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Supplemental Experimental: An in-depth discussion of the development of the A-11 

ATOFMS is described elsewhere (1).  Briefly, a polonium-210 neutralizer upstream of 12 

the ATOFMS inlet is used to decrease deflection of particles with smaller vacuum 13 

aerodynamic diameters (2) (dva<200 nm) in the ionization region.  Similar to the ultrafine 14 

ATOFMS described by Su et al. (3), particles are sampled into the A-ATOFMS through 15 

an aerodynamic lens inlet (4,5), where the particles are collimated into a tight beam.  The 16 

transmission bias of the aerodynamic lens system gives maximum transmission at 17 

approximately 600 nm, with the transmission efficiency dropping sharply below 200 nm 18 

and tailing off from 600-3000 nm (1).  Individual particles then scatter light from two 19 

mutually orthogonal 532 nm continuous wave diode-pumped solid-state lasers located 6 20 

cm apart.  For each scattering event, the photomultiplier tube detectors detect a light 21 

pulse, which is then amplified and noise-filtered before being sent to a timing circuit that 22 

records the flight time required for the particle to travel the known distance between the 23 

two scattering lasers, thus providing particle velocity.  A timing circuit triggers a 266 nm 24 

pulsed Nd:YAG laser to fire when the sized particle arrives in the source region of the 25 

mass spectrometer.  During SOAR, positive and negative ions generated by the LDI 26 

process were detected in this dual-polarity time-of-flight mass spectrometer with an 27 

increased data acquisition rate of approximately 6 hit particles/second (1).   28 

 An in-depth discussion of the development of the automated TD system is 29 

described elsewhere (6).  Briefly, the heating portion of the TD consists of a 1 inch outer 30 

diameter stainless steel tube (0.0875 inch inner diameter (ID)) which is 21.8 inches long, 31 

of which 19.4 inches are wrapped by heating tape with the remainder passing through the 32 

insulation and end caps.  The denuder section of the TD is 21.0 inches long with a mesh 33 
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screen (~0.75 ID) which keeps a straight passage for the particles.  The total length of the 34 

TD is 46.1 inches with 3.3 inches of tubing between the heating tube and the denuding 35 

tube. 36 

Following the observation of intense high mass negative oligomeric ions in 37 

several single-particle mass spectra, a square-wave filter was created using the 38 

mass/charge pattern of these intense oligomeric ions; using this filter, a unique search 39 

algorithm was created and run on the unheated and heated particles from August 12th and 40 

November 2-13th.  For m/z -200 to -400, peaks within the allowed oligomer envelopes 41 

were assigned +1 with peaks falling outside this range -1; these values were multiplied by 42 

the normalized peak intensities and summed for each mass spectrum from m/z -200 to 43 

-400.  By applying a threshold of 0.2 (95% confidence, 2 standard deviations), particles 44 

containing the oligomeric species, including those with low intensity oligomers, were 45 

identified.  In this way, particles containing “random”, or non-oligomeric peaks in the 46 

high mass negative ions, were eliminated.  An adaptive resonance theory-based clustering 47 

method (ART-2a) was then used to classify single-particle mass spectra with a vigilance 48 

factor of 0.80, learning rate of 0.05, and 20 iterations (7).  By comparing the existence 49 

and intensity of ion peaks in individual single-particle mass spectra, ART-2a classifies 50 

particles into separate clusters based on their mass spectral fingerprints.  For SOAR I and 51 

II, ART-2a was run separately on each study for three groups of particles: unheated total, 52 

unheated oligomer-containing, and heated oligomer-containing; the percentage of 53 

classified particles ranged from 87-94% for each of the six particle sets.  All ART-2a 54 

clusters were viewed by hand to assign a general particle class based on the general mass 55 

spectral fingerprint and to verify a clear oligomeric pattern (for the oligomer-containing 56 
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ART-2a runs).  Particles without a clear oligomeric pattern, including elemental carbon 57 

(EC) particles, were excluded from further analysis; this corresponded to 6-30% of the 58 

particles from the oligomer-filter results that had been classified by ART-2a.  General 59 

particle classes are defined by the most dominant chemical species or possible source in 60 

an attempt to keep the naming scheme simplified; these classes do not necessarily reflect 61 

all of the species present within a particular particle type.  62 

 63 

Supplemental Results & Discussion: 64 

OC, amine-rich, V-rich, and EC-OC particle classes were found to contain 65 

oligomeric species.  The amine-rich particle class was dominated by m/z 86 66 

((C2H5)2N=CH2
+); particle phase amines are formed through photooxidation and gas-67 

particle partitioning (8).  V-rich particles, attributed to ship and automobile emissions, 68 

were characterized by high intensity ions at m/z 51 (V+) and 67 (VO+) with less intense 69 

OC and amine ion peaks; these particles are (9).  EC-OC particles were dominated by m/z 70 

12 (C+), 24 (C2
+), and 36 (C3

+) with less intense OC and amine ion peaks.   71 

Particle types observed by ATOFMS during SOAR I and/or II that did not contain 72 

oligomeric species include biomass, V-rich, elemental carbon (EC), calcium-EC, 73 

ammonium-rich, metals (for example, lead-rich), and inorganic (for example, sodium-74 

rich, calcium-rich, iron-rich), particle types typically associated with primary aerosols 75 

(10).  Biomass particles are dominated by m/z 39 (K+) with less intense carbonaceous 76 

positive ions, such as m/z 27 (C2H3
+/CHN+), 36 (C3

+), and 37 (C3H+); during SOAR, the 77 

negative ions were dominated by m/z -62 (NO3
-), -97 (HSO4

-), and -125 (H(NO3)2
-) 78 

(11,12).  In the fall, the V-rich particles have less intense OC and amine ion peaks 79 
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compared to the summer V-rich particles, indicating less gas-particle partitioning of 80 

SOA, which could account for the lack of oligomers in these particles in the fall.  The EC 81 

particles, typically attributed to vehicle emissions, are characterized by intense carbon 82 

cluster positive and negative ions from C+/- to Cn
+/- with less intense nitrate (m/z -62 83 

(NO3
-)) and sulfate/phosphate (m/z -97 (HSO4

-/H2PO4
-)) markers (13-16).  The mass 84 

spectra of the calcium-EC particles are similar to the EC particles with the exception of 85 

an intense m/z 40 (Ca+) peak than suppresses the positive carbonaceous ions (17).  The 86 

ammonium-rich positive mass spectra are dominated by m/z 18 (NH4
+) and 30 (NO+) 87 

with less intense OC and amine ions; the negative ions are characterized by intense 88 

nitrate markers: m/z -62 (NO3
-), -125 (H(NO3)2

-), and -188 ((H2(NO3)3
-) (15,18,19).  The 89 

metals particle type is characterized by particles containing intense ion peaks from metals 90 

such as lead (m/z 206-208 (Pb+)) or zinc (m/z 64, 66, 68 (Zn+)) (20).  Finally, the 91 

inorganic particle type is characterized by mass spectra with intense peaks due to sodium 92 

(m/z 23 (Na+)), calcium (m/z 40 (Ca+)), and/or iron (m/z 54, 56 (Fe+); these spectra are 93 

mostly likely from sea-salt and dust particles (14,21). 94 

To examine the loss of semivolatile species with heating, the summer unheated 95 

oligomer-containing average mass spectra was compared to the 200°C heated oligomer-96 

containing average mass spectra for the summer measurements.  In particular, the 97 

intensities of ammonium (m/z 18(NH4
+)), amines (m/z 58 (C2H5NH=CH2

+), 86 98 

((C2H5)2N=CH2
+), 102 ((C2H5)3NH+), 118 (C2H5)3NOH+)), nitrate (m/z 30 99 

(NO+/CH2=NH2
+), -46 (NO2

-), -62 (NO3
-), -125 (H(NO3)2

-)), and unidentified OC 100 

markers (m/z 116, 117) were observed to decreased with heating.  For the summer 101 

oligomer-containing particles, Figure S7a shows the decrease in average peak area of 102 
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nitrate with increasing temperature, as well as the increase in sulfate intensity with 103 

increasing temperature.  In the fall, nitrate peak area also decreases with heating for the 104 

oligomer-containing particles (Figure S7b).  Due to the loss of nitrate, more electrons are 105 

available in the LDI plume to attach to the sulfate and form ions, leading to the increase 106 

in sulfate intensity.   107 
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 178 

Figure S1.  Relative contributions of different particle types during the summer for a) all 179 

unheated particles and b) unheated oligomer-containing particles.  Particles not 180 

containing the oligomeric pattern are not included in part b); thus, no “unclassified” 181 

particles are shown. 182 
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Figure S2. Average positive and negative mass spectra of the four oligomer-containing 184 

summer unheated particle types: a) OC, b) amine-rich, c) V-rich, and d) EC-OC.   185 

 186 
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Figure S3. Correlation between oligomer intensity (m/z -200 to -400) and sulfate 188 

intensity (m/z -97) for the summer unheated oligomer-containing particles.  189 
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 190 

Supplementary Figure S4. Average positive and negative mass spectra of the four 191 

oligomer-containing fall unheated particle types: a) EC-OC, b) amine-rich, c) OC, and d) 192 

nitrate-sulfate, which contain only negative ions due to instrumental issues. 193 
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Figure S5. Relative contributions of different particle types during the fall for a) all 195 

unheated particles and b) unheated oligomer-containing particles.  Particles not 196 

containing the oligomeric pattern are not included in part b); thus, no “unclassified” 197 

particles are shown. 198 
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 199 

Figure S6. OC/EC ion ratios and average peak areas of m/z 18 (NH4
+), -62 (NO3

-), and 200 

-97 (HSO4
-) versus vacuum aerodynamic diameter (nm) for the a) summer and b) fall 201 

unheated oligomer-containing particles.  The OC/EC ion ratio, calculated using the 202 

method by Spencer et al. (22), is relatively constant versus particle diameter (dva), 203 

showing that these oligomer-containing particles possess relatively similar amounts of 204 

OC with respect to EC; when all particles, including those not containing oligomers, were 205 



      S15

considered in considered in the calculation of the OC/EC ion ratio, the OC/EC ion ratio 206 

decreased for particles less than 200 nm in diameter, as shown by Spencer et al. (22). 207 
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Figure S7. OC/EC ion ratios and average peak areas of m/z 18 (NH4
+), -62 (NO3

-), and 210 

-97 (HSO4
-) versus TD temperature for the a) summer and b) fall oligomer-containing 211 

particles. 212 


