
This is the final draft of the contribution published as: 
 
Spranger, T., van Pinxteren, D., Reemtsma, T., Lechtenfeld, O.J., Herrmann, H. (2019): 
2D liquid chromatographic fractionation with ultra-high resolution MS analysis resolves a 
vast molecular diversity of tropospheric particle organics 
Environ. Sci. Technol. 53 (19), 11353 - 11363 
 
The publisher’s version is available at: 
 
https://doi.org/10.1021/acs.est.9b03839 



 

 1 

2-D liquid chromatographic fractionation with 1 

ultra-high resolution MS analysis resolves a vast 2 

molecular diversity of tropospheric particle 3 

organics 4 

 5 

TOBIAS SPRANGER1, DOMINIK VAN PINXTEREN1, THORSTEN REEMTSMA2, OLIVER J. 6 

LECHTENFELD2,3, HARTMUT HERRMANN*,1 7 

1Atmospheric Chemistry Department (ACD), Leibniz Institute for Tropospheric Research 8 

(TROPOS), Leipzig, 04318, Germany 9 

2Department of Analytical Chemistry, Helmholtz Centre for Environmental Research - UFZ, 10 

Leipzig, 04318, Germany 11 

3ProVIS – Centre for Chemical Microscopy, Helmholtz Centre for Environmental Research - 12 

UFZ, Leipzig, 04318, Germany 13 

 14 

 15 

Manuscript for re-submission to  16 

Environmental Science and Technology 17 

August 20th, 2019 18 

  19 



 

 2 

Abstract 20 

A 2D-liquid chromatographic fractionation method was combined with direct infusion 21 

electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry to better 22 

resolve the high complexity of organic material in atmospheric particles. The number of assigned 23 

molecular formulas increased by a factor of 2.3 for the fractionated sample (18144) compared to 24 

a bulk sample analysis without fractionation (7819), while simultaneously allowing the 25 

identification of 71240 isomeric compounds. Accounting for these isomers has an impact on means 26 

and distributions of different descriptive sample parameters. More than 15000 compounds were 27 

exclusively identified in the fractionated sample providing insights regarding the formation of 28 

organosulfates, reduced N-containing compounds and polyaromatic compounds. Further, a new 29 

method for assigning organonitrates and poly-organonitrates based on Kendrick mass defect 30 

analysis is presented. 31 

The current study implicates that analytical separation leads to much more detailed insights into 32 

particle organics composition, while more commonly applied direct infusion MS studies can 33 

strongly underestimate composition complexity and lead to biased assignments of bulk organic 34 

properties. Overall, particle organics composition is far more complex than previously shown, 35 

while separation through better chromatographic techniques helps to understand formation 36 

processes of atmospheric particle constituents.  37 
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Introduction 38 

Atmospheric aerosol particles are a complex mixture of inorganic ions, mineral dust, elemental 39 

carbon and organic compounds. Elucidating the composition of the organic carbon (OC), which 40 

can contribute up to 70% of the particulate mass (PM)1, is especially difficult with thousands of 41 

different constituents, often classified into water-soluble (WSOC) and water-insoluble organic 42 

carbon. Most of the OC has not been characterized on a molecular level2, despite its possible 43 

influence on microphysical particle properties3-8, human health9, 10, radiation and climate11, and 44 

ecosystems.11 A large fraction (20-80% of WSOC) of unknown substances is often referred to as 45 

humic-like substances (HULIS).12-14 However, HULIS is only operationally defined and the 46 

observed molecular composition can be heavily influenced by the applied solid phase extraction 47 

(SPE).15-19 While the term HULIS is still in use, it seems more appropriate to refer to this fraction 48 

of organic aerosol as WSOCSPE, similar to terms used for different fractions of one particular SPE 49 

method20, 21 or to distinguish between extracts of the same samples from different SPE methods.19  50 

While methods have been developed to analyze individual compounds or compound groups, the 51 

high complexity of WSOCSPE samples makes analytical methods yielding more comprehensive 52 

molecular information of bulk mixtures more appealing. Lately, UHR-MS and particularly 53 

Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR MS) has been used to 54 

elucidate the composition of WSOCSPE and OC on a molecular level, as it allows the measurement 55 

of thousands of signals simultaneously.22-29 Due to the ultrahigh mass resolution and accuracy of 56 

FT-ICR MS instruments, an explicit molecular formula (MF) can be assigned to most of the 57 

signals,30 also including heteroatoms like N and S.31 However, one MF can represent many 58 

isomeric compounds, i.e. molecules with the same elemental composition but different structures 59 

and hence different properties.32 Additionally, it is known that the mass spectral representation of 60 
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a sample heavily depends on the applied ionization method and the relative ionization potentials 61 

of the samples molecular species.28, 33, 34 Finally electrospray ionization (ESI) is prone to strong 62 

matrix effects leading to suppressed or enhanced response factors and thus to an even more biased 63 

view on the sample composition.35-37  64 

The vast majority of studies applying UHR-MS on atmospheric samples use direct infusion22-28, 65 

where there is no separation of compounds prior to the injection of the sample solution into the 66 

mass spectrometer. For measurements with an Orbitrap mass spectrometer, providing lower mass 67 

resolution than FT-ICR MS, one-dimensional liquid chromatography (LC) is also applied.32, 38, 39 68 

It has been shown that the isomeric complexity of natural organic matter by far exceeds achievable 69 

1D-chromatographic resolution.40 Hence two-dimensional chromatography (2D-LC) is needed to 70 

better resolve the complexity of WSOCSPE.41, 42 As a first step towards 2D characterization, a 2D-71 

LC fractionation method combining size-exclusion chromatography (SEC) and RP-HPLC was 72 

recently developed in our laboratory.43 The resulting 55 fractions highlight distinct differences in 73 

the UV-absorption between samples from the same sampling location at different seasons and 74 

meteorological conditions.43 However, chemical information like MF were lacking in that study. 75 

Fractionated WSOCSPE samples in combination with UHR-MS measurements might have a high 76 

potential for revealing a more detailed chemical composition than the commonly applied bulk 77 

sample analysis. Therefore, in the present study a comparison was undertaken for the analysis of 78 

atmospheric particle samples from the TROPOS research station (Melpitz, Germany 51°32′N, 79 

12°56′E) with 2D-LC fractionation combined with FT-ICR-MS on the one hand and the 80 

measurement of the bulk samples with direct infusion FT-ICR-MS on the other hand.  81 

 82 

 83 
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Materials and methods 84 

Particle sampling and sample preparation 85 

Five atmospheric particle samples were collected at the TROPOS research station in Melpitz44 (45 86 

km northeast of Leipzig; 51°32′N, 12°56′E) during the summer of 2014 using a Digitel DHA-80 87 

high-volume filter sampler over 24 h sampling time (Table S1). Particulate matter with an 88 

aerodynamic diameter of less than 10 μm (PM10) was collected on preheated (24 h at 105 °C) 89 

quartz fiber filters (Munktell MK 360, Sweden). WSOCSPE was isolated by extracting the filter 90 

with ultrapure water (Milli-Q, Millipore, Schwalbach, Germany) followed by a SPE using an Oasis 91 

HLB 3 cm3 cartridge (Waters, United States, sorbent mass 60 mg). The used protocol and its 92 

limitation regarding the loss of very hydrophilic compounds are described in detail in the 93 

supporting information. WSOCSPE was then separated into 55 fractions using a 2D-LC method 94 

published earlier.43 Briefly, in the first dimension WSOCSPE is fractionated into five molecular size 95 

fractions on a PL aquagel−OH 20 column (Agilent; 300 mm × 7.5 mm; 8 μm particle size) and in 96 

the second dimension into eleven fractions with different polarity on a C-18 Atlantis column 97 

(Waters; 2.1 mm× 100 mm; 3 μm particle size) utilizing a spiked gradient.43 The individual 98 

fractions were collected, evaporated to dryness and stored at -18°C. Just before the MS 99 

measurements, they were reconstituted in 1:1 (v/v) water: methanol and diluted to equal UV-100 

absorbance at 254 nm, resulting in expected similar concentrations of organics. In addition to the 101 

aerosol sample, a field blank was taken and an analogous procedure was applied (including 102 

transport to field site, staying inside the Digitel, transport to laboratory, weighing), with the 103 

difference, that all SEC fractions were collected together. Accordingly, the number of blank 104 

measurements was reduced to more feasible 11 method blanks, one for each individual RP-HPLC 105 

fraction, while still being representative for the sample treatment. The sample treatment includes 106 



 

 6 

multiple reactive species, such as ammonia, formic acid or methanol, which potentially could alter 107 

the composition in the sample preparation and chromatographic process. To check the influence 108 

of such potential artifact, additional quality control measurements with standard substances 109 

resembling the functional variety of atmospheric compounds and with Suwannee River Fulvic 110 

Acids (SRFA) were performed.  111 

 112 

FT-ICR MS measurements 113 

In total, 38 fractions of sample 1 (Figure S1) and two fractions of samples 2-5 were analyzed using 114 

negative electrospray ionization and an FT-ICR-MS (Bruker) located at the ProVIS Centre for 115 

Chemical Microscopy within the Helmholtz Centre for Environmental Research, Leipzig. Sample 116 

1 was analyzed comprehensively to demonstrate the possible advantages of such an extensive 117 

sample preparation, while samples 2-5 were utilized as quality controls to study the reproducibility 118 

between different atmospheric particle samples from the same location with similar meteorological 119 

conditions. Further details about the instruments, measurement details and explanations for the 120 

choice of the fractions measured are presented in the supporting information. Mass peaks were 121 

considered if the signal/noise (S/N) ratio was greater than four and all mass peaks present in the 122 

instrument blank and in the method blanks mentioned earlier were removed from the final mass 123 

list (8371 peaks). This conservative approach partially even removes MF identified as secondary 124 

organic aerosol tracers like C10H14O4, C7H10O4 and C7H12O7S
45, because they were found in one 125 

of the blanks. MF were assigned to mass peaks in the range m/z 150 - 750 allowing for elemental 126 

compositions C1-60
13C0-1H1-122N0-5O1-40S0-1

34S0-1 with an error range of ±0.5 ppm following the 127 

rules previously described.46, 47 The consideration of high numbers of N-atoms (N3-N5) is 128 

necessary for atmospheric aerosol particle sample, as such compounds were identified in recent 129 
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studies.48, 49 Further details to the MF assignment as well as the utilized molecular parameters are 130 

described in the supporting information. 131 

Result and discussion 132 

Improved molecular picture from bulk vs. fractionated comparisons 133 

In the following the results of bulk injection and fractionated sample measurements of sample 1 134 

are compared. Differences between the two approaches are described with regards to the numbers 135 

of assigned molecular formulas and compounds, the general size and compounds distribution as 136 

well as different molecular parameters like double bond equivalent (DBE), aromaticity equivalent, 137 

carbon oxidation state and compound volatility. 138 

 139 

Number of molecular formulas 140 

The bulk sample of the WSOCSPE – solution was measured with direct infusion and 7819 molecular 141 

formulas (MF) were assigned to the observed mass signals, each representing a unique elemental 142 

composition. To the authors’ knowledge, this is a higher number of assigned MF than in any other 143 

bulk sample study of WOSCSPE and multiple reasons do account for this. The molecular formula 144 

calculation parameters of the present study allow for a high number of compounds (low S/N, up 145 

to N5 molecules) and the WSOC concentration of the bulk sample based on UV-absorption at 146 

254 nm of the extract was high. Moreover, the sample has a broad distribution of the UV-147 

absorption, indicating a high diversity of molecules (S1). 148 

For comparison with the bulk sample, the mass spectra of the individual measured 2D fractions 149 

from the same WSOCSPE – solution were combined to a Sum-of-all-Fractions (SoaF) integrated 150 

sample. Even with the applied very conservative blank handling, 18144 MF can be assigned to the 151 

exact masses observed for SoaF with 6464 MF in common with the bulk measurement and 11680 152 
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additional ones which likely were suppressed in the bulk measurements. 1355 MF are not detected 153 

in the SoaF sample but in the bulk sample. These MF are detected with a lower S/N (17.5 compared 154 

to 39.9 of the full bulk sample) predominantly at m/z > 500 (Figure S11). Possibly, those 155 

compounds are already efficiently ionized, so that the increase in efficiency in the fractionated 156 

measurements is not sufficient to compensate for the separation of isomers into many different 157 

fractions for these MF. Furthermore, some MF might be missing because 16 fractions with 158 

estimated very low carbon concentrations out of the total 55 sample fractions were not measured. 159 

In addition, despite careful sample processing, losses during the fractionation method cannot be 160 

ruled out completely. 161 

 162 

Number of isomeric compounds 163 

Out of the 18144 MF detected in the SoaF sample, 10561 MF were present in single, but different, 164 

fraction only, while the remaining 7583 MF were found in at least 2 up to a maximum of 34 165 

fractions (mean number of fractions = 8, 5th percentile = 2, 50th percentile = 5 and 95th percentile 166 

=23). MF with m/z > 500 were found in significantly fewer fractions than MF with smaller m/z 167 

(Figure S12). At the same time, the 10561 MF present in only one fraction contain a high number 168 

of compounds with m/z > 500 (Figure S13). It is likely that MF with higher m/z are less often 169 

detected in different fractions, due to their lower overall signal intensity and thus quick dilution to 170 

non-detectable levels upon fractionation (see also discussion of the bulk sample).  171 

The detection of the same MF in different fractions is assumed to mainly originate from different 172 

isomers being resolved into different fractions in the chromatographic separation. Another reason 173 

could be poor separation efficiency for a given compound leading to its presence in two or even 174 

more adjacent chromatographic fractions, which is discussed with its implications for the number 175 
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of isomers in SI section ‘Different data treatment options for the fractionated sample’. Given the 176 

expected high number of isomers in atmospheric aerosol particles32, 39, 50, however, the detection 177 

of a MF in one fraction is defined as an individual compound in the following. With this 178 

assumption 71240 different compounds are detected in the SoaF sample, compared to 7819 179 

compounds distinguishable in the bulk sample. It is important to note that the resulting number of 180 

total compounds represents a lower estimate only, as any MF can always represent a number of 181 

different isomeric compounds, regardless of its appearing in one or multiple fractions. More 182 

accurate estimations could only be obtained by strongly increasing the chromatographic separation 183 

of the compound mixture.  184 

Out of the 71240 different compounds, 79% are isomers of MF that are also detected in the bulk 185 

sample. Further 21% (15212) are newly identified compounds, whose MFs are not detected in the 186 

bulk sample. In the following parts the distributions of the compounds and mean properties are 187 

discussed for the bulk and SoaF sample, as well as the newly identified compounds. 188 

 189 

Size and compound group distributions 190 

The 7819 bulk sample MF are separated into 26.3% CHO-, 50.4% CHNO-, 9.8% CHOS and 191 

13.5% CHNOS-compounds broadly distributed over the whole m/z-range (Figure 1A). These 192 

results are comparable in terms of m/z and compound group distribution from UHR-MS 193 

measurements of aerosol constituents done in the past22, 24-26, 28, 39, 51-53, especially those including 194 

signals with lower intensities, resulting in a more prominent CHNO-fraction.22, 26, 53  195 

 196 
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 197 

Figure 1: Histogram of the m/z (A), DBE (B) and OSc  (C) of the compounds found in the bulk 198 

sample, the integrated fractionated sample SoaF and the newly identified compounds, identified 199 

only in the SoaF sample. Color indicates the compound groups CHO, CHNO, CHOS, CHNOS. 200 

The black line indicates the respective mean value. 201 

 202 

 203 

The measurements of the fractionated sample (SoaF) reveal huge differences compared to the bulk 204 

sample. The 71240 detected compounds in SoaF can be separated into 27.3% CHO-, 47.1% 205 

CHNO-, 11.3% CHOS- and 14.2% CHNOS-compounds. Compared to the 7819 detected 206 

compounds in the bulk sample, this is an increase of 910% in the number of compounds, while the 207 

distribution over the four molecular formula classes is similar. Figure 1A shows that SoaF has a 208 

significantly higher fraction of medium sized compounds (300-550 m/z) and a slightly lower 209 

average m/z compared to the bulk sample.  210 

The 15212 newly identified compounds are evenly distributed over the entire mass range for 211 

m/z > 300, while compounds of lower molecular weight are less prominent (Figure 1A). They only 212 

contain a small fraction of CHO-compounds (11.9%), but many heteroatom containing compounds 213 

(45.3% CHNO, 10.1% CHOS, 32.6% CHNOS).  214 
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Figure 1B shows a very similar distribution of the DBE for the compounds in the bulk and SoaF. 215 

The newly identified compounds are detected at higher DBE, indicating a higher degree of 216 

aromaticity. Further, the calculation of the aromaticity equivalent54 reveals a large fraction of 217 

newly identified polyaromatic compounds (35.1%). It is likely that the 2D-LC fractionation 218 

reduces the suppression of these compounds which are difficult to ionize in electrospray ionization, 219 

so that in contrast to the bulk sample, even low intensity compounds (mean S/N = 6.3) can be 220 

detected.  221 

  222 
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Carbon oxidation state OSc  223 

To characterize and compare complex organic aerosol mixtures, the calculation of the carbon 224 

oxidation state OSc  was established by Kroll et al. in the past years.55 Based on the assignment of 225 

the MF the OSc can be calculated (eq. S4 in supporting information) and compared for the bulk 226 

and fractionated sample.  227 

 228 

Figure 2: Location of the compounds in the carbon oxidation state – carbon number space for 229 

the bulk (top) and SoaF (bottom). For the SoaF sample the color indicates, whether a compounds 230 

newly identified in the fractionated sample or also present in the bulk sample. The blue, red and 231 

black areas highlight the largest differences between both samples and are further discussed in 232 

main manuscript. 233 
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The mean OSc  of ~ -0.4 as well as the unimodal distribution (Figure 1C) does not differ between 234 

the bulk and SoaF sample and is within the wide range of mean values from -2.0 to 0.9 of other 235 

ambient samples.55, 56 The OSc  vs. carbon number space (Figure 2) reveals further features of the 236 

fractionated measurement. The newly identified compounds cover a much larger range of OSc  237 

than the bulk compounds. On the one hand, there are compounds with C>15 with OSc < -1, for 238 

which a lower ionization efficiency can be expected and which are only detected after the reduction 239 

of ion suppression effects by the fractionation. On the other hand, there are more oxidized 240 

compounds present, one group with C20-40 and 0 ≤ OSc  ≤ 1, which could possibly be oligomers of 241 

smaller molecules with similar OSc
55, 57, and another group of C10-30 and OSc ≥1. The finding of 242 

the latter group is quite remarkable, as these compounds were suggested to be absent in the 243 

atmosphere.55 The calculation of OSc  requires estimations of the oxidation states of sulfur and 244 

nitrogen. Therefore the calculation can differ strongly for compounds with heteroatoms depending 245 

on the estimated oxidation state (see also section ‘Discussion of the calculation of the carbon 246 

oxidation state’ in the SI). Nevertheless, the newly found compounds lead to a much more diverse 247 

distribution in the OSc vs. carbon number space compared to the bulk sample. This could indicate 248 

currently unknown and undiscovered formation or aging processes of WSOC in atmospheric 249 

aerosol particles. 250 

  251 
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Relative elemental composition 252 

For a better understanding of the compounds present in the sample, utilizing Van-Krevelen (VK) 253 

diagrams is very useful.58 These diagrams display molecular formulas on an O/C vs. H/C -plane. 254 

In the literature, a 3rd dimension, either coded with different colors or dot sizes, is often used to 255 

present the compound intensity. Since ESI derived mass peak intensities for complex mixtures are 256 

not a good measure for concentrations due to very different ionization efficiencies, in this study 257 

the 3rd dimension is used to indicate the number of compounds with the same ratios instead.  258 
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 259 

Figure 3: Van-Krevelen Diagram of all compounds detected in the bulk sample (black) and A) 260 

all compounds in the fractionated sample (SoaF in red) or B) all newly identified compounds (those 261 

without bulk MF; in red). Dot size illustrates the number of compounds with the same ratios, while 262 

the histograms illustrate the one-dimensional O/C and H/C distribution. Only MF with H/C ≤ 2.5 263 

are shown for a better visibility (100 MF are not shown). Note that slight color distortions arise 264 

from overlapping transparent points. 265 
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Figure 3A shows the VK diagram for all compounds present in the bulk (black) and SoaF (red) 266 

samples. The compounds in the bulk sample are mainly located in the center at O/C [5th percentile 267 

= 0.22, 50th percentile = 0.48, 95th percentile = 0.86] and H/C [0.88, 1.43, 1.89]. This distribution 268 

is similar to those reported in the literature for bulk samples of continental aerosol particles or 269 

other natural organic matter.26, 31, 59-63 For other types of aerosol particles, this distribution can 270 

differ, especially for highly polluted areas the distribution is shifted towards lower O/C and H/C-271 

ratios due to the increased presence of aromatic and polyaromatic compounds as well as more 272 

nitrogen containing compounds.26, 28, 39 SoaF shows compounds over the whole plot area centered 273 

at O/C [0.17, 0.47, 0.83] and H/C [0.80, 1.42, 1.93] with a higher amount of compounds in the low 274 

O/C-ratio part. Since the majority of SoaF compounds are isomers of bulk compounds, the 275 

differences are more distinct when comparing the bulk sample with only the newly identified 276 

compounds (Figure 3B). They are strongly shifted towards lower O/C- [0.07, 0.33, 0.90] and lower 277 

and broadly distributed H/C- ratios [0.52, 1.38, 2.14], thus it can be expected, that these compounds 278 

are less ionizable and thus suppressed in the bulk sample. Also very low concentrations of 279 

individual compounds are possible, especially for the polyaromatic compounds often measured in 280 

highly polluted areas. The distribution of compounds in the VK-diagram separated into the 281 

different groups (CHO, CHOS, CHNO, CHNOS) is similar to the general distribution of the newly 282 

identified compounds (Figure S14-S19). For all groups the majority of compounds is detected at 283 

lower O/C-ratio than the compounds of the bulk sample. Further, the CHNO- and CHNOS-284 

compounds show a higher diversity of O/C- and H/C-ratios compared to the CHO- and CHOS-285 

compounds.  286 

Summarizing the general comparison, the dataset shows that a large number of compounds are not 287 

detected when only bulk measurements are performed. The sample fractionation prior to the UHR-288 
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MS measurements leads to reduced ion suppression in the ESI process and a separation of isomeric 289 

compounds and thereby drastically increases the number of detected compounds, thus leading to 290 

a more complete picture of the WSOCSPE composition. The more complete molecular composition, 291 

in turn, impacts the calculation of chemical and physical particle properties (Table S2), like the 292 

carbon oxidation state, DBE or volatility (for more details also see “Discussion of the calculated 293 

volatility C0” in the supporting information). Even though their accurate calculations would require 294 

the consideration of concentrations of all compounds in the mixture, which are not available, the 295 

discussion of distributions and number-based mean values in the sections above already indicate 296 

that a better molecular resolution can lead to different calculated sample properties. 297 

 298 

2D-distribution of various sample parameters 299 

The different MS-parameters used for the comparison of bulk and fractionated sample, also show 300 

distinct distributions in the 2D-space of the LC-fractionation method and are presented in Figure 301 

4 and Figure S9. Mean values for the different parameters are shown for individual fractions and 302 

plotted as heat maps in the polarity vs. size space of the 2D separation. Axis labels, logP for 303 

polarity and m/z for size, are based on calibrations performed with standard solutions.43 The 304 

calibrated m/z ranges of the SEC dimension do not represent sharp boundaries, but are rather meant 305 

to indicate a broad tendency towards more smaller or larger sizes in the different fractions. In fact, 306 

broad MS spectra were observed for all SEC fractions and mean observed m/z were between 307 

approx. 400 and 500 (Figure S9 D). This is mainly because SEC does not separate by molecular 308 

weight, but molecular size, or more precisely hydrodynamic radii of analytes and their solvent 309 

shell. Molecular weight and size only correlate in very similar molecules, e.g. homologous series, 310 

but can differ strongly in dissimilar molecules. The size separation is apparent in the aromaticity 311 
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of the different fractions. Fractions associated with larger-sized molecules contain the highest 312 

amount of polyaromatic compounds (Figure 4C), those with medium-sized molecules contain 313 

more monoaromatic compounds (Figure 4B) and fractions with small molecules mostly contain 314 

non-aromatic compounds. Accordingly, the mean DBE decreases and the mean H/C ratio increases 315 

in smaller-sized molecules (Figure S9 A&C). 316 

Another clear trend can be seen for the OSc and the O/C-ratio (Figure 4A, S9 B). For both 317 

parameters, the highest mean values can be found in the fractions associated with the highest 318 

polarity (lowest logP) and decreasing with lower polarity. Furthermore, a small increase in mean 319 

molecular weight and H/C-ratio can be observed with decreasing polarity. Those results match the 320 

separation mechanism on the column mostly based on dipol-dipol and ion interactions of analytes 321 

with the mobile phase and on hydrophobic interactions with the stationary phase. The 2D-322 

distributions shortly discussed here provide new insights on how different sample properties are 323 

distributed within the broad polarity vs. size space, which will be further exploited in future studies. 324 

In the present study, we rather focus on the additional sample complexity our method was able to 325 

resolve and how this new information can help when studying different organic compound classes 326 

and their respective mechanisms of formation. 327 

 328 

 329 
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 330 

Figure 4: 2D-heat maps of mean OSc (A) and the fraction of monoaromatic (B) and polyaromatic 331 

(C) compounds in each fraction. 332 

 333 

Reproducibility and representativeness of the FT-ICR MS-measurements 334 

The previous sections highlighted a large gain in detected compounds for particle organics, when 335 

analyzed as a fractionated sample compared to a bulk sample analysis. To assure the 336 

reproducibility of those measurements, SRFA was measured with six repeated injections. The vast 337 

majority of MF (~1800 MF) are detected in all six repetitions, while only ~120 MF are unique in 338 

each measurement. Very similar results with 94% of signals detected in all repetitions are also 339 

found for two individual fractions of sample 3 (see SI “Discussion of quality assurance and control 340 

measurements”, Figure S4), so that a good reproducibility of fractionated sample measurements is 341 

given with the applied MS-settings. 342 

To assure that the newly identified compounds are not artifacts, generated during the extensive 343 

sample treatment, SRFA and a mixture of standard substances (Figure S5) were measured at three 344 

different times during the sample treatment. For SRFA the same distribution of MF as for the six 345 

repeated injections is found (Figure S6). Similarly, for the mixture of standard substances no 346 

reactions occurred during the different sample preparation steps, as the intensity and S/N of the 347 

individual compounds remained constant (Figure S5). In conclusion, this demonstrates that no 348 
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significant artifact formation takes place during sample preparation, which means the high number 349 

of additional MF are most likely detected due to changes in the ionization efficiency and reduced 350 

ion suppression effects. 351 

In the previous sections, sample 1 was analyzed extensively. To study how representative this 352 

sample is in a larger atmospheric context, two fractions of four additional aerosol samples were 353 

analyzed. The variability in the molecular composition is higher than for repeated injections of the 354 

same sample (Figure S7 and S8). Sample 1 and 4 show the highest amount of unique MF (~900-355 

1500), while sample 2, 3 and 5 show a more similar composition with only 100-300 unique MF 356 

each. For the distribution of the various sample parameters a similar trend is identified, however 357 

the variability in the mean values of all parameters is much smaller for the same 2D-fractions in 358 

the five different aerosol samples compared to the variability within different fractions of sample 359 

1 (Figure 4, more details in SI “Discussion of quality assurance and control measurements”). In 360 

summary, looking at individual assigned MF, there is still the possibility for a high number of 361 

unique MF in the same fraction of different samples, which is expected due to natural variability. 362 

Overall, however, after the 2D-LC fractionation, the compounds in the same fraction from several 363 

samples taken during similar atmospheric conditions show a high similarity in terms of mean 364 

values and overall distributions. Those conclusions are currently based on a small number of 365 

samples due the large amount of manual work in the fractionation method and the data acquisition 366 

and processing. To facilitate sample analysis, the LC-MS method should be further developed to 367 

an online-2D-LC-MS method in the future. Additional improvements and automation in the data 368 

acquisition and MF assignment would further increase the accessibility to a broader user base.  369 

 370 

 371 
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Implications for different organic particle compound classes 372 

The newly identified compounds, which are present in the SoaF sample, but not in the bulk one, 373 

provide new information about the sample compositions that can help to reveal new or substantiate 374 

previously suggested emission or formation pathways for tropospheric organic particle 375 

constituents. Therefore, these newly identified compounds are further discussed in the following 376 

parts and compared to findings for the compounds from the bulk sample and SoaF. 377 

 378 

Organonitrates 379 

In the present dataset most compounds are assigned as CHNO-compounds (45% of newly 380 

identified, 47% of SoaF and 50% of compounds in the bulk) distributed over a wide range of O/C- 381 

and H/C-ratios. The newly identified compounds contain a larger fraction of compounds with 382 

multiple nitrogen atoms as compared to the bulk sample (20% CHN1O, 26% CHN2O, 23% 383 

CHN3O, 18% CHN4O and 13% CHN5O for newly identified compounds compared to 56% 384 

CHN1O, 31% CHN2O 7% CHN3O, 4% CHN4O, and 2% CHN5O for the compounds detected in 385 

the bulk sample). Organonitrates R-ONO2 likely contribute to these compound classes as they are 386 

known to be formed through the gas phase reaction of peroxy radicals with NO.
64 Additionally, 387 

nitrate radical chemistry 65 could as well lead to organonitrates. Further, aromatics, and especially 388 

phenols, can react faster than most other atmospheric species with nitrate radicals.65 CHNO-389 

compounds are often classified as organonitrates, just based on an elemental ratio of O/N > 3.24, 28, 390 

59 However, depending on the number of other oxygen-containing functional groups assumed to 391 

be present in the same compounds, a large uncertainty arises with respect to the fraction of 392 

organonitrates as well as other potential compounds like nitro-aromatics (for more details see 393 

supporting information section “Classification of CHNO-molecules”). In the present dataset 394 
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between 83% (0 oxygen atoms in other functional groups) and <5% (12 oxygen atoms in other 395 

functional groups) of the CHNO-compounds could be classified as organonitrates (Figure S10).  396 

A superior approach to identify CHNO-compounds is to analyze potential reaction products or 397 

precursors. It was shown that organonitrates can hydrolyze under atmospheric condition to an 398 

alcohol and nitric acid (R-ONO2 + H2O  R-OH + HNO3).
66 The detection of both MF (R-ONO2 399 

and R-OH) is an indication for the assignment of an organonitrate that improves over assignments 400 

based on O/N only. We emphasize that the actual structure of the MF cannot be derived from the 401 

MS-measurements alone. It should also be noted that the R-ONO2 hydrolysis reaction might, to 402 

some extent, occur during the sample preparation. For 69% of the CHNO-compounds in the bulk 403 

sample, 67% of the CHNO-compounds in the fractionated sample and 28% of the newly identified 404 

CHNO-compounds the respective alcohol of the organonitrate was detected. Further, this approach 405 

opens up the possibility to assign poly-organonitrates, compounds with multiple R-ONO2 units, 406 

for the first time in environmental science. To identify and illustrate these poly-organonitrates a 407 

Kendrick mass defect (KMD, eq. S6) analysis is a helpful tool.67 All molecules, which only differ 408 

in the number of certain structural elements, here (-H+NO2), have the same Kendrick mass defect 409 

and thus can easily be identified as hydrolyzed or non-hydrolyzed organonitrate compounds 410 

(Figure 5). This calculation reveals 21% of the CHNO-compounds in the bulk sample, 18% of the 411 

CHNO-compounds in the fractionated sample and 16% of the newly identified CHNO-compounds 412 

can be assigned to poly-organonitrates. In some cases even full series are detected, e.g. from 413 

C15H13N5O15 with five organonitrate groups down to the fully hydrolyzed compound C15H18O5 414 

with all intermediate steps. While the CHO and the N1-N3 compounds are also detected in the bulk 415 

sample, C15H14N4O13 and C15H13N5O15 are only detected in the fractionated sample (Figure 5), 416 

again indicating the benefits of the fractionated measurements. The results indicate that 417 
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organonitrates are likely the most abundant CHNO-compounds number wise and poly-418 

organonitrates are also an important contributor to the WSOCSPE composition. However, for one-419 

third of the CHNO-compounds present in the bulk and SoaF sample and two-thirds of the newly 420 

identified CHNO-compounds other reduced N-containing functional groups must be present. 421 

Heteroaromatics are a likely contributor, as 43% of the newly identified CHNO-compounds are 422 

polyaromatic and 22% are monoaromatic. 25% of the newly identified CHON-compounds are 423 

non-aromatic and no organonitrate functionality (based on the KMD analysis) is found for those. 424 

Compounds similar to larger amines generated by the reaction of α-pinene with O3 in the presence 425 

of dimethylamine48 could explain those (for more details see “Discussion on reduced N-containing 426 

compounds” in the supporting information). 427 

  428 
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 429 

Figure 5: Kendrick mass defect plot for series of hydrolyzed organo-nitrates (R-ONO2 + H2O  430 

R-OH + HNO3) for the compounds of the SoaF sample. For a better visibility only series with at 431 

least five different MF (with different m/z) are shown. Dots indicate that the compounds is also 432 

detected in the bulk sample, triangle indicates that the compound was only detected in the 433 

fractionated sample (newly identified compounds). The color scale shows the number of N-atoms 434 

per compound, thus the number of organo-nitrate groups. The black line highlights one full series 435 

from C15H18O5 to C15H13N5O15. 436 

 437 

Organosulfates 438 

Organosulfates (R-OSO3) represent another large group of relevant compounds in organic aerosol 439 

particles of strong interest in atmospheric chemistry since more than a decade. Most CHOS-440 

compounds are generally attributed towards organosulfates in the literature28, 29, 32, 60, 68-72, although 441 
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it should be noted that other functional groups like sulfonate 73(R-SO3) or sulfonyl (R-SO2-R) 442 

groups or even reduced sulfur groups can form important sulfur-containing organics contributing 443 

to the CHOS group. The compositional similarity of these functional groups introduces a large 444 

uncertainty if organosulfates are assigned just based on elemental ratios, same as for the CHNO 445 

class. However, a precursor-product analysis via KMD74 as performed for the organonitrates is 446 

also possible for the potential organosulfates. A known formation pathway of organosulfates is 447 

through epoxide precursors from the oxidation of mono- and sesquiterpenes.75 In this pathway, the 448 

nucleophilic addition of sulphate ions is competing with the addition of water leading to either an 449 

alcohol (R-OH) or the organosulfates (R-OSO3H). If the epoxide pathway is important for the 450 

organosulfates formation, both the alcohol as well as the organosulfate, should be present in the 451 

sample.59, 76 Further, organosulfates can also be hydrolyzed under atmospheric condition, although 452 

slower than organonitrates, forming , again, the same alcohol (R-OH).77 For the newly identified 453 

CHOS-compounds 852 alcohol-organosulfates-pairs can be identified (Figure S20) potentially 454 

explaining 48 % of all newly identified CHOS-compounds. Recently a different formation 455 

pathway for organosulfates was suggested, were SO2 can directly react with double bounds to form 456 

new sulphur containing species in the atmosphere.78 This could also be a relevant formation 457 

pathway for the newly identified compounds, as the main product of the reaction of oleic acid 458 

(C18H34O2) and SO2 is a cyclic organosulfates78 and its MF C18H34O6S is actually found in the 459 

present dataset. Other CHOS-compounds could also be explained by similar reactions of SO2 with 460 

poly-unsaturated fatty acids like linolenic acid (C18H30O2) and linoleic acid (C18H32O2), which 461 

would be reacting to the cyclic organosulfates C18H30O6S and C18H32O6S, with both these MFs 462 

present in the dataset. For the newly identified CHOS-compounds 578 precursor-product-pairs 463 

(CxHyOz and CxHyOz+4S1) can be identified (Figure S21) possibly explaining 35 % of all newly 464 
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identified CHOS-compounds. There is also an overlap of 477 organosulfates compounds, which 465 

can be explained by both the epoxide pathway and the addition of SO2 to a double bond as both 466 

precursor-product-pairs are present.  467 

Similar results to those of pure organosulfates and –nitrates are also found for nitrooxy-468 

organosulfates24, 32, 59, 63 and other CHNOS-compounds. For the bulk and SoaF sample ~40% of 469 

the CHNOS-compounds can be identified as nitrooxy-organosulfates, while for the the newly 470 

identified CHNOS-compounds only 12% can be explained as such (for more details see 471 

“Discussion on nitrooxy-organosulfates” in the supporting information). 472 

 473 

Polyaromatic compounds 474 

Another large fraction (~35%) of the newly identified compounds can be attributed to 475 

polyaromatic substances, either condensed or linear combined ones. In the atmosphere, polycyclic 476 

aromatic hydrocarbons (PAHs) are well-known particle constituents, which are usually not 477 

measured in the aqueous particle phase79. Through atmospheric oxidation and functionalization it 478 

is likely that these compounds become polar enough to partition in the aqueous phase. In the 479 

present study, the potentially oxidized PAH’s are detected at O/C [0.05, 0.22, 0.63] and H/C [0.39, 480 

0.90, 1.41]. PAHs are known to have negative impact on human and ecosystem health9, 79, 80 and 481 

their oxygenated and water soluble derivatives could further increase the negative impact of this 482 

compound family. Most polyaromatic compounds in the present WSOCSPE sample contain 483 

nitrogen (~80% CHNO or CHNOS), thus the oxidation with nitrate radicals seems to play an 484 

important role for the PAH oxidation.65, 79, 81 Reduced nitrogen and hetero aromatic compounds, 485 

like pyridine- and imidazole-like structures82, might be important to explain further large fractions 486 

of the polyaromatic compounds. 487 
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For sulfur containing polyaromatic compounds, also organosulfates can be considered. Recently 488 

it was shown, that aromatic organosulfates can be produced through photo-oxidation of 489 

naphthalene on sulfate particles.73 If this reaction also occurs for larger PAHs, this could also 490 

explain some of polyaromatic compounds. Apparently, there is potential for organosulfates derived 491 

polyaromatic compounds as important particle phase constituents.  492 

For CHO-compounds atmospheric generation pathways for linear combined polyaromatic 493 

compounds are also known. Phenolic compounds (18% of newly identified CHO-compounds) can 494 

react in the aqueous particle phase with OH-radicals leading to the formation of oligomeric 495 

compounds among other products.57, 83 Twenty-one MF of dimeric potential reaction products with 496 

two phenyl rings are detected in the SoaF sample as well as in the bulk sample (Table S9). 497 

However, only three MF of trimeric reaction products are detected in the bulk. In the SoaF sample 498 

three additional ones are detected, likeC18H14O3, C18H14O4 and C21H18O8 (Table S9), which were 499 

identified as the most abundant products in a laboratory study. 57If other aromatic compounds are 500 

present during this polymerization reaction, a large variety of reactions products is conceivable.  501 

  502 
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