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Scheme S1. Experimental flowchart of all temperature pyrolysis reactions and analysis methods. Organic aerosol generated through 
pyrolysis is labeled as “OA” with its pyrolysis temperature listed after (i.e., OA300 is the organic aerosol generated through pyrolysis at 
300 °C). The same label (e.g., OA300) is also used for the water-extracts of OA from the filters. Insoluble particles generated in the 
reactions of OA water extracts with Fe(III) are labeled as “P” with the pyrolysis temperature after (i.e., P300 are the insoluble particles 
generated through the reaction of OA300 with Fe(III)). All OA samples were analyzed with HRMS prior to reaction with iron (first 
upward arrow). Analysis methods for the reaction products were dictated by whether formed particles could be filtered out of the solution 
or not. In the case of P300 and P400, generated in OA300 + Fe(III) and OA400 + Fe(III) reactions, respectively, particles were 
sufficiently large to be separated from soluble reaction products by common filtration (pore size 0.22 μm) and were analyzed with 
HRMS. In the case of P500-800, black particles formed and were too small to be filtered. However, they could be centrifuged at 14,000 g 
for 10 minutes for imaging by TEM and SEM. In addition, dry residues of the suspensions of these particles were characterized by LDI-
ToF-MS.
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Figure S1. Absorption spectra for the water-soluble OA fractions generated through the pyrolysis of 
Canary Island Pine needles. The colors correspond to 300 °C (blue), 400 °C (pink), 500 °C (green), 
600 °C (red), 700 °C (black), and 800 °C (purple) pyrolysis temperatures. 

 

 

Figure S2. Solutions of OA500-800 extracts 10 min after addition of FeCl3. After reaction for 48 h, 
the generated particles settled to the bottom of the vials, and the supernatant was removed. The 
particles were suspended in a few mL of the solution and then dried in an oven for 24 h. These dried 
particles were then used for LDI-ToF-MS experiments. 
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Table S1. Summary of UHPLC-HRMS results from unreacted OA300-800 samples compared to the 
results for the water-insoluble products (P300 and P400) after reaction with FeCl3. Similar data could 
not be obtained for P500-800 because particles were not soluble in most solvents.  

Pyrolysis 
Temperature  Type of Sample 

Average 
Molecular 

Weight 

Average Neutral 
Molecular 
Formula 

Average O:C 

300 °C Unreacted OA 324.9 C17H20O6 0.37 ± 0.19 

 Water-insoluble 
products 486.1 C28H41O7 0.27 ± 0.16 

400 °C Unreacted OA 337.49 C17H21O7 0.43 ± 0.26 

 Water-insoluble 
products 435.50 C24H38O7 0.30 ± 0.10 

500 °C Unreacted OA 299.04 C16H19O6 0.39 ± 0.18 

 Water-insoluble 
products - - - 

600 °C Unreacted OA 320.27 C17H17O6 0.36 ± 0.14 

 Water-insoluble 
products - - - 

700 °C Unreacted OA 316.19 C17H16O5 0.28 ± 0.12 

 Water-insoluble 
products - - - 

800 °C Unreacted OA 313.02 C16H10O5 0.32 ± 0.13 

 Water-insoluble 
products - - - 
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Figure S3. Sample UHPLC-PDA-HRMS chromatograms of reaction products for 300 °C (red) and 
400°C (black) OA + Fe(III). a) PDA chromatograms of unreacted OA; b) total ion chromatograms 
(TICs) of unreacted OA; c) PDA chromatograms of water-soluble OA + Fe(III) reaction products; d) 
TICs of water-soluble OA + FeCl3 reaction products; e) PDA chromatograms of water-insoluble 
P300/400; and f) TICs of water-insolubleP300/400. P300 and P400 were filtered from the solution, 
redissolved in methanol, and rotary evaporated prior to analysis with HRMS. There is a 0.06-minute 
time delay between PDA and Orbitrap detectors. Unlabeled peaks in panel (b) can be identified using 
Table S2.  
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Figure S4. Heat maps of UHPLC-PDA chromatograms as a function of absorption wavelength for unreacted, water-soluble OA. The panels 
correspond to 300 °C (a) and 400 °C (b) data. Peaks were normalized to 5% of the largest peak intensity. Water-insoluble particles, P300 
and P400 (panels c and d, respectively), were formed in the reaction of OA + Fe(III). Peaks were normalized to 100% of the largest peak 
intensity. In (a) and (b), coniferaldehyde is responsible for the 100% relative intensity of light absorption at 9.15 min. In (c) and (d), most 
light absorption species disappear except for the remaining coniferaldehyde. 
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Figure S5. Mass spectra of OA500-800 samples run on UHPLC-PDA-HRMS prior to reaction with 
FeCl3. The X-axis corresponds to the molecular weight of the neutral compound (the m/z of 
observed ions corrected by the addition of the mass of a proton). Increasing pyrolysis temperature 
produced more water-insoluble PAH compounds. Smaller, less substituted compounds (catechol, 
benzoic acid, and guaiacol) were present at all temperatures but increasing pyrolysis temperature 
decreased the complexity of water-soluble species.  
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Figure S6. Laser desorption ionization time-of-flight mass spectrum (LDI-ToF-MS) for black water-
insoluble particles. The colors correspond to P500 (green), P600 (red), and P700 (black) that were 
formed through the reaction of FeCl3 with OA500-700. P800 was also run on LDI, however, particle 
concentration on the LDI plate was too low and the produced spectrum was noisy. Spectra were 
collected in negative ion mode with the assistance of Dr. Lisa Wingen and Dr. Ben Katz at the 
University of California, Irvine Mass Spectrometry Facility.  
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Figure S7. Representative SEM and EDS data for polycatechol particles. (a) SEM image of particles 
with the orange box indicates a blanked region scanned by EDS and the blue box indicates the sample 
region scanned by EDS. (b) EDS spectra of the blanked sample region, and (c) EDS spectra of the 
sample region.  

 

 

 

Figure S8. Representative SEM and EDS data for P600 (reaction particles) particles. (a) SEM 
particles with the orange box indicates a blanked region scanned by EDS and the blue box indicates 
the sample region scanned by EDS. (b) EDS spectra of the blanked sample region, and (c) EDS spectra 
of the sample region.  
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Table S2. List of compounds reproducibly detected by UHPLC-PDA-HRMS in negative ion mode from the pyrolysis of Canary Island 
Pine needles at 300-800 °C. The formulas of the neutral compounds were obtained by adding a proton to the ion formula, assuming that 
deprotonation was the main ionization mechanism. The normalized, relative peak abundances are designated for each temperature as 
“L” for Low (<5% peak abundance in time integrated mass spectra), “M” for Medium (6-14%), and “H” for High (15-100%). For light-
absorbing species, tentative structural assignments were confirmed using absorption spectra recorded by the PDA detector. The last 
column shows the peak numbers that correspond to the red labeled numbers in Figure 5 of the manuscript. Retention times without a 
number were also present on Figure 5 of the manuscript, but not labeled for simplicity.  

LC RT 
(min) 

Observed 
m/z 

Calculated 
m/z 

Chemical 
Formula of 

Neutral 
Species 

Tentative structures 

30
0 

°C
 

40
0 

°C
 

50
0 

°C
 

60
0 

°C
 

70
0 

°C
 

80
0 

°C
 

References 
Figure 5 

peak 
numbers 

1.46 161.0456 161.0455 C6H10O5 

Levoglucosan 

O O
OH

OH
OH

 

L L L L L L   

6.54 127.0401 127.0401 C6H8O3 

Furaneol 
O

O

OH

 

  H M     

6.71 125.0608 125.0608 C7H10O2 

Cyclohexene carboxylic 
acid 

O
OH

 

M M M M L L 1  

6.60/6.82 109.0294 109.0295 C6H6O2 
Catechol 

OH

OH

 
L M H H H H 1,2 1 

7.04 315.1085 315.1085 C14H20O8    M L     
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7.12 137.0242 137.0233 C7H6O3 

Salicylic acid 
O

OH
OH  

 L H H M M  2 

7.18 165.0558 165.0557 C9H10O3 

Veratraldehyde 
O

OO  
Acetovanillone 

O

HO

O

 

L L L M L L 1,3 3 

7.32 151.0399 151.0389 C8H8O3 
Vanillin 

OO
OH

 
  L H L L  4 

7.68 181.0508 181.0506 C9H10O4 
Homovanillic acid 

O
O

OH

HO

 

L L H M L L 1,3,4 5 

7.85/7.94 121.0294 121.0295 C7H6O2 

Benzoic acid 
O

OH
 

H H H H M M 1,3–9 6 

 283.1186 283.1187 C14H20O6   L       

8.07 173.0820 173.0819 C8H14O4  H        

8.14 307.0822 307.0823 C15H16O7  M        

8.25 119.0502 119.0502 C8H8O 

Acetophenone 
O

 

M M L L   7  
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 135.0451 135.0452 C8H8O2 

2-Methylbenzoic acid 
O

OH
 

Methyoxybenzaldehyde 

O
O

 

H H H H M M 4,5,10 8 

 163.0401 163.0401 C9H8O3 

p-Coumaric acid 
O

OH
HO  

H H H H L  1,11 7 

 167.0349 167.0350 C8H8O4 

Vanillic acid 

O
O

OH
HO  

M M H L L L 1,3,4,12 8 

 337.0927 337.0929 C16H18O8  L        

8.27 151.0401 151.0401 C8H8O3 
Vanillin (isomer) 

OO
OH

 
L M H H L L 1,3,13,14  

8.47 154.0145 154.0135 C6H5O4N 
4-Nitrocatechol 

O2N OH

OH  
L M L    15 9 

8.52 123.0452 123.0452 C7H8O2 
Guaiacol 

O

OH

 
L L M H H H 1,4,10,12 10 

 293.1030 293.1031 C15H18O6  L L L      

8.79 187.0975 187.0976 C9H16O4  M M H M L L  11 
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8.88 243.0661 243.0652 C14H12O4     L M M  12 

8.94 147.0451 147.0452 C9H8O2 

Cinnamic acid 
O

OH
 

H H M L   1 13 

9.15/9.35 137.0243 137.0244 C7H6O3 

3-hydroxybenzoic acid 
O

OH
OH  

L L H H M M 1,12 14 

 177.0557 177.0557 C10H10O3 
Coniferaldehyde 

OO
OH

 

H H M L   1,2,10,13,14 15 

  199.0975 199.0975 C10H16O4  H M M L     

9.41 209.0818 209.0819 C11H14O4 

Sinapyl alcohol 
O

OH

OHO
 

M M L L   12,16  

9.50 193.0507 193.0506 C10H10O4 

Ferulic acid 

O
O

OH
HO  

 
1,3,6,8-

Tetrahydroxynapthalene 
OH

HO OH

OH

 

  H L   14 16 
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9.76 149.0607 149.0597 C9H10O2   L M H M L  17 

10.55 121.0295 121.0295 C7H6O2 
Salicylaldehyde 

O
OH

 
 H        

10.58 185.0608 185.0597 C12H10O2      L L   

10.68 287.2226 287.2227 C16H32O4  H H L      

 329.0665 329.0666 C17H14O7  M H L     18 

10.72 229.1443 229.1445 C12H22O4  H H L      

 343.1548 343.1550 C20H24O5 

Tetrahydro-3,4-
divanillylfuran 

O

O

HO
O

HO

 

 H L    8  

 375.1446 375.1449 C20H24O7   M L    12  

 421.1502 421.1504 C21H26O9  M M       

10.82 285.0767 285.0768 C16H14O5   H       

 303.0872 303.0874 C16H16O6   M L      

 331.2123 331.2126 C17H32O6   H       
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10.97 215.1650 215.1652 C12H24O3  M M L L L L  19 

11.00 221.0816 221.0819 C12H14O4 

Diethyl phthalate 

O
O

O
O

 

H M L L   12,17  

 393.0613 393.0615 C21H14O8  M        

11.17 235.1339 235.1339 C14H20O3   M L      

12.18/12.23 243.1963 243.1965 C14H28O3  H H M L L L  20 

12.43 293.1757 293.1747 C17H26O4  M M L     21 

12.95 285.2069 285.2071 C16H30O4  H M L      

13.44 271.2275 271.2278 C16H32O3  H M L     22 

13.89 277.1445 277.1445 C16H22O4 

Dibutyl Phthalate 

O
O

O
O

 

  H    5,17 23 

14.38 249.1494 249.1496 C15H22O3  M        

14.64 299.2014 299.2016 C20H28O2  L M       

 357.2068 357.2071 C22H30O4   L       

15.35 275.1649 275.1652 C17H24O3  H M L      

15.52 335.2227 335.2227 C20H32O4  M L       
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