explore the underlying mechanisms
of aqSOA formation. Protonated (Figure 2a,c) and hydroxide (Figure 2b,d) water clusters
exist in dark aging, which contributes more than 50% to the total ion intensity. Protonated
water clusters can facilitate proton transfer at the interface [66], which then affects the
surface acidity. The small water clusters refer to (H2O)nOH− (n = 1–16) in the negative
mode and (H2O)nOH+ (n = 1–17) in the positive mode, and the large water clusters refer to
(H2O)nOH− (n = 17–43) in the negative mode and (H2O)nOH+ (n = 18–44) in the positive
mode. Although the protonated water clusters are hypothesized to facilitate interfacial
oligomerization, the specific mechanism is not identified [45]. Larger protonated water
clusters ((H2O)nH+, 17 ≤ n ≤ 44) (Figure 3b) have higher yields in UV aging, while the
hydroxide water clusters are more likely formed in smaller sizes ((H2O)nH+, 1 ≤ n ≤ 17)
in dark aging (Figure 3a). Our results show that the UV photochemical reactions have
higher oligomer and water cluster yields, especially in the latter photochemical period
(e.g., 6 h, 8 h). On the contrary, dark aging produces more cluster ions, especially those
consisting of water and organics.
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Figure 3. Comparison of relative yields of small water clusters (a) and large water clusters (b) in the
positive ion mode at the a–l interface between UV and dark aging. Similarly, comparison of relative
yields of small water clusters (c) and large water clusters (d) in the negative ion mode. The error bars
represent the standard deviation of replicate measurements. Normalization was performed using
selected products’ total ion counts.

3.2. Interfacial Reactions Leading to AqSOA Formation

Van Krevelen diagrams are developed to verify hypotheses of oxidation mecha-
nisms [67,68]. They are used to interpret aerosols or bulk aqueous products from mass
spectrometry measurements (e.g., Fourier transform ion cyclotron resonance mass spec-
trometry, aerosol mass spectrometry) [68,69]. Figure 4 shows the van Krevelen diagrams of
a–l interfacial products from liquid SIMS. Cluster ions are formed by hydrogen bonds rather
than covalent bonds. Even when the O:C ratios exceed 1, this does not necessarily mean
that the cluster ions are highly oxidized [70]. Water–organic molecules and organic–organic
clusters (i.e., m/z+ 261 C4H8O6···C2H5O5

+, m/z+ 299 C4H8O6···C2H7O5···2H2O+, and m/z+

371 C4H8O6···C2H7O5···6H2O+) were observed in this work.
The 1:1 line in the van Krevelen diagram in Figure 4 implies an addition of one

hydrogen and one oxygen simultaneously. Surprisingly, the composition domains are
different between dark aging and UV aging. Dark aging has higher O:C ratios (0.4–2.5,
Figure 4a) compared to UV aging (0.7–2, Figure 4b); however, the H:C ratios are similar. The
oxidation by RO2• radicals and cluster formation of hyperoxide compounds are reflected in
higher O:C ratios. In contrast, hydration (addition of water molecules by a covalent bond)
and polymerization of monohydrated glyoxal molecules (CHOCH2OH) lead to higher H:C
ratios. Products in dark aging are located below the 1:1 line, implying that reactions in
dark aging mostly take place via peroxidation and clusterization with water clusters. This
finding suggests that the aqSOA formation in dark aging is a vital source of aqSOAs.
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This exciting result signifies new SOA formation mechanisms in both dark and UV
aging based on in situ a–l mass spectral observations.

As discussed earlier, water clusters are important products from glyoxal UV and dark
aging in the presence of •OH and via different mechanisms. We propose a new formation
mechanism to explain the interfacial formation of aqSOAs. Large, protonated water clusters
(e.g., (H2O)nH+, 17 ≤ n < 44); cluster ions; and oligomers form readily after several hours
(e.g., 4–8 h) of photochemical reactions. We postulate that the large water clusters act
as a reaction medium and “dissolve” the reactants or intermediate products. The large,
protonated water clusters and the carbonyl group can undergo a ligand exchange route,
resulting in the “dissolution” of carbonyl compounds in the cluster ions. Protons of water
clusters become solvated by carbonyl groups in this process, leading to intermolecular
cluster ion formation. The effect of water clusters on cluster ion formation at the interface,
which is defined as “solvation” [71], results in subsequent reactions on the surface of
water and organics. Such interfacial reactions are different from those in the bulk. Our
direct observation of cluster ion formation implies that organic molecules could participate
in particle formation and likely subsequent particle growth under both dark and UV
conditions. The role of cluster ions in atmospheric aerosols is long speculated [3]. Our
results give first-hand validation of this hypothesis. Additionally, the in situ molecular
observations show the importance of interfacial chemistry in aerosol transformation. The
large, protonated water clusters participate in the solvation of organics at the a–l interface
in dark aging. The theoretical calculations are in general agreement with the experimental
observations. This consistency supports the notion that the large, protonated water clusters,
namely (H2O)nH+, 17 < n ≤ 44, do not seem to vary in dark aging. These large water
clusters also have lower yields than those in UV aging.

“Basic” water clusters have a similar trend to the protonated ones in UV aging; how-
ever, the underlying mechanism can be different. Large water clusters ((H2O)nOH−,
16 ≤ n ≤ 43) do not form intensely in dark aging (Figure 3d), yet they have higher yields
after several hours of UV aging. Additionally, an interesting phenomenon is observed
in oligomer formation. Oligomers have higher yields in UV aging and lower ones in
dark aging (Figure 2a,c). This finding is consistent with the water clusters containing the
OH• functional group observed in the negative mode [8]. It is worth noting that different
types of oligomers are formed when comparing the UV and dark aging products (Table 1).
Some are only observed in dark aging. A sufficient agreement of R2 = 0.81 is determined
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between large water clusters and oligomers in UV aging by performing linear least-squares
fitting of observed peak intensities from liquid SIMS spectra. Thus, carbonyl groups can
be linked via a C-C covalent bond in the “basic” medium and not by ligand exchange [8].
The proposed interactions have been confirmed for aqSOA formation at the a–l interface
for the first time based on in situ SIMS observations (Figure 5). Our results validate the
concept of SOA formation postulated from gas-phase measurements [8,32]. Moreover, the
new observations provide convincing physical evidence of water clusters’ roles in SOA
formation at the a–l interface.
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3.3. AqSOAs’ Influence on the UV Absorption at the a–l Interface

AIMD simulations were conducted to calculate the binding energies of representative
interfacial cluster ions as products of UV and dark aging (Table S5). The AIMD simulation
shows that the proton resides in the (H2O)3 part in the m/z+ 113 C2H2O2···(H2O)3H+ cluster,
suggesting nucleation and growth of organic species surrounded by solvent molecules.
Figure 6 shows that the clusters of m/z+ 113 C2H2O2···(H2O)3H+, 165 C2H3O3···C2H2O4H+,
and 263 C4H8O6···C2H6O5H+ are more UV-sensitive than those of m/z+ 55 (H2O)3H+, 109 (H2O)6H+,
and 173 C4H10O6···H3O+. m/z+ 113 C2H2O2···(H2O)3H+, and 165 C2H3O3···C2H2O4H+

are products formed in UV aging and m/z+ 263 C4H8O6···C2H6O5H+ in dark aging. These
interesting results suggest that cluster ions formed in UV and dark aging enhance UV
absorption of the aqueous surface, promote CCN activities, and affect radiative forcing.
However, not all products, intermediates, or solvent molecules contribute directly to UV
absorption. For example, cluster ions (i.e., m/z+ 173 C4H10O6 . . . H3O+) and water clusters
(i.e., m/z+ 55 (H2O)3H+) continue to participate in photochemical reactions or mitigate the
hydrogen bond network with and without light.
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4. Conclusions

The relative yields of key components of aqSOAs were compared between dark and
UV aging in a well-controlled microfluidic reactor using a single wavelength. The roles of
water clusters and cluster ions are indispensable in the active a–l interfacial processing, as
revealed by in situ molecular mass spectral imaging and AIMD simulations. Our findings
suggest that nighttime interfacial chemistry of glyoxal is a notable source of aqSOAs. The
observation of cluster ion and organic peroxide formation in dark aging demonstrates that
interfacial chemistry without light is an important contributor to the SOA mass loadings.
Moreover, the fact that cluster ion formation is closely related to the interfacial water can
help explain the nocturnal new particle formation event underpinning the importance of
the molecular structure and solvation sphere at the a–l interface in aerosol formation and
transformation. The AIMD simulation results suggest that the aqSOAs formed at night
can influence aerosol optical properties and, ultimately, the global radiative forcing and
energy budget on Earth. Therefore, dark aging should be considered as a viable source
of the SOA budget in process models. Furthermore, the role of water clusters, cluster
ions, and hydrogen bonding as well as their influence on the interfacial mass transfer and
molecular transformation should be investigated to understand the aerosol life cycle in
Earth’s atmosphere.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/atmos13020188/s1. Figure S1a: Liquid ToF-SIMS spectral comparison of water control, glyoxal
and hydrogen peroxide, and the glyoxal control undergoing 6 h dark aging (a) in the mass to charge
(m/z+) range of 0–300 and (b) 300–700 in the positive ion mode. Red bars represent the locations of
water cluster peaks, blue oligomers, and cyan cluster ions. Figure S1b: Liquid ToF-SIMS spectral
comparison of water control, glyoxal and hydrogen peroxide, and the glyoxal control undergoing
6 h dark aging (a) in the m/z− range of 0–300 and (b) 300–700 in the negative ion mode. Red bars
represent the locations of water cluster peaks, blue oligomers, and cyan cluster ions. Figure S2a:
Liquid SIMS spectral reproducibility of 6 h UV aging in the positive ion mode (m/z+ 1–700). Red
color represents water clusters, green carboxylic acids, pink hydration products, blue oligomers, and
cyan cluster ions. Figure S2b: Liquid SIMS spectral reproducibility of 6 h UV aging in the negative
ion mode (m/z− 1–700). Red color represents water clusters, green carboxylic acids, pink hydration
products, blue oligomers, and cyan cluster ions. Figure S2c: Liquid SIMS spectral reproducibility
of 6 h dark aging in the positive ion mode (m/z+ 1–700). Red color represents water clusters, green
carboxylic acids, pink hydration products, blue oligomers, and cyan cluster ions. Figure S2d: Liquid
SIMS spectral reproducibility of 6 h dark aging in the negative ion mode (m/z− 1–700). Red color
represents water clusters, green carboxylic acids, pink hydration products, blue oligomers, and cyan
cluster ions. Figure S3a: Comparison of all dark aging SIMS spectral data in the positive ion mode
(a) m/z+ 1–300 and (b) m/z+ 300–700. Red color bars depict the location of water clusters, green
carboxylic acids, pink hydration products, blue oligomers, and cyan cluster ions. All spectra were
normalized to total ion intensities. Figure S3b: Comparison of all dark aging SIMS spectral data in
the negative ion mode (a) m/z− 1–300 and (b) m/z− 300–700. Red color bars depict the location of
water clusters, green carboxylic acids, pink hydration products, blue oligomers, and cyan cluster ions.
All spectra were normalized to total ion intensities. Figure S3c: Comparison of all UV aging SIMS
spectral data in the positive ion mode (a) m/z+ 1–300 and (b) m/z+ 300–700. Red color bars indicate
water clusters, green carboxylic acids, pink hydration products, blue oligomers, and cyan color cluster
ions. All the spectra were normalized to total ion intensities. Figure S3d: Comparison of all UV aging
spectral data in the negative mode (a) m/z− 1–300 and (b) m/z− 300–700. Red color bars indicate water
clusters, green carboxylic acids, pink hydration products, blue oligomers, and cyan color cluster ions.
All spectra were normalized to total ion intensities. Figure S4: Comparison of the trend between
the number of water molecules in co-occurring water clusters and cluster ions in the UV and dark
aging in the negative mode. Table S1: The sample matrices of the glyoxal and hydrogen peroxide
oxidation experiments under UV and dark conditions. Table S2: The liquid ToF-SIMS measurement
uncertainties (%) of 6 h of glyoxal and hydrogen peroxide from UV and dark aging experiments.
Table S3: The main products identified in UV and dark aging in the positive ion mode. Table S4: The
main products identified in UV and dark aging in the negative ion mode. Table S5: The calculated
binding energy of representative cluster ions using AIMD simulations.
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