Studying interfacial dark reactions of glyoxal and hydrogen peroxide using vacuum ultraviolet single photon ionization mass spectrometry
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[bookmark: _Toc64847249]Figure S1. VUV SPI-MS spectral comparison of the glyoxal control, 1 hr., 2 hr., and 4 hr. dark aging of glyoxal and hydrogen peroxide solutions acquired at photon energy of 10.7 eV. Blue drop lines  and circles stand for reactant and intermediates; and orange drop lines and circles stand for polymers and oligomers, respectively. Peaks from the glyoxal control and PDMS are marked without markers.
The mass spectral comparison of glyoxal control, 1 hr., 2 hr., and 4 hr. dark aging samples at photon energy of 10.7 eV in a mass range of m/z 1  350 is depicted in Figure S1. In this spectral comparison, peaks of PDMS interference are marked without drop lines and circles, respectively. Glyoxal oxidation products and dissociative fragments are marked in blue drop lines and circles, respectively, for example glycolaldehyde (m/z 60, C2H4O2+), fragments from glyoxal (m/z 45, CHO2+), and glyoxal dimers (m/z 106, C3H6O4+).  In addition, oligomer molecules, such as m/z 177 C6H9O6+, m/z 198 C5H10O8+, and m/z 339 C10H11O13+, are detected and marked in orange drop lines and circles, respectively. Compared with dark aging samples, the ion observed at m/z 339 in the glyoxal control sample has fairly low counts at high photon energies in Figure 2. Thus, we propose this ion is mainly formed via dark aging oxidation.
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[bookmark: _Toc64847250][bookmark: _Hlk62407381]Figure S2. VUV SPI-MS normalized spectral comparison of UV and dark reaction products of glyoxal and hydrogen peroxide solutions at PIE 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 polymers/oligomers in UV samples.  Peaks from the glyoxal control and PDMS are marked without drop lines.
The normalized VUV SPI-MS normalized spectral comparisons of UV and dark reaction products of glyoxal and hydrogen peroxide solutions at PIE of 12.0 eV are shown in Figure S2.  Normalization is done using total ions.  The VUV SPI-MS spectral results of UV aging products were reported in our recent study [1].  The differences in the products from dark and UV interfacial aging in the presence of oxidant suggest that the formation mechanisms of oligomer products are different as depicted in the spectral overlay.  Fewer oligomer species are observed in dark aging samples when comparing with UV aging results, indicating that UV irradiation enhance the formation of more SOA products.  However, these products detected in dark samples suggest reactions of glyoxal are another significant source of the global SOA budget.  The comparison of observed products are summarized in Table 1.
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[bookmark: _Toc64847251]Figure S3. Photoionization efficiency curves and of key products with appearance energies shown by arrows of key products from the 4 hr. dark aging VUV SPI-MS observations.
Appearance energies (AEs) determined from the photoionization efficiency (PIE) curves of main products determined from the 4 hr. dark aging VUV SPI-MS experiments are illustrated in Figure S3. The AEs of key products agree with those from the 2 hr. dark aging sample shown in Figure 3. This result confirmed that AEs do not change with reaction time as expected.
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[bookmark: _Toc64847252][bookmark: _Hlk62407408]Figure S4. Comparison of normalized PIE curves of key products between UV and dark aged samples from the 2 hr. observations.
Normalized PIE curves from UV and dark aging samples of main products are illustrated in Figure S4.  The PIE curves of key products are similar.  The total ions of these peaks from 8.0 to 12.6 eV are used to do normalization.  The results indicate that glyoxal interfacial dark reactions and the associated dynamic processes could be studied by theVUV SPI-MS. 
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[bookmark: _Toc518220204][bookmark: _Toc64847254]Table S1. Summary of dark aging experimental conditions.
	experimental name
	composition and treatment
	photon energy range, eV
	photon energy step, eV
	m/z range
	pH

	4 hr. dark reactions
	5 mM *gly + 20 mM H2O2 (4 hr. dark reaction)
	8.012.6 
	0.1
	0600
	3.74

	2 hr. dark reactions
	5 mM gly + 20 mM H2O2 (2 hr. dark reaction)
	8.012.6 
	0.1
	0600
	3.99

	1 hr. dark reactions
	5 mM gly + 20 mM H2O2 (1 hr.dark reaction)
	8.011.0 
	0.1
	0400
	4.30

	glyoxal control
	5 mM gly 
	8.012.6 
	0.1
	0600
	5.56


*gly: glyoxal solution, prepared by glyoxal (40% wt. solution in water, electrophoresis grade) dissolved in deionized (DI) water (18.2 MΩ)
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]The 1 hr., 2 hr., and 4 hr. dark aging and glyoxal control samples are summarized in Table S1. VUV SPI-MS measurements are acquired by varying photon energies from 8.0 to 12.6 eV for the glyoxal control, 4 hr. and 2 hr. samples and 8.0 to 11.0 eV for the 1 hr. sample, respectively, with 0.1 eV step to obtain the PIE curves of main products. These experiments were performed in two separate beam trips due to limited beamtime in each trip. The mass range is 0600 for 4 hr., 2 hr. and glyoxal control and 0400 for the 1 hr. dark aging samples. In total, 172 experimental runs are obtained in this study.


[bookmark: _Toc518220205][bookmark: _Toc64847255]Table S2. List of significant PDMS related peaks observed in the positive ion mode.
	m/zobs 
	suggested formula
	reference
	*relative counts

	133
	C3H9O2Si2
	[2]
	0.14%

	147
	C5H15OSi2
	[2]
	1.88%

	221
	C7H21O2Si3
	[2]
	1.28%

	239
	C4H15O4Si4
	[2]
	0.10%

	281
	C9H27O5Si5
	[2]
	0.97%

	295
	C9H27O3Si4
	[2]
	0.73%

	297
	C8H25O4Si4
	[2]
	0.29%

	355
	C9H27O5Si5
	[2]
	0.83%

	369
	C11H33O4Si5
	[2]
	5.22%

	429
	C11H33O6Si6
	[2]
	0.39%

	443
	C13H39O5Si6
	[2]
	0.13%

	503
	C13H39O7Si7
	[2]
	0.25%

	577
	C15H45O8Si8
	[2]
	0.06%

	591
	C17H51O7Si8
	[2]
	0.10%

	total
	--
	--
	12.38%


* relative counts: peak counts proportion of overall counts from 2 hr. dark aging at 12.0 eV.
PDMS interference peaks are summarized in Table S2. The relative counts of all integrated interference peaks account for 12.38% of total ion counts. These results implied that PDMS peaks had some interferences with the overall counts; however, the influence on the peak identification from them is small.


[bookmark: _Toc64847256]Table S3. Detected products comparison between liquid VUV SPI-MSand in situ liquid ToF-SIMS at the a-l interface.
	m/zobsa
	m/ztheb
	formula
	chemical name
	liquid SIMS 
Y/Nc
	AEsd
(eV)
	reference

	60
	60.05
	C2H4O2+
	glycolaldehyde
	Y
	10.2
	[3]

	73
	73.07
	C2HO3+
	deprotonated glyoxylic acid
	Y
	9.2
	[3]

	91
	91.04
	C2H3O4+
	protonated oxalic acid
	Y
	11.1
	[4]

	105
	105.07
	C3H5O4+
	polymer
	Y
	9.8
	[4]

	106
	106.08
	C3H6O4+
	glyoxal dimer fragment
	N
	8.6
	This work

	177
	177.13
	C6H9O6+
	polymer
	N
	10.2
	This work

	181
	181.08
	C4H5O8+
	protonated oxalic acid dimer
	N
	9.6
	This work 

	198
	198.13
	C5H10O8+
	oligomer
	N
	8.8
	This work

	265
	265.15
	C8H9O10+
	oligomer
	N
	9.7
	This work

	307
	307.23
	C10H10O11+
	oligomer
	N
	9.9
	This work

	339
	339.19
	C10H11O13+
	oligomer
	N
	9.6
	This work


a Observed m/z in this experiment.
b Theoretical m/z
c  Y indicates that a chemical species is observed by both VUV SPI-MS and ToF-SIMS and N indicates that a chemical species is observed by VUV SPI-MS only.  The VUV SPI-MS detected peaks are highlighted in grey to show differences.
d AE: appearance energy

The comparison of dark aging products observed between VUV SPI-MS and liquid ToF-SIMS [3,4] is summarized in Table S3. VUV SPI-MS and ToF-SIMS have different ionization methods [1,3,5] and that differences would contribute to the observed differences.


[bookmark: _Toc64847257]Table S4. List of abbreviations
	Abbrevations
	Descriptions

	SOA
	Secondary Organic Aerosol

	aqSOA
	aqueous Secondary Organic Aerosol

	SVOCs
	Semi Volatile Organic Compounds

	VUV SPI-MS
	Synchrotron based Vacuum Ultraviolet Single-Photon Ionization Mass Spectrometry 

	ToF-SIMS
	Time-of-Flight Secondary Ion Mass Spectrometry

	SALVI
	System for Analysis at the Liquid Vacuum Interface

	PDMS
	Polydimethylsiloxane

	DI water
	Deionized water

	ALS
	Advanced Light Source

	MCP
	Microchannel Plate

	PIE curve
	Photoionization Efficiency curve

	AEs
	Appearance Energies

	ESI-MS
	Electrospray Ionization Mass Spectrometry
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