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Hydration of Dicarbonyls 

 This section describes our approach to account for hydration equilibria in dicarbonyl 
compounds. Consider an unhydrated and unsymmetrical dicarbonyl with carbonyl groups 
indentified by the letters “A” and “B” (Scheme S1).  In the aqueous phase, hydration can 
reversibly replace carbonyl “A” with a gem-diol group forming species 1A (equilibrium constant 
for the hydration process, Khyd = K1A) and/or carbonyl “B” with a gem-diol group forming 
species 1B (Khyd = K1B).  A certain fraction of the mixture may be double hydrated, with both 
carbonyl groups converted in the gem-diol form. The corresponding equilibrium constants, K2A 
and K2B are identified in scheme S1. 
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  Scheme S1:  Hydration of a generic dicarbonyl 

The molar fraction that is unhydrated, αun, fully-hydrated, αfh, and partially-hydrated, αph, can be 
derived from the equilibrium equations (all activity coefficients are set to unity): 

𝛼𝑢ℎ = (1 + 𝐾1𝐴 + 𝐾1𝐵 + 𝐾1𝐵𝐾2𝐵)−1        (1) 

𝛼𝑓ℎ = �(𝐾1𝐵𝐾2𝐵)−1 + 𝐾2𝐴−1 + 𝐾2𝐵−1 + 1�−1      (2) 

𝛼𝑝ℎ = 1 − �𝛼𝑢ℎ + 𝛼𝑓ℎ�         (3) 
 
Because the gem-diol form is lacking the π*←n transition associated with the carbonyl group, it 
is appropriate to assume that the rates of photolysis of the singly hydrated dicarbonyl species are 
approximately one-half of the rate of photolysis of the unhydrated form, resulting in the 
following expression for Z: 
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This assumption will not hold for compounds that carry carbonyl groups on the adjacent carbon 
atoms and for carbonyl groups that are part of a conjugated system. 

Extinction Coefficients of Aqueous D-Glyceraldehyde and Dihydroxyacetone  
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Figure S1:  Molar extinction coefficients for D-glyceraldehyde (solid curve) and 
dihydroxyacetone (dashed curve) at 25oC.   

 

Figure S2:  D-glyceraldehyde absorbance as a function of concentration of the free form  

Figure S1 shows the molar extinction coefficients for D-glyceraldehyde (solid curve) and 
dihydroxyacetone (dashed curve) at 25oC that were measured in this work.   A Beer-Lambert plot 
of the measurements is shown in Figure S2.  Tabulated extinction coefficients are attached in a 
Microsoft Excel supporting information file.  Both glyceraldehyde and dihydroxyacetone exhibit 
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a well defined π*←n band that overlaps the solar flux.  The π*←n band in D-glyceraldehyde is 
considerably lower in intensity compared to that in dihydroxyacetone because the former is 
much more prone to hydration than the latter.  Specifically, the observed extinction coefficient is 
reduced relative to the extinction coefficient of the unhydrated form of the molecule:  

1
unhydrated

observed
hydK

ε
ε =

+
          (5) 

For D-glyceraldehyde, this reduction is substantial as 1+Khyd = 18.3 (Glushonok et al., 1986), 
much smaller than the corresponding value for dihydroxyacetone, 1+Khyd = 1.77 (Glushonok et 
al., 2003;Davis, 1973). 

 

FTIR Spectrum of Gaseous Photolysis Products 

Photolysis of aqueous D-Glyceraldehyde produced gas bubbles that formed on the walls of the 
photolysis cell. The gases produced during photolysis of aqueous D-Glyceraldehyde at 25oC 
were captured and analyzed with a Fourier Transform Infrared (FTIR) spectrometer (Mattson 
Galaxy Series 5000).  A diagram illustrating the FTIR cell is presented in Figure S3.   

 

Figure S3:  Apparatus used to capture and analyze the gases evolved from photolysis of 
glyceraldehyde 

The FTIR spectrum shown in Figure S4 indicates the presence of carbon monoxide.  Carbon 
monoxide is an expected product of the direct photolysis of D-Glyceraldehyde.  We have not 
attempted to quantify the yields of this product.  The FTIR spectrum also indicates the presence 
of carbon dioxide, a potential product of secondary photolysis.  However, we cannot conclude 
that the carbon dioxide evolved from the photolysis due to the potential presence of CO2 from 
the ambient air. 
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Figure S4:  FTIR spectrum of the products of aqueous D-glyceraldehyde photolysis at 25oC.  The 
band centered at 2143 cm-1 belongs to carbon monoxide, and the band centered at 2349 cm-1 is 

the asymmetric stretch of CO2.  

 

Monitoring the Photolysis of Glyceraldehyde Using a UV-Vis Spectrometer 

We took UV-Vis spectra measurements during photolysis of 0.1 M aqueous glyceraldehyde 
solutions at various photolysis times.  Figure S5 shows how the absorption of an aqueous 
glyceraldehyde solution changes when exposed to UV light at 25oC. 

 

Figure S5:  Absorption of glyceraldehyde photolysis solution as a function of time at 25oC 
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Upon photolysis, the π*←n band undergoes a simultaneous hypsochromic and hypochromic 
shift.  We believe that the band growing at 250 nm belongs to a minor but strongly absorbing 
photolysis product (which we could not identify). 

Monitoring the Photolysis of D-Glyceraldehyde with ESI-MS 

We calibrated the ESI-MS technique for determining glyceraldehyde solution concentration 
before each photolysis experiment.  Several glyceraldehyde solutions of varying concentrations 
were derivatized with Girard Reagent T (GT) and analyzed with an ESI-MS.  
Tetraethylammonium chloride was added to the GT solution to act as an internal standard.  
Figure S6 illustrates a typical calibration curve determined with this method.  The calibration is 
approximately linear. 

 

Figure S6:  Results of a calibration experiment relating the concentration of glyceraldehyde and 
the peak intensity of the derivatized glyceraldehyde adduct.  The calibrated mass spec (MS) 

intensity is the response of the glyceraldehyde-GT complex scaled by the response of 
tetraethylammonium chloride. 

During a photolysis experiment, small aliquots of the glyceraldehyde solution were diluted with 
the GT/tetraethylammonium chloride solution and allowed to react overnight, forming the GT-
glyceraldehyde adduct.  The MS intensity—the response of the glyceraldehyde-GT complex 
scaled by the response of tetraethylammonium chloride—was scaled by the initial MS intensity 
and plotted in Figure S7.    
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Figure S7:  Semi-quantitative measurements of glyceraldehyde concentration as a function of 
photolysis time at 25oC for three separate experiments.   

The observed scatter is due to the difficulties in quantifying the derivatized product with ESI-
MS.  The experiment indicated with the blue asterisks has an extreme outlier at 2300 s.  However 
this outlier does not significantly affect the slope of the fitted line as it is close to the center of 
the x-axis.  The slope of the fitted line, along with the known flux from the UV lamp obtained 
from actinometer measurements, were used to approximate the quantum yield of photolysis.   

ESI-MS measurements were also used to identify potential photolysis products.  Figure S8 shows 
an ESI-MS difference spectrum.  Positive peak heights indicate that a product was formed while 
negative peak heights indicate the consumption of a reactant.    
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Figure S8:  ESI-MS difference spectrum showing the formation of products and the 
disappearance of reactants from a typical glyceraldehyde photolysis experiment 

Peak m/z was calibrated with a two point calibration using tetraethylammonium chloride (exact 
mass 130.1590 g mol-1) and the glyceraldehyde+GT adduct (204.1343 g mol-1).  Free GT 
molecules dissociated from Cl- appear at 132.1124 (exact mass 132.1131 g mol-1).  The product 
appearing at 158.1281 is likely the ethanal+GT adduct (158.1392 g mol-1) while the product 
appearing at 174.123 is likely the glycolaldehyde+GT adduct (174.1269 g mol-1).  No other 
possible products appear in each mass range after considering the resolution of the instrument.  
To further confirm the presence of these products, we spiked several solutions with both ethanal 
and glycolaldehyde.  A single peak for each adduct remained.  Several other contaminants were 
consumed and products were formed.  However, we were unable to unambiguously assign 
molecules to these species.    

Reproductions of Figure 6 Under Different Atmospheric Conditions 

To test how atmospheric conditions affect the identification of products that may have significant 
aqueous photolysis rates, two reproductions of figure 6 under varying atmospheric conditions are 
presented in Figures S9 and S10.  Figure S9 illustrates how solar zenith angle affects the 
significance of aqueous photolysis.   
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Figure S9:  Reproduction of Figure 6 in manuscript with a solar zenith angle of zero 
degrees.  Aqueous hydroxyl radical concentration is 10-13 M, T = 25oC, and LWC = 0.5 g m-3. 

Decreasing the solar zenith angle to its maximum value of zero degrees slightly decreases the Q 
value for every compound because the maximum rate of aqueous photolysis increases due to 
increased overlap between the actinic flux and the molar extinction coefficient.  However, this 
decrease in SZA does not affect the conclusions of our analysis.  Aqueous photolysis may be 
important for only three of the compounds studied in the plot:  pyruvic acid, 3-oxobutanoic acid, 
and 3-oxopropanoic acid.  The effects of decreasing the aqueous hydroxyl radical concentration 
to a level more commonly seen at night are illustrated in Figure S10. 
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Figure S10:  Reproduction of Figure 6 in the manuscript with an aqueous hydroxyl radical 
concentration of 10-14 M.  Solar zenith angle is 20o, T = 25oC, and LWC = 0.5 g m-3. 

As in Figure S9, decreasing the aqueous OH concentration decreases the value of Q for all 
compounds.  Two additional compounds enter the region where aqueous photolysis may be 
significant:  3-oxopentanoic acid and 3-oxohexanoic acid.  However, situations where aqueous 
OH concentrations are 10-14 M with sunlight at a SZA of 20o are likely uncommon.  The 
literature values used to generate these plots are presented below. 

 

Literature Values for εmax and λmax 

Table S1:  εmax and λmax values used to generate Figures 6, S9, and S10.  The upper row indicates 
the number of carbons in a molecule with a functionality specified by the first column.  Bold 
values were obtained from the literature with the corresponding references in Table S2.  For 
compounds without published data, an upper estimate was used based on the properties of 

molecules with similar functionalities. 

  2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Aldehyde 
εmax 8.1 13.1 13.5 15 15 15 15 15 15 15 15 15 15 15 

λmax 277.5 277.5 282.5 282.5 282.5 282.5 282.5 282.5 282.5 282.5 282.5 282.5 282.5 282.5 

Ketone 
εmax  17.6 17.9 24 21.2 25 25 25 25 25 25 25 25 25 

λmax  270 277.5 271 279 280 280 280 280 280 280 280 280 280 

Dialdehyde 
εmax 5.8 8 8 7.9 8 8 8 8 8 8 8 8 8 8 

λmax 267.5 282 282 282 282 282 282 282 282 282 282 282 282 282 
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Keto-
aldehyde 

εmax  16 13 20 20 20 20 20 20 20 20 20 20 20 

λmax  284 280 285 285 285 285 285 285 285 285 285 285 285 

Diketone 
εmax   26.5 25 25 25 25 25 25 25 25 25 25 25 

λmax   284 285 264 285 285 285 285 285 285 285 285 285 

Hydroxy-
ketone 

εmax  20 20 20 20 20 20 20 20 20 20 20 20 20 

λmax  267 270.5 280 280 280 280 280 280 280 280 280 280 280 

Acid-
aldehyde 

εmax 25 25 25 25 25 25 25 25 25 25 25 25 25 25 

λmax 285 285 285 285 285 285 285 285 285 285 285 285 285 285 

Hydroxy-
aldehyde 

εmax 25 25 25 25 25 25 25 25 25 25 25 25 25 25 

λmax 277 285 285 285 285 285 285 285 285 285 285 285 285 285 

Ketoacid 
εmax  19.5 25 25.1 25 25 25 25 25 25 25 25 25 25 

λmax  317.5 317.5 270 285 285 285 285 285 285 285 285 285 285 

 

Table S2:  References for εmax and λmax values used to generate Figures 6, S9, and S10.  The 
upper row indicates the number of carbons in a molecule with a functionality specified in the 
first column.  “E” indicates that an upper estimate was used.  Ref 1 (Mackinney and Temmer, 

1948); Ref 2 (Xu et al., 1993); Ref 3 (Rice, 1920); Ref 4 (Malik and Joens, 2000); Ref 5 
(Schutze and Herrmann, 2004); Ref 6 (Martinez et al., 1975); Ref 7(Gubina et al., 2004); Ref 8 

(Steenken et al., 1975); Ref 9 (Maroni, 1957); Ref 10 (Beeby et al., 1987)  

 

Table S3:  Corresponding gas and aqueous phase references for Table 1 in manuscript. 
 Gaseous Reference Aqueous 

Reference 
Acetone (Horowitz et al., 2001) (Xu et al., 1993) 
Levulinic acid - (Mackinney and 

Temmer, 1948) 
2-oxopropanal (Chen et al., 2000) (Schutze and 

Herrmann, 2004) 
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3-oxobutanal (Vavilova et al., 1981) (Martinez et al., 
1975) 

2,3-butanedione (Horowitz et al., 2001) (Schutze and 
Herrmann, 2004) 

Pyruvic acid (Horowitz et al., 2001) (Mackinney and 
Temmer, 1948) 

Glyceraldehyde - This work 
 

Computational Analysis of Additional Atmospherically Relevant Compounds  

We chose four additional compounds to study that were identified in d-limonene (Fang et al., 
2012) and isoprene (Jaoui et al., 2006) SOA.  The computational methods and results are detailed 
in the text.  Table S4 contains the calculated εmax and λmax values.  With these calculated values 
and structure activity relationships to describe hydration equilibrium, aqueous OH rate constants, 
and Henry’s Law constants, we determined the branching ratios Q and Z.  These branching ratios 
are presented graphically in Figure S11.   

Table S4:  Calculated εmax and λmax values for compounds found in d-limonene and Isoprene 
SOA.  Both 3,6-oxoheptanoic acid and ketolimonaldehyde have two peaks on their calculated 
spectra. 

 Reference εmax [M-1 cm-1] λmax [nm] 

4-hydroxy-3-methyl-but-2-enal (Fang et al., 2012) 276 493.4 

3,6-oxoheptanoic acid (Jaoui et al., 2006) 277/304 221.3/8.9 

ketolimononaldehyde (Jaoui et al., 2006) 280/299 166.6/161.2 

ketonorlimonic acid (Jaoui et al., 2006) 275 99.2 
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Figure S11:  Q and Z analysis of compounds presented in Table S4.  Aqueous hydroxyl radical 
concentration is 10-13 M, T = 25oC, SZA = 20o, and LWC = 0.5 g m-3. 

Molecular Dynamics Simulation Molar Extinction Plots 

 

Figure S12:  Calculated MD extinction coefficients for gaseous (green) and aqueous (black) 
levulinic acid. 
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Figure S13:  Calculated MD extinction coefficients for gaseous (green) and aqueous (black) 2-
oxopropanal. 

 

 

Figure S14:  Calculated MD extinction coefficients for gaseous (green) and aqueous (black) 3-
oxobutanal. 
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Figure S15:  Calculated MD extinction coefficients for gaseous (green) and aqueous (black) 2,3-
butanedione. 

 

Figure S16:  Calculated MD extinction coefficients for gaseous (green) and aqueous (black) 
pyruvic acid. 
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Figure S17:  Calculated MD extinction coefficients for gaseous (green) and aqueous (black) 
glyceraldehyde. 

 

 

 

Figure S18:  Calculated MD extinction coefficients for gaseous (green) and aqueous (black) 4-
hydroxy-3-methyl-but-2-enal. 
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Figure S19:  Calculated MD extinction coefficients for gaseous (green) and aqueous (black) 3,6-
oxoheptanoic acid. 

 

 

Figure S20:  Calculated MD extinction coefficients for gaseous (green) and aqueous (black) 
ketolimononaldehyde. 
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Figure S21:  Calculated MD extinction coefficients for gaseous (green) and aqueous (black) 
ketonorlimonic acid. 
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Table S5:  Measured extinction coefficients of glyceraldehyde.
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Table S5:  Measured extinction coefficients of glyceraldehyde (continued).
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Table S5:  Measured extinction coefficients of glyceraldehyde (continued).
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Table S6:  Measured extinction coefficients of dihydroxyacetone.
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Table S6:  Measured extinction coefficients of dihydroxyacetone (continued) 
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