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ABSTRACT: Biomass burning emits a wide range of carbonaceous particles into the atmosphere
39 and has negative impacts on human health and the Earth’s radiative balance. Nonvolatile spherical
41 organic aerosol particles, commonly known as tar balls, represent one of the most abundant
particles in aged biomass burning smoke. However, the detailed molecular-level composition of
46 ambient tar balls is largely unknown but critical to access their environmental impacts. Ambient
48 aerosol samples collected during a wildfire event, which were ~90% tar balls by number fraction,
were analyzed using ultrahigh resolution Orbitrap Elite mass spectrometry with four
53 complementary ionization modes. Our results show the molecular composition of tar balls to be

55 complex, composed of over 10,000 molecular formulas. Model estimated saturation mass
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concentrations and relative humidity dependent glass transition temperatures were consistent with
low volatility and solid morphology as expected for tar balls. Room-temperature evaporation
kinetics showed that these particles retained ~90% of their volume after 24 h of evaporation. The
molecular complexity detected here signifies a continuum of carbonaceous species, ranging from
Cs to Css with continuous ranges of oxygenation and hydrogen saturation for each C,.
Approximately 24% of molecular formulas were estimated to be highly aromatic, which could
indicate chemical compounds with negative health effects, and which may contribute to visible
light absorption. The carbon continuum observed here has significant implications for the
molecular characterization of atmospheric organic matter. The level of complexity detected here
should not be ignored in future studies and we demonstrate that multiple analytical methods may

be required to suitably interpret this complexity on a molecular level.

1. INTRODUCTION

Wildfires in North America have steadily increased in frequency and duration and are attributed
to drier conditions brought on by increasing global temperatures."> >3 The extreme temperatures
of wildfires can create convective forces capable of elevating some of the emissions into the free
troposphere and the stratosphere, facilitating long range transport.* > ¢ In addition to wildfires,
residential biomass burning for heating and cooking are significant source of carbon compounds
to the atmosphere’ ® ° because an estimated 75% of the world’s population uses wood as a fuel
source.’ Primary organic aerosol emissions are introduced directly to the atmosphere in the particle
phaser, while gas phase emissions can be transformed by atmospheric oxidants into lower volatility
species, which can undergo gas-to-particle phase conversion. These processes can lead to the

formation of new particles or condensation on pre-existing particles, collectively referred to as
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secondary organic aerosol.!® ''Both primary and secondary organic aerosol particles impose
significant risks to human health and global climate.> !> 13 Biomass burning emissions include
mutagenic nitro-phenols'* and carcinogenic polycyclic aromatic hydrocarbons (PAHs),!> !
additionally the catalytic generation of reactive oxygen species has been associated in particular
with biomass burning aerosol and humic-like substances.!” '® Prolonged exposure to fine
particulate matter is associated with cardiovascular and pulmonary diseases.!? Light absorbing
“black carbon” and “brown carbon” contribute to atmospheric warming and are associated with
biomass burning emissions.'® 2% 2! The total absorption of biomass burning aerosol is a product of

the mixture of chemical components,?!> 2% 23 20

with a wide range of wavelength dependencies
observed.?!* 2% 25 Black and brown carbon present in different fractions of total aerosol mass both
contribute to the total absorption observed for biomass burning aerosol.?!2* Black carbon has a
larger absorption potential but is present in smaller mass fractions, while brown carbon is present
in larger mass fractions but has less absorptive potential.!®- 2% 2! Reduction strategies which focus
on absorbing aerosol may help to mitigate the effects of climate change in as little as 5 years.?’
This is largely because the energy absorption potential for black and brown carbon aerosol is much
greater than an equivalent mass of atmospheric CO2, while also having much shorter projected

atmospheric lifetimes.! 28

Organic spherical particles commonly known as “tar balls”, are a morphologically defined subset
of atmospheric aerosol primarily produced in the smoldering phase of biomass burning.?’ Tar balls
are highly viscous low-volatility glass-like particles approximately 100 to 300 nm in size, with no
observable condensation nuclei or concentric layers.?® 3% 3! Tar balls can resist the high-powered
electron beam of microscopy techniques while other organic particles are partially or fully

vaporized.* In wildfires, tar balls have been observed in much greater numbers relative to soot
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particles, at an abundance of approximately 10:1.3% 3% 3! Tar balls are not directly emitted, but
increase in occurrence downwind of biomass burning plumes, which indicates they are formed
over a matter of hours as the plume ages.*""3* The detailed molecular level mechanisms for the
formation of tar balls is still unknown, where the relative contributions of gas-to-particle-phase
reactions and particle phase oligomerization reactions to their formation is unclear. Tar balls

3

contain light absorbing brown carbon®® and optically “dark” and “light” tar balls have been

observed.’ A wide range of wavelength dependent light absorption has been described in the

36,33,37 5

literature implying that the molecular makeup of tar balls from different sources may vary.

The chemical characterization of tar balls is an active area of research given their high abundance
in biomass burning smoke and light absorption properties. Compared to liquid and gas phase fuels,
the combustion of solid fuels, such as wood in biomass burning, leads to an enhanced degree of
complexity in the resulting molecular byproducts.®® Lignin, a biopolymer, constitutes
approximately 30% of wood tissue and many wood burning products have chemical structures
related to the phenolic monomers which make up lignin.”?° The diversity of chemical products is
highly dependent on the combustion conditions of the fire, including fuel type, moisture content,
fire size, oxygen availability and the progression of flaming versus smoldering phases.>** 3 Broad
classifications of chemical species are associated with biomass burning emissions, including
alcohols, aldehydes, ketones, carboxylic acids, esters, ethers, furans, sugars and anhydro-sugars,
lignans, quinones, nitro-aromatics and PAHs.> 7 24 3% 40. 41 particularly for tar balls, methoxy,
ketone and carboxylic acid functional groups are expected with influence from aromatic and
phenolic structures.> * Transmission electron microscopy and energy-dispersive X-ray

spectroscopy analyses describe elemental compositions of primarily carbon and oxygen.**3* A
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1.35

recent study by Adachi et al.”” describes the importance of organic nitrogen compounds in the

formation of tar balls, expected to be in the form of organic nitrate and nitro-aromatic species.

The molecular level characterization of tar balls has the same analytical challenges as any other
complex mixture of organics. In recent years analytical approaches using ultrahigh-resolution mass
spectrometry have become highly valuable in analyzing these types of mixtures, because of their
ability to efficiently resolve the isobaric ions of chemical species with the same nominal mass.**
# These “bottom-up” style analyses for complex mixtures are often implemented because
analytical standards for comparison are nonexistent. “Soft-ionization” techniques like electrospray
ionization (ESI) produce charged analytes with little to no fragmentation.*> When combined with
ultra-high resolution techniques ESI has been used successfully to reveal the molecular complexity
of ambient organic aerosol 4% 47-48.49.30.31.52.53 B[ ig selective to molecules with polar functional
groups capable of easily accepting or removing a hydrogen ion.*> Molecules without these polar
groups can have suppressed ionization due to the competitive nature of ionization. Atmospheric
pressure photoionization (APPI) is an alternate soft ionization method with increased sensitivity
to low polarity and aromatic molecules with respect to ESI.>* In this study, the acetonitrile-soluble
extracts of two biomass burning samples heavily influenced by tar ball morphology were analyzed
using ultrahigh-resolution Orbitrap Elite mass spectrometry (OTE-MS). We have applied an
extensive molecular level analysis using the negative and positive polarities of ESI and APPI,
hereafter abbreviated as -APPI, +APPI, -ESI, and +ESI. The observed result is an unprecedented
degree of molecular complexity. We will show how this combination of ionization techniques

provides a more comprehensive view of the complex mixture of organic matter in atmospheric

aerosol and demonstrates a continuum of carbonaceous chemical species in organic aerosol.

2. METHODS
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2.1 MASS SPECTROMETRY ANALYSIS

In 2017 several wildfires burned in the Pacific Northwest near central Washington.> Two aerosol
filter samples were collected at the Pacific Northwest National Lab (Richland, WA) on 5-Sep 2017
and 6-Sep 2017 and will be referred to here as BB0O5 and BB06, respectively. HYSPLIT back
trajectories show a major influence from northern Washington for the preceding 48 hours before
sample collection (Fig. S1). The samples were collected on 90 mm PTFE filters by drawing air at

80 L min™! for 6 hours (a sample blank was also prepared).

High purity analytical grade solvents were used in every step of sample preparation. A portion of
the aerosol filter was extracted in acetonitrile (ACN), a polar organic aprotic solvent, using a low-
speed orbital shake table for 90 minutes at 60 RPM. The extract was filtered using a pre-
conditioned 0.2 um PTFE membrane syringe filter to remove insoluble matter. ACN was used in
an effort to extract the low-polarity organics which are not water-soluble and are expected to be
present in tar balls.’® The results described here are thus limited to those chemical species which

are extracted by ACN.

The samples were analyzed using OTE-MS in the Chemical Advanced Resolution Methods
(ChARM) Laboratory at Michigan Technological University (Houghton, Michigan, USA).
Samples were directly infused into the instrument using a 250 pL syringe pump at 5 to 30 pL
min!, The analyses used APPI and ESI in both the positive and negative polarities. Briefly, APPI
uses photolytic ionization via a krypton UV lamp, and is expected to ionize molecules with lower
polarity and increased aromatic character. ESI uses a charged capillary to create a fine spray of
evaporating solvent, while also applying a charge, and is expected to ionize acidic and basic polar

organics. For the +APPI and -APPI analysis a vaporizer temperature of 450 °C was used, and the
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samples were diluted by a factor of 2 with 1% toluene added as a dopant for the UV lamp.>* The
samples were diluted by a factor of 4 for -ESI and by a factor of 8 for +ESI to optimize the ion
signal. Data was collected for 200 scans over the range of m/z 100 to 800 and at a resolution of

240,000 (defined at m/z 400) with spectrum averaging.

Mass lists were generated from an average of the 200 scans using Xcalibur software (Thermo
Scientific v. 3.0). The newly developed MFAssignR>’ was used to estimate the noise threshold,
recalibrate the spectra and assign molecular formulas to the measured masses. A series of custom
R scripts (R v. 3.5.1 and RStudio v. 1.1.463) were used to perform blank subtraction and ensure
data quality. The process for molecular formula assignment using MFAssignR is beyond the scope
of this paper and described elsewhere®’. A detailed synopsis of formula assignment using
MFAssignR for this data set is provided in section S1 of the supplemental text. Briefly, molecular
formulas were assigned allowing for carbon, hydrogen, oxygen, nitrogen and sulfur elements with
limits placed on oxygen (0 to 30), nitrogen (0 to 3) and sulfur (0 to 1). Up to one sodium ion was
allowed for data collected in +ESI to allow for positively charged sodium adducts in addition to
hydrogen adducts. Formulas were further validated by a series of rigorous quality assurance steps
as in our previous work>® > (see section S1.4 of the supplemental text). The reconstructed mass
spectra of BB05 using our comprehensive multi-ionization OTE-MS analysis are shown in Fig.
S3. In each ionization mode we observed ~4000 to 7000 formulas and a total of ~10,000 formulas
in each sample after accounting for formulas which were detected in multiple ionization modes.
Section S3 of the supplemental text defines 15 orthogonal fractions to describe the different
overlapping ionization methods which molecular formulas may have in common. These fractions
are displayed graphically in Figs. S16 and S17, where it can be seen there were a significant

number of formulas observed in each fraction. Overall, there was good agreement between the two
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samples with respect to the number of molecular formulas detected with each ionization method
(Figs. 1 and S4). The combined analysis identified ~12,000 total molecular formulas for biomass
combustion tar balls accounting for formulas observed in both samples. ESI and APPI are non-
quantitative techniques which are selective for different chemical species. Thus, to avoid
misrepresenting high ionization efficiency for high abundance in the samples, our discussion
involves the observed numbers of molecular formulas without accounting for abundance in the

mass spectra.

2.2 MOLECULAR FORMULA CLASSIFICATION

The accepted molecular formulas were classified into five elemental groups: "CH", "CHO",
"CHN", "CHNO" and "CHOS", based on the respective inclusion of carbon, hydrogen, oxygen,
nitrogen and sulfur elements in the formula. We note that each identified molecular formula likely
represents multiple different structural isomers at extremely small concentrations®® ¢! and that
complete chemical structural elucidation is impossible without chromatographic separation and
additional tandem mass spectrometry (MS") analysis. The elemental composition of the molecular
formulas can be used to estimate chemical properties through calculations, such as the double bond
equivalents (DBE), which represent the level of “unsaturation”, i.e., the number of double bonds

)62 63 was used to estimate the

+ ring moieties present. The modified aromaticity index (Almod
number of carbon-carbon unsaturated bonds (aromatic character). Molecular formulas were
separated into four groups based on their calculated Almod value: 1) aliphatic: Almod = 0; 2) olefinic:
0 < Almod < 0.5; 3) aromatic: 0.5 < Almod < 0.67; 4) condensed aromatic: Almoa > 0.67. For
condensed aromatics, we also required formulas to have 8 or more carbon atoms (C, > Csg) to avoid

the misclassification of formulas which do not have a reasonable number of carbon atoms to form

multiple ring structures. The average oxidation state of carbon (OSc) was estimated as described

8
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by Kroll et al.®* The calculations for DBE, Almoa and OSc are described in detail in the

supplemental text with equations (S3) to (S8).

The volatility of the molecular formulas, specifically the saturation mass concentration (Co in units
of ng m) was estimated using a model developed by Li et al.®> Molecular formulas were separated
into five groups based on their calculated Co values: 1) volatile organic compounds (VOC): Cp >
3x10°%; 2) intermediate volatility organic compounds (IVOC): 300 < Cp < 3x10°; 3) semi-volatile
organic compounds (SVOC): 0.3 <Cp <300; 4) low-volatility organic compounds (LVOC): 3x10°
4 < Cp <0.3; 5) extremely low-volatility organic compounds (ELVOC): Co < 3x10*. In addition
to the calculated volatility of the molecular formulas, the volatility of overall particles was
determined using measurements of room-temperature evaporation kinetics of size-selected
particles, described in detail elsewhere.®® The relative humidity dependent glass transition
temperature (Tgrn) was estimated for CHO formulas based on the work of DeRieux et al.*” The
ratio of Tgru to the average ambient temperature (Tamp) during sample collection (Table S1) can
be used to estimate the phase state ratio (PSR) of the molecular formulas as defined in DeRieux et
al.®” The molecular formulas were separated into three groups based on the calculated PSR: 1)
solid: PSR > 1; 2) semi-solid: 0.8 < PSR < 1; 3) liquid: PSR < 0.8. The equations and parameters
used to calculate Co and Tgru are described in detail in the supplemental text with equations (S9)

to (S13).

3. RESULTS AND DISCUSSION

3.1 SINGLE PARTICLE ANALYSIS OF TAR BALLS

Single particle analysis using scanning electron microscopy (SEM) and energy dispersive X-ray

spectroscopy of the filter samples suggest that tar balls were the most abundant particle type
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collected on the sample filters (~90% number fraction). Tilted view images of particles show
spherical morphology, suggesting the solid state of these particles (Fig. 2A). Similarly, real-time
characterization of individual aerosol particles using a single particle mass spectrometer
(miniSPLAT®®) indicated that the vast majority (>95%) of sampled aerosol particles were spherical
biomass burning particles, i.e., tar balls. Scanning transmission X-ray microscopy (STXM) and
near-edge X-ray absorption fine structure (NEXAFS) spectra of the particles (Fig. 2B) agree with
previous results described for tar balls; absorption peaks observed at 285.1, 286.7 and 288.5
correspond to aromatic/phenolic, ketone/carbonyl and carboxylic acid functionalities.®’ In addition
to filter sampling for offline analysis, online particle characterization was conducted using a
scanning mobility particle sizer (SMPS) and miniSPLAT. Real time measurements of particle size
distributions, density, shape, mass loadings, single particle mass spectra, and volatility were
obtained.%® The average size distributions of BB05 and BB06 are shown in Fig. S2 and using the
measured density of 1.4 g cm™ yields an average aerosol mass loading of 170 + 30 pg m>. The
room-temperature evaporation kinetics of size-selected aerosol particles (150 nm, 234 nm and 311
nm) were measured for BBOS (Fig. 2C). Overall, the particles lost only ~10% of their volume after
24 h of evaporation in an organic-free environment, implying that the particle composition is

dominated by nearly non-volatile organic compounds (Co < 10* ug m).

3.2. MOLECULAR COMPOSITION OF TAR BALLS

Comprehensive OTE-MS exact mass measurements were performed on the ACN-soluble fraction
of ambient aerosol heavily influenced by tar ball morphology, as defined by SEM and miniSPLAT
analyses. OTE-MS analysis identified a predominance of CHO and CHNO molecular formulas
with minor contributions from the CH, CHN and CHOS groups (Fig. S5). The large number of

CHNO species observed here (~50% of formulas per sample) is consistent with a recent chemical

10
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characterization of tar balls which suggest the presence of organonitrates.>> A summary of BB05
and BB06 molecular formulas by elemental group is provided in Tables 1 and 2 respectively. An
overall continuum of carbonaceous chemical species was observed from the vast number of
molecular formulas detected. The molecular formulas are continuous from C; to Css with
continuous ranges of oxygenation and hydrogen saturation (represented by DBE values) for each
Ci. These trends can be observed in the DBE vs. carbon number space (Figs. 3 and S6)

accompanied by distribution histograms of DBE and carbon number on the respective axes.

The calculated Alnod values for the molecular formulas coincide well with the observed DBE and
carbon number trends in this space. Formulas with low carbon numbers (~Cs3 to Cio) and low DBE
(~0 to 5) are predicted to be mostly aliphatic and olefinic species, while formulas with high DBE
(~15 to 20) and moderate carbon numbers (~Cazs to Css) are predicted to be mostly aromatic and
condensed aromatic species. Oxygenation was the most intense for formulas between ~Cao to Cso,
while overall the upper limit in oxygenation increased with carbon number. Formulas with C3o to
Cas had consistently higher oxygen number distributions compared to formulas with C3 to Cjo.
This enhanced oxygenation should be expected for larger molecules as there are more
opportunities for the addition of reactive species, especially considering we see more carbon-
carbon bond saturation (represented by Almod) in formulas with higher carbon numbers. Given the
overall low level of observed oxidation in these molecular formulas (average O/C of ~0.36) the
presence of higher molecular weight oxygenated species is a point of interest. The area of highest
molecular formula density in this space is located from approximately Ci4 to C26 and DBE 8§ to 14.
These molecular formulas trend well with the overall observed characterization for the samples;
the formulas are predominantly CHNO followed closely by CHO species, with Almod values that

predict mostly olefinic and some of aromatic species. We observe low numbers of formulas at

11
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extremely low DBE (0 to 3) especially for carbon numbers above Cio. As these species would be
expected to be extremely aliphatic and low polarity, we would not expect them to be extracted by
ACN. At higher carbon numbers (Css to Css) and higher DBE values (15 to 20) we also observe
few molecular formulas, which we expect would be condensed aromatic species and similarly

insoluble in ACN.

Our results show a strong overlap in the chemical characteristics of molecular formulas across
multiple ionization modes. These results differ from previously published work analyzing
atmospheric aerosol samples via multiple ionization methods’® and the disparity may be attributed
to the differences in sample extraction solvent or possibly the chemical nature of the different
samples between the two studies. Nevertheless, approximately 16% of formulas were detected in
all four ionization modes, with approximately 24%, 15%, 6% and 2% being observed exclusively
in +ESI, -ESI, +APPI and -APPI, respectively. The majority of molecular formulas in this study
were detected in 2 or 3 of the used ionization modes. The distribution of molecular formulas
observed exclusively in one ionization mode are consistent with the expectations for these methods
(Figs. 1 and S4)"!-3* % Formulas exclusive to -ESI were shifted to higher O/C (more oxidized),
while those exclusive to +ESI were shifted to lower O/C (less oxidized). Formulas exclusive
to -APPI had moderate O/C and were shifted to lower H/C (more unsaturated) and those exclusive
to +APPI were shifted to lower O/C and lower H/C (less oxidized and more unsaturated).

1,°% 3% the combination of

Compared to previous studies of aerosol using only negative mode ES
these four ionization methods identifies 3 to 5 times the numbers of molecular formulas. This

enhanced examination allows for the observation of a continuum of carbonaceous species in the

complex mixture of organic aerosol.

12
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The carbon continuum extends from aliphatic into the aromatic and condensed aromatic chemical
space with proportionately high DBE values over the entirety of the observed carbon numbers.
Many of the molecular formulas have Almod values defined for olefinic species while a notable
number had Almod values suggesting an aromatic or condensed aromatic structure (Fig. S7). The
average O/C ratio for the molecular formulas of BB05 was 0.36 + 0.23 and slightly higher in BB06
with 0.37 £ 0.23. Based on the limits described in Tu el al.”? an overwhelming majority of the
molecular formulas have low to moderate oxygenation and oxidation, as shown by the distributions
of formulas in Figs. 1 and S4, both to the left of the vertical O/C = 0.6 line and above the diagonal
OSc = 0 line. Although many of the molecular formulas were common to both samples, those
formulas exclusively observed in BB06 compared to those exclusively observed in BBO5 had
slightly higher H/C (1.42 +0.41 vs. 1.22 £ 0.35) and O/C (0.35 £ 0.23 vs. 0.32 + 0.26), indicating
a slight enhancement in the atmospheric aging of BB06 Fig. S8). These differences in oxidation
are consistent with the shift towards larger particle sizes in BB06 (Fig. S2). The low oxygenation
and high aromatic character observed here suggest the samples had an overall minimal influence
of atmospheric aging, possibly explained by the high viscosity expected for tar balls and thus slow

diffusion of atmospheric oxidants into the particles.” 3%

3.3. VOLATILITY OF TAR BALL MOLECULAR SPECIES

A majority of molecular formulas had estimated saturation mass concentrations (Co) using the Li
et al.®> model classified as either LVOC or ELVOC (Fig. S9). The values for estimated Cy ranged
from approximately 7.0x107'8 to 2.6x107 pg m™ and the distribution of molecular formulas towards
lower Co (Figs. 4 and S10) was in good agreement with the measured room-temperature
evaporation kinetics for BB0O5. The calculated Tgru values ranged from 152.6 to 378.5 K with the
majority of CHO formulas in both samples being distributed towards higher Tgru (Figs. 4 and

13
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S10). There were noticeable differences in the calculated Tgru values for CHO molecular formulas
observed in APPI compared to ESI, where the APPI formulas were shifted towards lower Tgru.
This is especially noticeable in the formulas exclusive to an ionization method (upper panel of Figs
4 and S10) particularly for +APPI exclusive formulas. Molecular species expected to be more
liquid-like (PSR < 0.8) would also be expected to have higher vapor pressure than solid species,

which could lead to enhanced vaporization and detection via the APPI methods.

Based on the calculated ratios of Tgru to Tamb, @ majority of CHO formulas observed in both BB0S
and BBO06 are anticipated to be highly viscous (Fig. S11). These results suggest that the tar balls
collected in these two samples were solid spheres, however we note the limits of the model used
to calculate Tgru, Which currently does not account for the significant influence CHNO species
observed in these samples. The relationships between the estimated volatility, calculated Tgru and
molecular weight for BB05 and BB06 are shown in Figs 4 and S10 respectively. The carbon
continuum appears to follow the expected trend of decreasing volatility with increasing Tgru for
increasing molecular weight. Formulas with higher Tgru are anticipated to be in a semi-solid or
solid state, as their Tgru approach and exceed Tamv. Approximately 80% of the observed CHO
molecular formulas in both BBO5 and BB06 were classified as LVOC or ELCOV (estimated Co <
0.3) and expected to be semi-solid or solid (Tgrn > 250 K with Tamp = 300 K), which is consistent

with the expectation of low volatility and glassy-like phase states for tar balls.*?

4. IMPLICATIONS OF MOLECULAR COMPLEXITY

4.1 HEALTH IMPLICATIONS

The catalytic generation of reactive oxygen species such as peroxides, superoxide anion and

hydroxyl radical, have been associated with biomass burning aerosol and humic-like substances'

14
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and aromatic quinones and quinone-like species.!” Reactive oxygen species can cause oxidative
stress in living organisms, making them, and by association biomass burning emissions, a serious
health hazard. We observe a significant number of aromatic and condensed aromatic species with
low to moderate oxidation (O/C < 0.6) in our samples (Figs. 1, S4 and S12) where quinones and

quinone-like species are possible.

Metabolic processing and oxidation of biomass burning emissions, such as PAH species, could
catalyze the production of reactive oxygen species'® and we expect many of the condensed
aromatic species observed here could be related to PAHs. Lin et al.”® report the observation of
molecular formulas in biomass burning samples which are likely to be PAHs, using a mix of
extremely low-polarity extraction solvents. We do not observe any CH group molecular formulas
with high enough Almed to indicate hydrocarbon PAHs. However, we do observe many CHO, CHN
and CHNO species which are possibly functionalized oxo-PAHs and nitro-PAHs, with ring
embedded heteroatoms also being possible. Functionalized PAH derivatives have been previously
observed in aerosol, attributed to biomass burning sources.*!*7* 7 While the specific carcinogenic
effects of oxygen and nitrogen functionalized PAHs are still somewhat uncertain, in general terms,
the negative health effects of PAHs occur once they have been oxidized within the biological
system, allowing for polar interactions with cellular macromolecular structures like DNA and
proteins.'® Functionalized PAHs would have increased polar character and water solubility, and
thus the potential to be more biologically available for hazardous interactions than their

hydrocarbon PAH counterparts.

A noticeable number of CHNO aromatic species observed here had high O/N ratios, making nitro-
phenols and lignan-like oligomers possible. Many functionalized nitro-benzene compounds have
known mutagenic effects’> and it is possible that exposure to biomass burning emissions like tar

15
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balls include these compounds. Considering the observed carbon continuum of these samples, it is
likely that exposure to the aromatic and condensed aromatic species described here for tar balls

poses a significant health risk.!” 1874

4.2 ATMOSPHERIC IMPLICATIONS

A significant fraction of molecular formulas had calculated Almod values which describe aromatic
or condensed aromatic character. Overall O/C ratios were low in conjunction with this high
estimated aromatic character, making the potential for conjugated carbon-carbon bond structures
which lead to light absorption possible. The previously described oxo-PAHs, nitro-PAHs, nitro-
phenols and lignan-like oligomers with deleterious health effects would also be expected to be
light absorbing. These types of aromatic and nitro-aromatic formulas are consistent with what
would be expected of light absorbing species which contribute to atmospheric brown carbon.”® 7
78.42 The slow evaporation kinetics for the collected aerosol particles (Fig. 1C), the low calculated
viscosity and volatility of the molecular formulas (Fig. 4), and the observed low O/C ratio for
molecular formulas, suggest that tar balls may be resistant to oxidative degradation and may persist
in the atmosphere for some time. As wildfires are expected to increase in severity in North America

with rising global temperatures' >3 the elevated emissions of tar balls may contribute to further

atmospheric warming in a positive feedback loop from the production of absorbing aerosol.

4.3 FURTHER COMPLEXITY

The observed carbon continuum is consistent with the wide range of molecular formula
compositions in several other atmospheric aerosol studies.*’- 7% 4% 80.51.52.81.58. 59 [t i ikely that the
observed carbon continuum is still incomplete and that the organic fraction of atmospheric aerosol

is even more complex than described here. These results are influenced by both the ACN extraction
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technique for the aerosol filters, as well as the ionization methods used for analysis. Additional
extraction methods using a polar solvent like water or a low polarity solvent like hexane could be
performed to isolate different chemical species which were not extracted here by ACN. Compared
to our previous " %%, the inclusion of additional ionization modes resulted in an increase of 3-5
times the number of observed molecular formulas for ambient atmospheric aerosol samples.
Additional ionization methods (such as atmospheric pressure chemical ionization) or the pre-
separation of samples before analysis by liquid chromatography may also reveal additional layers
of complexity to this carbon continuum. In particular, positive and negative ionization modes
should both be considered in future studies of similar ambient samples, as it is a straightforward
process to change the polarity of a mass spectrometer without further modification of a given
instrument. Considering that each molecular formula observed is likely composed of several

61, 60

different isomeric species it is likely that the organic fraction of atmospheric aerosol is far

more complex than any one analytical technique can reveal.

17

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Earth and Space Chemistry

Table 1. BBO5 molecular formula assignment summary.

Source | APPI ESI
2 Group | All CHO CHNO All CHO CHNO CHOS
g DBE? | 10.28 10.31 10.23 9.19 953 9.35 2.29
® o/Cca 0.38 0.36 0.40 051 046 054 0.85
= H/C? 1.07 1.12 1.02 118 118 1.13 1.71
2 Cn? 19.42 20.93 17.46 19.41 2091 18.18 8.66
Z O 6.78 6.98 6.52 9.27 9.31 9.6 6.53
NP 4222 2387 1835 5453 3146 2107 200
Source | APPI ESI
o Group | All CHO CHNO CH All CHO CHNO CHN
S DBE? [10.13 10.28 9.99 4.64 8.85 9.04 873 5.97
E o/Cca 0.29 0.27 0.32 0.00 029 034 0.25 0.00
2 Hica 1.11 1.14 1.07 1.31 131 130 1.32 1.25
3 Cpd 19.89 21.79 17.78 10.73 |22.19 24.03 20.76 9.79
e 5.44 548 5.43 0.00 6.21 7.73 497 0.00
NP 4669 2482 2176 11 7152 3334 3755 63

%Values represent mathematical averages based on formula assignment. ®Values represent the
respective number of molecular formulas.
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Table 2. BB06 molecular formula assignment summary.

Source | APPI ESI
Y Group | All CHO CHNO | All CHO CHNO CHOS
© DBE? |9.58 9.02 10.24 9.11 9.39 9.29 2.31
i’ o/ca 0.38 0.37 0.38 0.50 0.46 0.54 0.90
= H/Ca 1.13 1.21 1.04 1.19 1.19 1.14 1.69
g Cn? 19.17 20.16 18.01 1931 2082 18.16 8.14
< 0o 6.70 6.93 6.44 9.19 9.20 9.38 6.59
NP 4135 2222 1913 5415 3033 2201 181
Source | APPI ESI
» _Group |All CHO CHNO | All CHO CHNO CHN
S DBE? |9.44 9.51 9.35 8.42 8.69 8.20 5.72
GE) o/ca 0.30 0.28 0.33 0.31 0.34 0.27 0.00
= H/Ca2 1.15 1.18 1.11 1.34 1.34 1.34 1.28
'§ Cn? 19.21 21.14 17.03 2205 2432 2001 9.78
On? 5.37 5.41 5.32 6.49 7.81 5.30 0.00
NP 4730 2514 2216 7213 3564 3584 65

*Values represent mathematical averages based on formula assignment. ®Values represent the
respective number of molecular formulas.
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BB05: Common vs. Exclusive

1199

Other Common
-APPI| Exclusive
-ESI Exclusive
+APPI Exclusive
+ESI Exclusive

0.0 0.5 1.0 1.5 2.0

599
1.;
1]
mEn

Number of Formulas

2.5 EE . 2541

H/C

e sei s mese sem ¢ SECmESIEBES s e WESs 8 800
oyt
T
e
e

1.0 15 2.0 0 357 715
o/C Number of Formulas

Figure 1. The distribution of all 10,887 molecular formulas of BB05 in van Krevelen space
(center) with the density distribution of the formulas by O/C and H/C (top and right
respectively) in order to visualize the magnitude of overlapping points in the center panel.
Points (and bars) are colored by the method of detection, whether a formula was exclusive
to one of the four ionization modes (red, purple, blue, gold) detected in all four modes
(green) or some other combination of multiple ionization modes (gray). The total number
of formulas are stacked in the density distribution plots. Dashed lines represent H/C = 1.2
(vertical), O/C = 0.6 (horizontal) and OSc = 0 (diagonal).
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Figure 2. A) Scanning electron
microscopy image of the aerosol
filter sample collected 5-Sep 2017
(BBO05). Tar balls were the most
abundant particle type collected on
the filter sample (~85-95% number
fraction). B) Near-edge X-ray
absorption fine structure
(NEXAFS) spectra of BBOS filter
collected particles. The absorption
peaks observed at 285.1, 286.7 and
288.5 (dashed lines) agree with
previous results described for tar
balls (See section 3.1). C) The
measured room-temperature
evaporation kinetics of size-
selected aerosol particles (150, 234
and 311 nm) for BBO05. The
particles lost ~10% of their volume
after 24 h (1,440 min) of
evaporation in an organic-free
environment.
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Figure 3. Visualization of the carbon continuum of molecular formulas observed in BB0S.
The distribution of molecular formulas is shown in the double bond equivalents (DBE) vs.
carbon number space (center panel) color scaled to the density of molecular formulas. Each
pixel on the grid of the center panel is color scaled to the number of molecular formulas at
each value. The density distribution of the formulas by carbon number and DBE (top and
right panels respectively) are subsequently color scaled to the number of oxygen atoms in
each formula and to the modified aromaticity index (Almod) (See section 2.2). The total
number of formulas are stacked in the density distribution plots.
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Figure 4. Distribution of CHO molecular formulas for BBOS in estimated saturation mass
concentration (Co) vs. estimated relative humidity dependent glass transition temperature
(Tg,rn) space (bottom panel) (See section 2.2). The distribution of those molecular formulas
by Teru (top panel) are color coded by the method of detection, whether a formula was
exclusive to one of the four ionization modes (red, purple, blue, gold) detected in all four
modes (green) or some other combination of multiple ionization modes (gray). The total
number of formulas are stacked in the density distribution plot. The solid red line at 300 K
represents the average ambient temperature (Tamp) during sample collection. Species with
a Tgru which approach or exceed Tamp are more likely to be in a semi-solid or solid phase
respectively. The dashed red line at 240 K represents the theoretical temperature for the
expected phase state ratio transition between liquid and semi-solid.
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Data availability: The complete OTE- MS data set is available for download on Digital
Commons: https://digitalcommons.mtu.edu/all-datasets/6/ (Brege et al., 2021).

Supplement: The associated supplemental text for this article is available online: [link]. The
supplemental text includes a detailed synopsis of molecular formula assignment using
MFAssignR, a detailed description of the calculations performed using the assigned molecular
formulas, including glass transition temperature and volatility estimations, as well as the

supplemental tables and figures which are referred to within this article.
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