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1.  Polydisperse particle size distributions of glutaric acid particles and malonic acid-coated 1 

glutaric acid particles. 2 

 3 

  4 

 5 

Figure S1.  Polydisperse size distributions of glutaric acid particles with coatings generated from 6 

malonic acid in the reservoir heated to 22°C, 92°C, and 105°C, respectively. Total number 7 

concentrations are 1.1106 cm-3 in all cases. 8 
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2.  Typical mass spectra collected in droplet mode EASI-MS. 22 

 23 

  24 

 25 

Figure S2. EASI-MS spectra collected in the droplet mode of MA-coated polydisperse GA 26 

particles as a function of coating reservoir temperature. The GA peak (m/z 131, [GA-H]) is 27 

relatively constant with increasing MA temperature, while the MA peak (m/z 103, [MA-H]) 28 

increases. Spectra are averaged over 1 – 2 minutes and have had solvent subtracted (also 29 

averaged over 1 – 2 minutes). Particle flow was sent through a charcoal denuder to remove vapor 30 

phase MA. FA = formic acid present in the solvent. NO3
 (m/z 62) is a common fragment in 31 

ambient negative ion mode spectra.1 32 

 33 

The cluster of peaks at m/z 133, 135, 137, and 139 is from CuCl2 impurities traced to 34 

chloride in the formic acid and copper in the laboratory air, possibly from the building air 35 

handling lines,2 which are difficult to remove with solvent subtractions. The relative peak 36 

intensities from the isotopes 63Cu35Cl2 (m/z 133), 65Cu35Cl2 and 63Cu35Cl37Cl (m/z 135), 63Cu37Cl2 37 

and 65Cu35Cl37Cl (m/z 137), and 65Cu37Cl2 (m/z 139) confirm the assignment. 38 
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 39 

3.  Suppression of carboxylic acids in solution. 40 

The MA/GA ratios from the bulk analysis of both analytes in the nebulizer solution at the 41 

highest coating reservoir temperature were higher than those from the droplet mode, by 35-70%, 42 

as shown in Fig. 6b (main text). This is due to the suppression of the GA signal by the stronger 43 

acid, MA, an effect that has been observed in negative ion mode ESI-MS of carboxylic acid 44 

solutions containing more than one acid.3 Ion suppression was investigated in separate 45 

experiments in which equimolar solutions of MA and GA were analyzed with EASI-MS. The 46 

peak height of GA was smaller than that of MA by a factor of 1.8 – 1.9 in solutions of equimolar 47 

MA and GA at concentrations ranging from 1.7 – 17 M. Figure S3 shows a droplet mode EASI-48 

MS spectrum of equimolar 17 M MA and GA in which the GA peak (m/z 131, [GA-H]) is a 49 

factor of 1.9 lower than would be expected if the two acids had similar ionization efficiencies 50 

(see Fig. S4). Similar levels of suppression were observed for 8.5 M and 1.7 M equimolar 51 

solutions of MA and GA. However, solutions in which GA was in excess of MA by ~8:1 (17 M 52 

GA, 2 M MA) did not exhibit suppression of GA. 53 

 54 

 55 
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 56 

Figure S3. EASI-MS spectra collected in the droplet mode of an equimolar solution of 17 M 57 

MA and GA. GA is suppressed by a factor of 1.9 in solution. 58 

 59 

 In comparison, Figure S4 shows two spectra obtained separately of 1.05 mM malonic 60 

acid and 0.96 mM glutaric acid by nebulizing each solution in droplet mode. The two diacids 61 

were detected with approximately equal intensities in the mass spectrometer, indicating they 62 

have similar ionization efficiencies. Peaks were also observed for dimers at the higher 63 

concentrations used in Fig. S4, m/z 207 (2MA-H) and m/z 263 (2GA-H). 64 
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 66 

Figure S4. Droplet mode EASI-MS spectra collected for separate solutions of 1.05 mM MA 67 

(red) and 0.96 mM GA (blue). Each diacid, MA (m/z 103) and GA (m/z 131), has approximately 68 

the same peak height and thus similar ionization efficiencies. 69 

 70 

Additional experiments were carried out with separate flows of dry, polydisperse MA and 71 

GA particles intersecting the nebulizer in droplet mode. Introduction of GA particles alone 72 

followed by GA particles and MA particles from separate streams did not result in ion 73 

suppression and similar intensities were observed for GA particles as MA particles were 74 

introduced. Figure S5 confirms that signal suppression is observed only for solutions inside the 75 

EASI nebulizer and does not affect solid particle analysis.  76 
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 82 

 83 

 84 

 85 

 86 

 87 

  88 

Figure S5. Droplet mode EASI-MS peak heights of GA (grey) and MA (red) in which a GA 89 

particle stream was analyzed (GA particles), then an MA particle stream was introduced (GA 90 

and MA particles), and finally the MA particle stream was removed (GA particles). Peak 91 

intensities show that the introduction of MA particles separately does not cause suppression of 92 

the GA particle signal. Error bars represent typical 2s uncertainties. 93 

 94 

4.  Measurement and evaporation of coated monodisperse particles. 95 

Measurements of monodisperse glutaric acid (GA) particles by SMPS exhibited 96 

unexpectedly low particle diameters than selected using DMA-1. For example, in Figure S6, size 97 

selection of 250 nm GA particles was performed with DMA-1 and measured with SMPS, 98 

resulting in a measured mode diameter of 217 nm (black trace). This diameter is 13% lower than 99 

expected and is not within the uncertainty established through diameter calibrations with CMLs 100 

(see main text). Measured diameters of GA particles were consistently smaller than those 101 

selected by setting the appropriate voltage on DMA-1, with larger deviations for smaller 102 

particles. For example, size-selected 100 nm GA particles were observed to have a mode of 62 103 

nm (see main text and section 6 below). However, SMPS-measured diameters of size-selected 104 
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succinic acid (SA), adipic acid (AA) and pimelic acid (PA) particles, shown in Figure S6, were 105 

within the uncertainty of the CML calibrations performed on DMA-1 and the SMPS. This is 106 

consistent with evaporative loss for GA since succinic, adipic, and pimelic acids each have lower 107 

vapor pressures than glutaric acid.4,5 108 

  109 

Figure S6. SMPS-measured size distributions of size-selected 250 nm uncoated succinic acid 110 

(purple), adipic acid (blue), and pimelic acid (green) particles. The mode of each is observed at 111 

241 nm and is within the uncertainty of SMPS-2 measured with CMLs.6 Also shown is an 112 

SMPS-measured size distribution of size-selected 250 nm uncoated glutaric acid (black), with a 113 

measured mode of 217 nm, which is outside the uncertainty of SMPS-2. 114 

 115 

Selected measurements were carried out with an aerodynamic aerosol classifier (AAC, 116 

Cambustion, Ltd., Cambridge, UK).7-9 The AAC measures aerodynamic diameter, da, based on 117 

particle trajectory under centrifugal forces toward an outer cylinder as sheath air carries them 118 

along a rotating inner cylinder. The aerodynamic diameter, da, is related to the mobility diameter, 119 

dm, via Eqn. (1), assuming the particles are spherical:10 120 
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 122 

           (1) 123 

 124 

where Cc(dm) and Cc(da) are the Cunningham slip correction factors for the mobility diameter 125 

and corresponding aerodynamic diameter, eff is the effective density of the particle material, and 126 

0 is unit density, 1 g cm-3. The Cunningham slip correction factor is a function of diameter, d, 127 

and becomes significant below 1 m.10 Values of Cc in the range 100 nm < d < 1000 nm are 128 

given by Eqn. (2): 129 

 130 

           (2) 131 

 132 

where  is the mean free path of air. Since Cc must be determined for both diameters, the 133 

calculation of one diameter without knowledge of the other is iterative. 134 

The AAC was used with the CPC (TSI, model 3776) to measure size distributions of 135 

glutaric acid particles that were size selected with DMA-1. Particles selected to have an electrical 136 

mobility diameter of 250 nm in DMA-1 were measured to have an aerodynamic diameter of 298 137 

nm, corresponding to an electrical mobility diameter of 239 nm (Fig. S7, blue trace), which is 138 

only 4% lower than the selected diameter and indicates that less evaporation occurred in the 139 

AAC+CPC measurement. The residence time in the AAC at sheath air flows of 2.0 – 2.4 L min-1 140 

is 2.9 – 3.5 seconds, while in SMPS at its sheath flow rate of 3 L min-1 is 7.5 seconds. AAC has a 141 

shorter residence time by a factor of 2, consistent with the observation of less evaporation. 142 

𝑑𝑎 = 𝑑𝑚 [
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Evaporation of diacids has been observed in other studies as well.11-15 Particles size-selected in 143 

DMA-1 to have a 100 nm diameter were not detected with the AAC+CPC, likely due to severe 144 

evaporation combined with particle loss in the AAC, which becomes significant below 100 nm. 145 

 146 

 147 

  148 

Figure S7. Particle size distributions measured for uncoated glutaric acid particles. Black: 312 149 

nm da, corresponding to 250 nm dm using Eqn. (1), selected with the AAC and measured with 150 

SMPS-2. This gave a measured electrical mobility diameter of 217 nm. Blue: 250 nm dm selected 151 

with DMA-1 and measured with the AAC+CPC resulted in a da of 298 nm, with a corresponding 152 

dm of 239 nm. 153 

 154 

The AAC was also used alone to size-select particles. In this case size distributions were 155 

measured with SMPS. Particles were selected with the AAC to have an electrical mobility of 250 156 

nm, by selecting an aerodynamic diameter of 312 nm on the AAC, and were then measured with 157 

SMPS. This resulted in GA mode diameters with an electrical mobility diameter of 209 – 217 158 

nm, consistent with evaporation occurring in the DMA and a slightly longer sampling line used 159 

to connect the two instruments for these separate experiments. 160 

2.0x10
5

1.5

1.0

0.5

0.0

d
N

/d
lo

g
D

m
 (

c
m

-3
)

2 3 4 5 6 7 8

100
2 3 4 5 6

Dm (nm)

6x10
5

5

4

3

2

1

0

d
N

/d
lo

g
D

m
 (c

m
-3)

239 nm

217 nm



11 
 

During experiments in which GA particles were coated with malonic acid, the diameter 161 

of the uncoated GA was typically 217 nm or 225 nm. These two diameters are one bin apart in 162 

the SMPS in this diameter region, and since SMPS reports midpoint diameters, these data 163 

suggest that the true mode diameter is near the endpoint of one bin, i.e. 220 – 221 nm. An 164 

example of the reproducibility of uncoated and coated particle diameters is shown in Figure S8, 165 

in which particle size distributions were collected while heating the MA to coat monodisperse 166 

GA particles and also while cooling MA to decrease the coating and return to bare GA particles. 167 

 168 

   169 

Figure S8. Mobility mode diameter as a function of MA reservoir temperature used to coat 170 

monodisperse 250 nm GA particles size-selected with DMA-1 and measured by SMPS. Red 171 

circles indicate that MA temperature was being increased to generate a thicker coating of MA on 172 

the GA particles. Blue circles indicate MA temperature decreasing. The error bar represents the 173 

1s uncertainty based on replicate measurements of uncoated particles. The uncertainty in the 174 

temperature is approximately the width of the markers. 175 
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 A coating experiment was also carried out in which the size distributions of 177 

monodisperse GA particles were measured with the AAC+CPC as a function of MA coating 178 
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mobility diameter of 250 nm before flowing through the coating assembly containing MA. 180 

Aerodynamic diameter size distributions were measured by the AAC+CPC and converted to 181 

mobility diameters using Eqn. (1) – (2). These mobility diameters are shown in Figure S9 as a 182 

function of MA coating reservoir temperature using the density of pure GA (dGA = 1.42 g cm-3) 183 

in Eqn. (1) (black points). As discussed in the main text, aerodynamic diameter changes with 184 

particle density. Thus, the density of coated GA particles will slightly increase as the MA coating 185 

(dMA = 1.6 g cm-3) becomes thicker. Based on the volume of 239 nm diameter GA particles 186 

coated with a 27 nm-thick shell of MA (from SMPS), the volumes of MA and GA in the 187 

particles are approximately 1:1. Using this ratio to calculate a volume-weighted density for the 188 

thickest coated particles gives a density of 1.5 g cm-3. Similar calculations were carried out at 189 

lower temperatures with thinner detected coatings. Densities were chosen iteratively to match the 190 

coating thicknesses at each temperature with the AAC+CPC. These mobility diameters corrected 191 

for density are shown in Fig. S9 (red points). Because the densities of MA and GA are similar, 192 

the correction is only ~6%. The maximum coating thickness of 33 – 35 nm measured with the 193 

AAC+CPC including density corrections is in good agreement with that measured by SMPS, 27 194 

nm, given that the AAC+CPC measurement exhibits less evaporation of GA particles. If the 195 

assumption is made that the particle density reaches the density of MA, the maximum coating 196 

thickness is calculated to be 30 nm. Thus, the coating thickness as measured by AAC+CPC is 197 

not significantly dependent on particle density for this system. 198 

 199 

 200 

 201 
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 208 

 209 

 210 

 211 

Figure S9. Mobility mode diameters as a function of MA temperature used to coat monodisperse 212 

250 nm GA particles size-selected with DMA-1 and measured with the AAC+CPC. Eqn. (1) and 213 

(2) were used to convert the measured aerodynamic diameters to electrical mobility diameters 214 

using the density of pure GA (black) or the volume-weighted density of MA-coated GA particles 215 

(red). The error bar represents the 1s uncertainty of replicate measurements of uncoated particles 216 

by the AAC. 217 

 218 

 219 

5.  Blank experiment with uncoated monodisperse GA particles. 220 

Figure S10 shows data from an experiment in which the coating reservoir was empty to 221 

check for particle growth and evaporation during heating of the reservoir. Particles were size 222 

selected at 250 nm with DMA-1 and flowed through the empty coating reservoir. As the 223 

temperature of the empty coater increased, the orthogonal EASI-MS intensity of the uncoated 224 

GA particles did not decrease (Fig. S10a) and the particle diameters remained constant at 217 nm 225 

Fig. S10b). These data indicate that particles did not further evaporate, decompose, or aggregate 226 

when the heated air stream combined with the particles. MA/GA ratios were <0.06 throughout 227 
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the experiment. Similar results were observed for blank experiments with polydisperse GA 228 

particles. 229 

 230 

 231 

 232 

 233 

 234 

 235 

 236 

 237 

 238 

 239 

 240 

Figure S10. Blank experiment in which monodisperse GA particles (size-selected at 250 nm by 241 

DMA-1) were analyzed by EASI-MS while the coating reservoir was empty. (a) Signal 242 

intensities from orthogonal mode EASI-MS spectra of 220 nm GA particles (black) and MA 243 

(red) as a function of empty coater temperature. MRM intensities were averaged over 244 

approximately one minute. Error bars represent 1s uncertainties in replicate measurements. (b) 245 

Size distributions of monodisperse GA particles measured by SMPS as a function of temperature 246 

of the empty coating reservoir. 247 
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 248 

 249 

 250 

6.  Malonic acid coating on 62 nm monodisperse glutaric acid particles. 251 

 Orthogonal EASI-MS measurements were carried out on GA particles size-selected at 252 

100 nm with DMA-1 and measured by SMPS. Figure S11a shows several distributions in which 253 

the mode diameter increases with MA coating reservoir temperature. The peak appearing at <20 254 

nm may be due to 62 nm particles that have accumulated +2 charges after size selection, but it is 255 

unclear what causes these smaller particles. This smaller diameter peak disappears as the particle 256 

coating accumulates. Mode diameters (Fig. S11a inset) indicate coating thicknesses become 257 

detectable at a coating reservoir temperature of ~80°C and reach 22 nm at 105°C. MRM particle 258 

signals are shown in Figure S11b to have a similar trend as the coated 220 nm monodisperse GA 259 

particles. MA/GA ratios are shown in Figure S11c in comparison to the bulk particle 260 

measurement for MA-coated 62 nm GA particles. Higher coating reservoir temperatures were 261 

reached but are not used in the analysis because the particle number concentration significantly 262 

increased, which indicated that MA self-nucleation may have been occurring. 263 

 264 
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 284 

 285 

Figure S11. Measurements from orthogonal EASI-MS experiments on monodisperse glutaric 286 

acid (GA) particles coated with malonic acid (MA). (a) Size distributions measured by SMPS for 287 

100 nm size-selected GA particles (measured modes at 62 nm; see text) as a function of MA 288 

reservoir temperature and coating thickness. (b) Signal intensities from orthogonal mode EASI-289 

MS spectra of 62 nm GA particles (black) coated with MA (red) as a function of MA reservoir 290 

temperature. MRM intensities were averaged over approximately one minute. (c) Black circles 291 

are the MA/GA ratios calculated from orthogonal EASI-MS data in (b); blue triangles are ratios 292 

from the bulk analysis of collected and extracted 62 nm GA particles (100 nm size-selected) 293 

coated with MA at 105°C. Error bars represent 1s uncertainties and are smaller than the markers 294 

for the bulk analysis. 295 

 296 

7. Malonic acid coated on monodisperse pimelic acid particles. 297 

 298 

 299 

 300 

 301 

 302 

 303 

 304 
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 306 

 307 

 308 

Figure S12.  Peak widths of the size distributions of MA-coated PA (black), GA (blue), and SA 309 

(red) particles as a function of coating reservoir temperature/thickness. Peak width broadening is 310 

significant for the MA/PA system, indicating that these particles became more polydisperse as 311 

they were coated. Peak widths were obtained from log-normal fits of each size distribution as a 312 

function of MA coating temperature. Error bars represent 1s uncertainties. 313 
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