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Abstract: Aqueous secondary organic aerosol (aqSOA) formation from volatile and semivolatile
organic compounds at the air–liquid interface is considered as an important source of fine particles
in the atmosphere. However, due to the lack of in situ detecting techniques, the detailed interfacial
reaction mechanism and dynamics still remain uncertain. In this study, synchrotron-based vacuum
ultraviolet single-photon ionization mass spectrometry (VUV SPI-MS) was coupled with the System
for Analysis at the Liquid Vacuum Interface (SALVI) to investigate glyoxal dark oxidation products
at the aqueous surface. Mass spectral analysis and determination of appearance energies (AEs)
suggest that the main products of glyoxal dark interfacial aging are carboxylic acid related oligomers.
Furthermore, the VUV SPI-MS results were compared and validated against those of in situ liquid
time-of-flight secondary ion mass spectrometry (ToF-SIMS). The reaction mechanisms of the dark
glyoxal interfacial oxidation, obtained using two different approaches, indicate that differences in
ionization and instrument operation principles could contribute to their abilities to detect different
oligomers. Therefore, the mechanistic differences revealed between the VUV SPI-MS and ToF-SIMS
indicate that more in situ and real-time techniques are needed to investigate the contribution of the
air–liquid interfacial reactions leading to aqSOA formation.

Keywords: aqueous secondary organic aerosol; air–liquid interfacial reactions; dark aging; glyoxal;
hydrogen peroxide; SALVI; VUV SPI-MS

1. Introduction

Glyoxal is the smallest dicarbonyl in the Earth’s atmosphere. The origin of glyoxal
can be either from biogenic volatile organic compounds (VOC) oxidation or anthropogenic
emission [1]. Additionally, glyoxal forms via the chemical degradation of VOCs initiated
by hydroxyl radicals [2]. Thus, it is deemed as an indicator of the VOC oxidation and
secondary aerosol formation in the troposphere [3,4]. There are still significant uncertainties
due to the lack of understanding of the underpinning chemistry that leads to the formation
of secondary organic aerosols (SOAs) and their impacts on radiative forcing [5]. SOA is
deemed important in haze episodes, climate change, and human health [6]. Particularly
as a component of airborne particulate matter, SOA can enter the lung and cause damage
to the respiratory system via inflammatory response [7]. SOA formed in aqueous phase
(e.g., cloud and fog water, aqueous aerosols, etc.) is termed aqueous SOA or aqSOA.
The aqSOA is an important source of the global SOA budget [8,9]. Oxidation of volatile
and semivolatile organic compounds (VOCs and SVOCs) occurring at the air–liquid (a–l)
interface is confirmed as an important pathway of aqSOA formation [10,11]. The processes
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at the a–l interface are critical in SOA formation, acting as a means of reactive uptake
on aerosols and facilitating new particle growth [9]. However, due to the lack of in situ
techniques to probe products at the a–l surface, large uncertainties still remain concerning
SOA formation [12].

Synchrotron-based single-photon ionization mass spectrometry using vacuum ultra-
violet photons (VUV SPI-MS) is a powerful technique to investigate complex chemical
systems [13,14]. Compared with other traditional ionization methods, such as charged
particles or electron impact, VUV SPI-MS is an efficient and softer method, thus it can
provide dynamic information by the determination of ionization energies (IEs). IEs reflect
the electronic structure of a molecule [15]. AEs acquired from photoionization efficiency
(PIE) curves could help us determine the chemical composition by comparison with known
IEs and their molecule weight in the mass spectrum. SPI-MS was shown to be a viable
technique to study aerosols [16]. However, studying reactions and associated products
at the a–l interface is challenging, because such measurements must be performed under
high vacuum. Since liquids would volatize in vacuum, VUV SPI-MS traditionally has been
limited to the analysis of gases and gas–solid interfaces.

To enable chemical analysis of the liquid–vacuum interface and use that to approx-
imate the a–l interface, we developed a vacuum applicable microfluidic reactor, namely,
the System for Analysis at the Liquid Vacuum Interface (SALVI) [17,18]. Recent work has
shown that combining SALVI with VUV SPI-MS makes it possible to probe the aqueous
surface reaction products in high vacuum and provides unique insights into the a–l reac-
tion mechanisms [19,20]. In the atmosphere, glyoxal molecules can go through hydration
then follow with oxidation to form glyoxylic acid, formic acid, and oxalic acid. Those
preliminary products could form oligomers via hydrogen bonding or oligomerization in
the aqueous phase, which leads to a considerable aqSOA budget [21–23]. Furthermore,
the evolution of glyoxal dark reaction is another contributing factor to oligomer forma-
tion [23,24]. Thus, we present the investigation of glyoxal and H2O2 dark aging reactions
at the a–l interface using the approach recently demonstrated and validated using SALVI
in VUV SPI-MS in this study [19,25]. Key products and reactants were identified by mass
spectral analyses, and appearance energies (AEs) of the volatile and semivolatile products
as a result of dark aging were determined. Products from dark and UV aging of glyoxal
and hydrogen peroxide at the aqueous surface were also compared based on our recent
results [25]. The comparison results suggest that dark interfacial aging of glyoxal has
different pathways from UV aging; the main products are carboxylic acid related oligomers.
The VUV SPI-MS results were compared and validated against recent findings from in
situ liquid time-of-flight secondary ion mass spectrometry (ToF-SIMS) [23,24], showing
that different oligomers were detected. This work provides new insights into the dark
aging mechanism of glyoxal oxidation using VUV SPI-MS, suggesting that it is a valuable
approach in the study of aqSOA formation [21,26].

2. Experiments
2.1. SALVI Fabrication

SALVI is a vacuum-compatible microfluidic reactor (Figure 1a). Soft lithography
was applied to make a 200 µm wide and 300 µm deep microchannel in a polydimethyl-
siloxane (PDMS) block. The channel was covered by a silicon nitride (SiN) membrane of
1.5 × 1.5 mm2 and 100 nm thick (Norcada, Edmonton, AB, Canada) supported by a silicon
frame of 7.5 × 7.5 mm2 and 200 µm thick. The Si frame was irreversibly bonded to the
PDMS block after oxygen plasma treatment. After assembling the SALVI cells, two aper-
tures of 2 µm in diameter and 100 µm apart (Figure 1b) were milled on the SiN membrane
above the center of the channel using scanning electron microscopy with the focused ion
beam (SEM-FIB) to allow evaporation of liquids in vacuum [19,20,25]. More details about
cell design and fabrications were described in our previous studies [17,18].
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Figure 1. (a) A photograph of the System for Analysis at the Liquid Vacuum Interface (SALVI) device;
(b) a schematic showing the two 2 µm diameter apertures allowing evaporation of molecules on
the SiN membrane covering the microchannel; (c) the relative position of the vacuum ultraviolet
(VUV) photon beam from the SALVI device; (d) extraction and detection of charged molecules by
the reflectron time-of-flight mass spectrometer; (e) a representative mass spectrum from the 2 h dark
aging experiment acquired at 12.0 eV; and (f) a photoionization efficiency (PIE) curve of m/z 198
(C5H10O8

+) from the 2 h dark reactions.

2.2. Sample Preparation

Chemicals (40 wt.% glyoxal in water, electrophoresis grade, and 30% wt. hydrogen
peroxide, H2O2 in water, certified ACS grade) used in this work were acquired from Sigma-
Aldrich (St. Louis, MO, USA). The microchannel was cleaned with deionized water (DI
water, 18.2 MΩ) three times to minimize the interference from PDMS. The devices were
baked in a vacuum oven (Fisher, Model 282 A, Waltham, MA, USA) overnight to reduce
PDMS outgassing interferences before use. The concentration of glyoxal in clouds is about
10−4 M, however, glyoxal could be enriched due to droplet evaporation which then leads
to oligomer formation [21,27]. Therefore, 5 mM glyoxal and 20 mM H2O2 solutions were
used. The solutions were prepared using DI water. They were mixed thoroughly before
getting injected into the microchannel via a syringe pump at a flow rate of 10 µL/min.
Excess hydrogen peroxide as the oxidant ensures that the glyoxal oxidation reactions meet
the pseudo-first-order condition. Polymers and oligomers can also form at the a–l interface
using this concentration [24,28]. We covered the devices in clean aluminum foils after
introducing glyoxal and H2O2 liquid mixture into the channel at different times to avoid
any possible irradiation during sample preparation. The sample transfer and installation
time between the wet laboratory and the beamline of 10 min and instrument pump-down
time of 20 min were included in the dark aging process. The pH values of the solutions
were close to cloud conditions [29]. More information of the samples investigated in this
work is summarized in Table S1.

2.3. VUV SPI-MS Setup

After the dark aging treatment in the lab adjacent to the beamline, the device was
attached onto the bottom electrode of the ion optics module immediately. Analysis was
performed when the main chamber reached vacuum on the order of 10−7 Torr. The SPI-
MS was combined with a three-meter VUV monochromator at the Chemical Dynamics
Beamline 9.0.2 at the Advanced Light Source (ALS) located at the Lawrence Berkeley
National Laboratory. The distance of SiN membrane and the VUV photon flux was kept at
about 5 mm by optimizing the height of the mass spectrometer during each experiment. The
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liquid in the microchannel was held by its surface tension across the apertures, permitting
the ionization and detection of the evaporated molecules during experiments [30,31]. The
reactants and products evaporated from the two 2 µm apertures were ionized by the tunable
synchrotron VUV photon beam (Figure 1c). These cations were sent to a microchannel plate
(MCP) detector of the reflectron time-of-flight (ToF) mass spectrometer. Volatile molecules
like aldehydes and carboxylic acids with lower molecular weight and medium vapor
pressure with higher rates of evaporation provided higher counts compared to oligomers
with higher molecular weights and lower vapor pressures.

The photon energies were scanned from 8.0 to 12.6 eV during mass spectral collection
for the 4 h, 2 h dark aging, and glyoxal control samples. The 1 h dark aging sample was
analyzed in an earlier ALS visit and the photon energy range was 8.0 to 11.0 eV. The
sweeping step of photon energies was set at 0.1 eV to obtain a photoionization efficiency
(PIE) curve of reaction products. The ion counts among different samples were affected by
the optical alignment and instrument parameters among experimental runs and beamline
trips. The schematic of the experimental setup was shown in Figure 1a–d and experimental
conditions were summarized in Table S1.

2.4. Data Analysis

Mass calibration was performed using the known masses, such as water, oxygen,
nitrogen, and rare gases [19]. Peak identification was based on the mass at the peak and
glyoxal reaction mechanism reported in previous papers. During the VUV SPI-MS ToF
analysis, a continuous wave ion beam is converted to a pulsed one. The mass spectra
are affected by the pulsing and the resolution is not uniform over the mass range. Thus,
unit mass was used for peak identification. All AEs of the main products were less
than 12.0 eV. Many products would dissociate under higher photon energies and cause
a reduction of corresponding molecular signals. Therefore, mass spectra at 12.0 eV were
chosen for peak identification (an example is shown in Figure 1e). However, products that
have consistent molecule weights could have multiple chemical formulas and structures.
Therefore, determination of AEs of key products were needed to narrow down the possible
structures of the observed peaks. The AE refers to the minimal photon energies required to
observe an ion (seen in Figure 1f). In this study, PIE curves were acquired by scanning the
ion counts at each photon energy, then the AE was determined as the first point where ion
counts began to increase from the background signal [13,16]. The interference peaks from
PDMS were evaluated in Table S2. The results showed that the PDMS interferences did not
have a significant effect on the peak identification and peak integration of main products.

3. Results
3.1. Mass Spectra Analysis

The mass spectral comparison of glyoxal and H2O2 dark aging samples and the
glyoxal control solution are shown in Figure 2 and Figure S1 at 12.0 eV and 10.7 eV photon
energies, respectively. Glyoxal and its dimers (m/z 116 and 130) dissociated to fragments,
such as m/z 45 CHO2

+, m/z 75 C2H3O3
+, m/z 91 C2H3O4

+, and m/z 106 C3H6O4
+. In

contrast, a series of product peaks are observed after 1 h, 2h, and 4 h dark aging treatment.
The results of mass spectral comparison indicate that the products are formed at the a–l
interface after dark reactions of glyoxal and H2O2. Carboxylic acids formed at the aqueous
surface are observed as protonated or deprotonated fragments due to proton transfer [32],
such as deprotonated glyoxylic acid (m/z 73 C2HO3

+) and protonated oxalic acid (m/z
91 C2H3O4

+), at 12.0 eV. Glycolaldehyde (m/z 60 C2H4O2), an important intermediate,
is detected as a neutral molecule. The main products formed at the a–l interface under
dark conditions of glyoxal and H2O2 reaction are polymers and oligomers, including
m/z 177 C6H9O6

+, m/z 181 C4H5O8
+, m/z 198 C5H10O8

+, m/z 265 C8H9O10
+, m/z 307

C10H11O11
+, and m/z 339 C10H11O13

+. More peaks with higher intensities are detected
in the 2 h and 4 h dark aged samples as shown in Figure S1, suggesting that the longer
dark processing time enhances the oligomer formation. Carboxylic related oligomers are
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one of the main dark aging products as listed in Table 1. The normalized VUV SPI-MS
spectral comparison between UV and dark reaction products is depicted in Figure S2, and
the comparison results are summarized in Table 1. In addition, these products observed by
VUV SPI-MS are compared with results from in situ liquid ToF-SIMS shown in Table S3.
The latter is a novel approach to study a–l interfacial reactions [23,24,28]. Interestingly, the
two techniques show different kinds of oligomer products. We observed new oligomers
in VUV SPI-MS that were not detected by in situ liquid ToF-SIMS. This finding indicates
that new reaction pathways of glyoxal dark aging can be proposed as highlighted in light
grey in Table S3 based on VUV SPI-MS experiments of the same reaction system. There
are subtle differences in the products identified due to different ionization conditions, in
the case of VUV SPI-MS, evaporated gas phase molecules are ionized, while in the case of
ToF-SIMS, sputtering and subsequent ionization of gas phase molecules from the liquid
interface are detected.

Figure 2. VUV SPI-MS spectral comparison of (a) 4 h and (b) 2 h dark reaction products of glyoxal and hydrogen peroxide
solutions and (c) the glyoxal solution at photon energy of 12.0 eV. Blue drop lines and circles stand for reactant, intermediates,
and carboxylic acids and orange drop lines and circles depict polymers and oligomers, respectively. Peaks from the glyoxal
control solution and polydimethylsiloxane (PDMS) are marked without markers.
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Table 1. Identifications of key reactants and product peaks in the positive mode at 12.0 eV.

m/zobs
a m/zthe

b Formula Structure Chemical Name AEs c, UV (eV) AEs f, Dark (eV)

46 46.03 CH2O2
+ HCOOH acetic acid/

formic acid 10.6, 11.4 - e

60 d 60.05 C2H4O2 CHOCH2OH glycolaldehyde 10.2 10.0

73 d 73.07 C2HO3
+ CHOCOOH deprotonated

glyoxylic acid 9.2 9.2

75 75.04 C2H3O3
+ CH2OHCOOH deprotonated

glycolic acid 10.2 - e

78 78.07 C2H6O3
+ CH2OHCH2OH monohydrated

glycolaldehyde 9.3 - e

82 82.06 C4H2O2
+ C=CCHOCHO cyclobutene dione 9.8 - e

91 d 91.04 C2H3O4
+ COOHCOOH protonated oxalic

acid 11.1 11.1

105 d 105.07 C3H5O4
+ HOOCCH2COOH polymer 9.8 9.8

106 d 106.08 C3H6O4
+ CHOHCH2CHOH glyoxal dimer

fragments 8.6 8.6

118 118.13 C5H10O3
+ HOOCCH2CH2COOH succinic acid 9.7 - e

122 122.08 C3H6O5
+ COOHCHOHCH(OH)2 polymer 9.5 - e

149 149.08 C4H5O6
+ HOOCCHOHCHOHCOOH deprotonated

tartaric acid 9.9 - e

177 d 177.13 C6H9O6
+ COOHCH2CH2COOCHOHCH2OH polymer 10.1 10.2

181 d 181.08 C4H5O8
+ (COOHCOOH)2

protonated oxalic
acid dimer 9.6 9.6

194 194.14 C5H6O8
+ COOHCHOHCHOHCOOCOOH polymer 9.7 - e

198 d 198.13 C5H10O8
+ COOHCHOH—

COOHCHOHCH(OH)2
g oligomer 8.8 8.8

265 d 265.15 C8H9O10
+ COOHCHOHCHOHCOOCH

OHCHOHCOOH oligomer 9.8 9.7

284 284.13 C7H8O12
+ (COOHCOOH)2—

CHOCHOHCOOH oligomer 9.0 - e

307 d 307.23 C10H11O11
+ COOHCHOHCH

OHCOOCH2CH2COOCHOHCOOH oligomer 9.7 9.9

339 d 339.19 C10H11O13
+ COOHCHOHCHOHCOOCHOHCH

OHCOOCHOHCOOH oligomer 9.7 9.6

Note: a Observed m/z in this experiment. b Theoretical m/z. c VUV SPI-MS results of UV aging were reported in a recent study [25].
d Products observed in both UV and dark samples. e Not observed. f Observed in this work. g Hydrogen bonding.

3.2. Appearance Energies (AEs) Determination

AEs obtained from the PIE curve of the 2 h dark aging sample are presented in Figure 3.
The comparison of AEs between dark and UV-aged samples are summarized in Table 1.
Additionally, AEs derived from the 4 h dark-aged sample and PIE curves of some key
products from our recent study [25] are depicted in Figure S3. The normalized PIE curves
of a few representative ions observed in the 2 h dark and UV aged samples are shown in
Figure S4. The AEs determined from PIE curves and their shapes are in good agreement,
implying that there are some common products for glyoxal oxidation under dark and UV
conditions. As to smaller products (i.e., Figure 3a,d), the ion counts increase linearly with
photon energies, and the IEs and molecular structures can be determined directly from
the known PIE curves. For example, the AEs for m/z 60 (Figure 3a) is determined to be
10.0 eV, and we assigned glycolaldehyde C2H4O2 according to the IE reported in a previous
study [33]. The AEs for m/z 73 C2HO3

+ (Figure 3b) and m/z 91 C2H3O4
+ (Figure 3c) are

9.2 eV and 11.1 eV, respectively, which are identified as deprotonated glyoxylic acid C2HO3
and protonated acid C2H3O4

+ based on the known pathways of the glyoxal oxidation in
dark reactions as reported in previous studies [9,22–24,34]. While looking into Figure 3d–k,
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the PIE curves exhibited are more complicated and they show similar behaviors, suggesting
that the products shared multi and same functional groups. Specifically, the PIE curve of
m/z 106 led to the determination of an AE of 8.6 eV, which is suggested as the glyoxal
dimer fragment, C3H6O4

+. Furthermore, the AEs of polymers and oligomers formed via
glyoxal oxidation under dark conditions at the a–l interface are determined as follows
(shown in Figure 3d,f–k), m/z 105 C3H5O4

+ 9.8 eV, m/z 177 C6H9O6
+ 10.2 eV, m/z 181

C4H5O8
+ 9.6 eV, m/z 198 C5H10O8

+ 8.8 eV, m/z 265 C8H9O10
+ 9.7 eV, m/z 307 C10H11O11

+

9.9 eV, and m/z 339 C10H11O13
+ 9.6 eV. Our results indicate that glyoxal interfacial dark

reactions and the associated dynamic processes could be studied by the VUV SPI-MS. New
products could be determined and assigned according to both mass spectral analysis and
via the determination of AEs.

Figure 3. Photoionization efficiency curves of key products with appearance energies shown by
arrows (a) glycolaldehyde (b), deprotonated glyoxylic acid, (c) protonated oxalic acid, (d) poly-
mer, C3H5O4

+, (e) glyoxal dimer fragments, (f) polymer C6H9O6
+, (g) protonated oxalic acid

dimer, (h) oligomer, C5H10O8
+ (i) oligomer, C8H9O10

+, (j) oligomer, C10H11O11
+, and (k) oligomer,

C10H11O13
+ from the 2 h dark aging VUV SPI-MS observations.

4. Discussion

Under the UV radiation, glyoxylic acid and oxalic acid could form by glyoxal oxidation
in the presence of OH radicals via radical reactions [21]. When H2O2 acts as oxidant, for
instance under dark conditions, the primary reaction is that the carbonyl group of glyoxal
is oxidized to form glyoxylic acid. As a result, the intermediate products are glyoxylic acid,
and it could be further oxidized to oxalic acid [35,36]. Afterwards, oxalic acid could form
dimers by hydrogen bonding (m/z 181, C4H5O8

+) in both dark and UV samples [37]. The
differences in dark and UV interfacial aging in the presence of oxidant suggest that the
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formation mechanisms of oligomer products are distinctive between UV and dark aging of
glyoxal in the presence of oxidant.

Specifically, oligomers could form via radical reactions of carboxylic acids under UV
irradiation [34]. Tan et al. proposed a dark aging pathway involving glyoxylic acid and
oxalic acid participating in aqSOA formation, because these carboxylic acids could form
high molecular weight oligomers via oligomerization, acetal and hemiacetal formation or
aldol condensation at the a–l interface [38]. This pathway is verified by our VUV SPI-MS
observations in this work. Glyoxylic-related oligomers, i.e., C6H9O6, C5H10O8, C8H9O10,
C10H11O11, and oxalic-related oligomers C10H11O13 were detected right above the a–l
interface. Fewer oligomer species were observed in dark aging samples when comparing
the dark and UV aging results [25] as seen in Table 1 and Figure S2, indicating that UV
irradiation could enhance the formation of more aqSOA products with low volatility. Nev-
ertheless, these products confirmed that dark reactions of glyoxal were another significant
source of the global SOA budget.

The expanded reaction flow chart showing glyoxal dark reactions is illustrated in
Figure 4 with representative new products marked in blue based on the comparison results
with those of recent liquid ToF-SIMS. The cluster ions and water clusters observed in
the liquid ToF-SIMS spectra were not detected in VUV SPI-MS [24,28]. In contrast, VUV
SPI-MS detected some new oligomers that were not observed in liquid ToF-SIMS, and these
products are highlighted in gray in Table S3. VUV SPI-MS and ToF-SIMS use different
ionization methods and those differences were reflected in the observed products [24,25,39].
ToF-SIMS can detect cluster ions including water clusters and water and organic cluster
ions to study environmental and biological surfaces and interfaces [23,24,28,30,40,41]. VUV
SPI-MS, deemed as a soft ionization technique, has demonstrated its ability to capture
more oligomers in this work.

Figure 4. The expanded reaction flow chart of glyoxal dark reactions based on VUV SPI-MS results. Black arrows represent
hydration process, yellow—dark reaction process, and red—polymerization/oligomerization. Green font and boxes stand
for known carboxylic acids. Representative new products are highlighted in blue font and boxes.
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The mass spectral comparison between VUV SPI-MS and ToF-SIMS shows that new
insights of glyoxal dark aging in the presence of a strong oxidant like hydrogen peroxide can
be obtained based on experimental observations. Additionally, more advanced detection ap-
proaches are needed to fully comprehend the complex aqSOA formation at the a–l interface,
such as electrospray ionization mass spectrometry, infrared and Raman spectroscopy.

5. Conclusions

We performed VUV SPI-MS experiments to study the products of glyoxal and H2O2
dark reactions at the a–l interface in this work. Compared with UV aging of the same
chemical system, the main products of dark interfacial aging of glyoxal and H2O2 are
glyoxylic acid, oxalic acid, and their related oligomers. Our results indicate that the
pathways of dark reactions of glyoxal and hydrogen peroxide have different characteristics
compared to UV aging. The AEs determined from the PIE curves indicate that those
oligomers have hydroxyl and carboxyl functional groups. Furthermore, the VUV SPI-MS
results were compared with those of in situ liquid ToF-SIMS. Some oligomers and oxidants
are observed in both techniques, giving us confidence in using VUV SPI-MS in exploring
complex reactions. The new VUV SPI-MS results suggest that oligomers discovered in the
glyoxal dark oxidations could form at the a–l interface. In contrast, different products were
detected by in situ liquid ToF-SIMS at the aqueous surface. These new results suggested
that glyoxal could firstly become oxidized to form glyoxylic acid and oxalic acid under dark
conditions, then they act as a significant source of aqSOA via oligomerization reactions in
the atmosphere.

In summary, we gained new insights into glyoxal dark oxidation leading to aqSOA
formation at the aqueous surface using VUV SPI-MS. Our efforts show that the vacuum
compatible microfluidic reactor SALVI enables a–l interfacial product detection in VUV SPI-
MS and extends its applications to atmospheric mechanistic studies of aqSOA formation.
Utilization of more than one advanced technique can help us gain a more complete picture
of interfacial kinetics and dynamics of aqSOAs in the future.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
433/12/3/338/s1, Figure S1: VUV SPI-MS spectral comparison of the glyoxal control, 1 h, 2 h, and
4 h dark aging of glyoxal and hydrogen peroxide solutions acquired at photon energy of 10.7 eV.
Blue drop lines stand for reactant and intermediates and red drop lines for polymers/oligomers.
Peaks from the glyoxal control and PDMS are marked without drop lines. Figure S2: VUV SPI-
MS normalized spectral comparison of UV and dark reaction products of glyoxal and hydrogen
peroxide solutions at photon energy of 12.0 eV. Total ions are used in normalization. Green drop
lines stand for reactant, intermediates, and products such as carboxylic acids; and red drop lines for
polymers/oligomers in UV samples. Peaks from the glyoxal control and PDMS are marked without
drop lines. Figure S3: PIE curves of key products with AE’s shown by arrows of key products from
the 4 h dark aging VUV SPI-MS observations. Figure S4: Comparison of normalized PIE curves of
key products between UV and dark aged samples from the 2 h observations. Table S1: Summary of
experimental conditions. Table S2: List of significant PDMS related peaks observed in the positive ion
mode. Table S3: Detected products comparison between VUV SPI-MS and in situ liquid ToF-SIMS at
the a–l interface.
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