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ABSTRACT: Atmospheric organic aerosols (OA) have profound effects on air quality, visibility, and radiative forcing of climate. Quan-
titative assessment of gas-particle equilibrium of OA components is critical to understand formation, growth, distribution, and evolution of
OA in the atmosphere. This study presents a novel ambient pressure measurement approach developed and tested for untargeted screening
of individual components in complex OA mixtures, followed by targeted chemical speciation of identified species, and assessment of their
physicochemical properties such as saturation vapor pressure and enthalpies of sublimation/evaporation. The method employs temperature
programmed desorption (TPD) experiments coupled to ‘direct analysis in real time” (DART) ionization source and high-resolution mass
spectrometry (HRMS) detection. Progression of the mass spectra is acquired in the TPD experiments over 7 = 25-350 °C temperature range
and extracted ion chromatograms (EIC) of individual species are used to infer their apparent enthalpies of sublimation/evaporation (AH su»)
and saturation vapor pressure (p;,, Pa or C},ug m?) as a function of 7. We validate application of this method for analysis of selected

organic compounds with known AHss and Cr,values, which showed excellent agreement between our results and the existing data. We
then extend these experiments to interrogate individual components in complex OA samples generated in the laboratory-controlled ozonol-
ysis of a-pinene, limonene and S-ocimene monoterpenes. The abundant OA species of interest are distinguished based on their accurate
mass measurements, followed by quantitation of their apparent AH s and C, values from the corresponding EIC records. Comparison of
Chggx Values derived from our experiments for the individual OA components with the corresponding estimates based on their elemental
composition using a ‘molecular corridors’ (MC) parameterization suggests that the MC calculations tend to overestimate the saturation
vapor pressures of OA components. Presented results indicate very promising applicability of the TPD-DART-HRMS method for the un-
targeted analysis of organic molecules in OA and other environmental mixtures, enabling rapid detection and quantification of organic

pollutants in the real-world condensed-phase samples at atmospheric pressure and without sample preparation.

INTRODUCTION

Organic aerosols (OA) account for a large fraction of airborne
particulate matter in the atmosphere, contributing to ~ 20 — 90%
of the total mass of aerosol in the sub micrometer range.'
Sources of OA include primary OA emissions from industry and
transportation and secondary OA formed by the multiphase pho-
tochemical oxidation reactions of volatile organic compounds.?
OA contain large number of individual compounds with broad
variability in their elemental composition, molecular weights and
structures. During atmospheric ageing composition of OA contin-
ues to evolve, driven by various reactions and processes, includ-
ing gas-particle partitioning of organic species which drive for-
mation and mass growth of OA.?> Quantitative description of the
gas-particle partitioning in OA for atmospheric models requires
input data on the saturation vapor pressure of individual OA com-
ponents.

The saturation vapor pressure of individual chemical species
based on the IUPAC definition* is: “a thermodynamic quantity
where the pressure exerted by a pure substance at a given temper-
ature in a system containing only the vapor and condensed phase
(solid or liquid) of that substance in thermodynamic equilibrium.”
The saturation vapor pressure ‘p2 of species i depends on its mo-
lecular interactions in the condensed phase and on the temperature
(T) of the system.® Quantitative measurements of p2 and enthalpy
of sublimation/evaporation (4Hsu»), two key intrinsic thermody-
namic properties describing the equilibrium gas-particle partition-
ing of organic compounds, are necessary to inform atmospheric
models.® Experimental measurements of ‘p? and ‘AH» values
describing the OA components is a very challenging task because
of the inherent chemical complexity of the samples, the non-ideal
behavior of these mixtures, and the diffusion kinetic transport
limitations in the condensed phase.”

A large volume of experimental data on the p2 and ‘AHus
values has been accumulated in the last two decades based on the
targeted measurements of selected individual organic compounds
i.% These studies employed various methods of Knudsen cells,®1°
single particle electrodynamic balance,!'!* optical tweezers,'*
tandem differential mobility analyzers,'>?* and vacuum-based
temperature programmed desorption methods.”?'>* More recent
development of a filter inlet for gases and aerosols® coupled to
chemical ionization mass spectrometer utilized thermal desorption
and detection of untargeted OA components from filter samples
collected in laboratory and field studies.??’ That method allowed
assessment of volatility classes and thermal stabilities of individu-
al OA species inferred from the experimentally observed tempera-
tures (Tmax) corresponding to the maxima of the ions’ intensity.2¢
Consequently, estimations of saturation vapor pressure for the
observed species were performed based on the comparison of
experimental results with predictions by available semi-empirical
models.”>* While significant advances in the knowledge about
gas-particle partitioning of OA have been provided by the existing
measurement methods, further developments are much needed to
establish new experimental techniques capable to probe systems
approaching complexity of the real-world atmospheric mixtures.®

Here, we present an experimental method that allows direct
measurements of apparent of pi and 4H s values for individual
components present in the laboratory generated OA samples.
(Herein, * and ° symbols are used to distinguish apparent and in-
trinsic values). The presented method employs thermal evapora-
tion of OA samples placed on the temperature programmed de-
sorption (TPD) stage combined with the direct analysis in real
time (DART)?3*-32 ionization source and coupled to high resolution
mass spectrometry (HRMS) for untargeted detection of OA com-
ponents.’> We validate this method in experiments using a set of
carboxylic acid standards and show that their experimentally



measured p; and 4H s values match closely those of the corre-
sponding p2 and AHs.» reported in the literature. We then demon-
strate utility of this method for untargeted analysis of individual
species in multi-component OA samples generated by ozonolysis
of selected terpenes. We report apparent ‘p+ and ‘AH “sus values for
major identified species i obtained from a single analytical run
and compare with their predicted values from ‘molecular corri-
dors’ (MC) model?® estimates. Experimental simplicity, analysis
at ambient pressure over short period of time (minutes), no re-
quirements for special sample preparation are important tenets of
the presented method, which make it a practical top-down tool to
study gas-particle partitioning of complex mixtures.

EXPERIMENTAL METHODS

Secondary organic aerosols (PSOA, LSOA, OSOA) were
generated in laboratory experiments of the ozone-initiated oxida-
tion of a-pinene, limonene, and p-ocimene, respectively. OA
samples were collected on polytetrafluoroethylene filters by vacu-
um pulled filtration.>* Detailed descriptions of the laboratory ex-
periments, sample collection and storage are included in Supple-
mentary Note 1, Figure S1. Portions of the OA samples were
loaded individually onto copper pot stubs used in the TPD exper-
iments. The TPD experiments were set as following: 0.4 min hold
at 25°C, linear ramp at 70 °C min™! to 350 °C (0.4-5.0 min), and
2.0 min hold at 350 °C. HRMS measurements were performed
using the Q-Exactive HF-X Orbitrap mass spectrometer interfaced
with the TPD-DART setup. Further details of the TPD-DART-
HRMS experiments are included in Supplementary Note 2. Sup-
plementary Note 3 summarizes details of the data analysis, and
Supplementary Note 4 contains summary of validation experi-
ments with carboxylic acid standards.

RESULTS & DISCUSSION

Figure 1 illustrates representative results obtained in the
TPD-DART-HRMS experiment with PSOA sample and the asso-
ciated data processing workflow. In each experiment, progression
of the mass spectra is recorded as a TPD chromatogram (Fig. 1a),
whereas accurate mass measurements using HRMS provide un-
targeted identification of individual components through assign-
ments of their elemental formulas. Extracted ion chromatograms
(EIC) of abundant individual species are then analyzed to deter-
mine 7"max temperatures characteristic of their highest (I — It_)
intensity (Fig. 1b), which is a difference between EIC signal rec-
orded during (/r) and before (I Tn) the TPD run, starting from 7y =
298K. Then, the EIC records are plotted as Arrhenius plots of
In(I — It versus I/T to yield component-specific 4H *sub values

based on fitting (eq. E1) of the linear portion of plots (above the
background level of Iy) with the Clausius-Clapeyron equation
(Fig. 1c), resembling methodology of the vacuum-based TPD
experiments.?!
In(p;)~In(Iy — Ir ) = —== + Const El
DART ionization uses electronically excited helium atoms
(He*) that induce Penning ionization (He* + M — He + M™ + ¢~
), followed by a sequence of additional ion-molecule and electron-
molecule reactions of analyte and common ambient species (i.e.
02, H20, N2 and NH3), forming a range of positive and negative
ions.?* The most abundant ions of the OA analyte (CxH,O,) were
observed as deprotonated species, [CxHy-10,]". Importantly,
DART ambient ionization also produces significant amount of H*
,O® and *OH"* fast radicals. Increase of the analyte supply during
the TPD ramp will promote propagation of radical formation and

establishment of the stable radical pool, which will trigger fast
consumption of analyte by reactions resembling combustion
chemistry, as illustrated in Supplemental Note 3.
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Figure 1. a) Progression of (-)DART-HRMS spectra of an
PSOA sample averaged over annotated temperature ranges of the
TPD experiment. The temperature profile (red) is shown along the
second y-axis of the plot. b) An illustrative extracted ion chroma-
togram (EIC) of [C10H1503]" ion (deprotonated pinonic acid or its
isomer). ¢) An Arrhenius plot of a logarithm of the EIC intensity
In(Z — 1) versus 1000/T (K) of [CioH1503]" ion. The linear region
is used to fit the Clausius-Clapeyron equation and calculate the
corresponding apparent AH"su» value shown in the plot.

Assuming reaction chemistry resembling combustion, we hy-
pothesized that DART ion source may operate as a ‘torch’ ignit-
ing hydrocarbon/oxygen mixtures as they reach the flaimmability
limit (also known as the flash point, Tyas). The latter is defined as



an experimentally observed minimum temperature at which the
vapor concentration above the surface of liquid/solid hydrocarbon
is high enough to form an ignitable mixture. If this hypothesis was
correct, it would follow that values of 7"uax observed in our exper-
iments (Fig. 1b) would therefore correlate with Tpas: of analytes,
i.e. T'max ~ Thash. To validate this hypothesis, we conducted exper-
iments with seven Cs-Cao carboxylic acid standards and compared
our experimental observations with the literature reported values
of p2, AHus and Tjash. Complete list of the standards, their litera-
ture-reported properties, &10:1417.2022-24 an{ detailed account of the
validation experiments are included in Supplemental Note 4.
Comparison between T nar and Tjush observed for the standards
(Fig. S3), showed overall consistency with less than +25K differ-
ence between them.

Experimentally supported assumption of ‘T max = "Thash allows
to calculate the corresponding saturation vapor pressure of CxHy-
O assuming 'pz =~ 'py . where the latter is determined from

the stoichiometry of reactions describing the complete combustion
of CxHyO: species i at ambient conditions of 1 atm, using Equa-
tion S2 (Supplementary Note 3). For the calculations of "p;.mﬂ_

presented in this work, we use ‘¢ = 1 as an upper limit estimate,
even though gas-phase mixtures of hydrocarbon species become
flammable at lower vapor pressure and equivalence ratios of ¢ ~
0.5.3¢ Therefore, for each specie i assigned with the neutral ele-
mental formula of CxHyOz, we observe ‘T mar (Fig. 1b), derive
"AH"sup from the linear fit of Arrhenius plot (Fig, 1c) and calculate
"pf."m_using eq. E2. These values are then used to calculate satura-

tion vapor pressure ‘p; as a function of experimental temperature
(7), using integrated form of the Clausius Clapeyron equation E2.
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Obtained values of the saturation vapor pressure 'p; (Pa) are al-
so reported as the corresponding gas-phase saturation mass load-
ings 'C%, calculated based on the ideal gas equation (Supplemen-
tary Note 4, eq S3). Here, we use values of both ‘p: and 'C} in-
terchangeably, as needed to facilitate direct comparison with pre-
vious experimental data reported as p® and MC modeling?’
results reported as €%y

Correlation plots of the apparent log'Ciga, and ‘AH s values
derived from our experiments for the set of carboxylic acids
standards versus their literature®!%1417.20.2224 yalyes are included
in Supplementary Note 4, Fig S4. They indicate that values ob-
tained in our experiments agree very well with the literature data.
Furthermore, extrapolation of ‘p; values from the temperatures of
this study into the lower temperatures employed in previous
works shows remarkable agreement for five standards (decanoic
(Ci0), pentadecanoic (Cis), heptadecanoic (Ci7), nonadecanoic
(C19) and eicosanoic (C20) acids) illustrated in Figure S5. For
these five species, cumulative combination of our results and the
literature reported data exhibit close agreement that covers 5-7
orders of magnitude for the ‘p+ values over broad temperature
intervals within 300-400 K range. For glutaric (Cs) and cis-
pinonic (Cio) acids, 4H s values of our study corroborate very
well the literature data (Fig. S4b). For glutaric acid, py values
reported here agree well with a subset'* of the previous reports.
Though, significant inconsistency exists between experimental
studies of glutaric acid (Fig S5a). For cis-pinonic acid, p; values
of our study are by a factor of 10'-10% higher than the literature
reports, which is the only case of significant discrepancy (Fig.
S5b, Fig. S4a). However, two previous studies of cis-pinonic acid

also reported values of p; differ by a factor of 10 (Fig. S5b),
which make comparison ambiguous. Altogether, we conclude that
methodology presented here can be plausibly applied to investi-
gate apparent volatilities of untargeted components comprising
complex organic mixtures.

Experiments with the OA samples were carried out to demon-
strate performance of the TPD-DART-HRMS method to measure
apparent values of ‘pi and ‘AH " for individual components in
complex organic mixtures. Figure 2 shows correlation between
experimentally derived values of logiCg, versus modeling pre-
dictions by an empirical MC method.?® Presented data reports
values for monomer, dimer and trimer components of OA, which
contain between Ce and Ca9 carbon atoms (see Supplemental Note
5, Table S2). Their corresponding ‘Ciss; values span a broad
range of 10"1'-10* ug m and comprise all volatility bins common-
ly assumed in atmospheric models.® Overall correlation trend
between experimental and calculated datasets is readily observed,
suggesting systematic overestimation of ‘C4qq; values by the MC
calculations. Observed discrepancy between the experimental data
and the MC calculations is less significant for the IVOC species,
where calculations overestimate experiments by a factor of ~10.
However, for the ELVOC species, overestimations by the MC
calculations appear to be more substantial, by factors as high as
10%-10%. Considering that values reported here are the upper lim-
its, MC bias for higher volatilities might be even more significant.
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Figure 2. Correlation plot of logioC gz, values derived from
the TPD-DART-HRMS experiments versus predictions by the by
the MC?® model for individual components identified in PSOA
(orange diamonds), LSOA (blue circles) and OSOA (olive
squares) samples. Inner areas of symbols are color-coded with
respect to the O/C ratios of the corresponding species. Black tri-
angles show values corresponding to seven carboxylic acid stand-
ards. Background colors indicate volatility ranges of volatile or-
ganic compounds (VOC), intermediate (IVOC), semi-volatile
(SVOCQ), low-volatility (LVOC), and extremely low volatility
(ELVOC). Dashed line indicates 1:1 correlation.

Assignments of individual OA components with elemental
formulas based on the HRMS measurements allowed us to assess
trends of the apparent C*29sx and AH"su» values as a function of
molecular size and O/C ratios specific for the individual OA com-
ponents. Figure 3 summarizes these assessments for SOA compo-
nents and the mono carboxylic acid standards. As expected, the
saturation vapor pressure (shown as C*sx) systematically de-
creases for both larger species and species with higher O/C ratios.



With respect to the OA composition, monomer components are
observed within IVOC and SVOC bins, dimers within LVOC and
ELVOC bins, trimers are solely within ELVOC bin. For mole-
cules with the same number of carbon atoms, variations in their
O/C ratios between 0.2 and 0.7 result in up to a factor of ~10?
differences between the corresponding C*29sx values (Fig. 3a).
Slopes of the linear fits of the experimental data shown in Figure
3a are consistent with relevant predictions by group contribution
models.?>¥ Specifically, the slope of -0.45 obtained from fitting
the monocarboxylic acids data is in close agreement with SIM-
POL.1%° (-0.438) and EVAPORATION?*® (-0.501) predictions
corresponding to addition of C atom to an aliphatic chain. How-
ever, the slope of -0.64 obtained for the SOA dataset is somewhat
steeper, which reflects additional changes in O/C and DBE values
in larger SOA components.?? AH"u» values also show systematic
scaling with molecular size and O/C ratios. Between monomer,
dimer and trimer OA components, apparent sublimation en-
thalpies increase in steps of ~75 kJ/mol, connecting corresponding
enthalpy ranges of 50-125, 125-200 and 200-275 kJ/mol, respec-
tively. For the same size of compounds (same number of carbon
atoms), increase in O/C ratio between 0.2 and 0.7 leads to enthal-
py rise by also ~75 kJ/mol. Apparent volatility of dimers and
trimers measured in the TPD experiment may be affected by
thermal fragmentation of O-O linkages in the oligomeric struc-
tures.,?” These would underestimate apparent volatility of oligo-
mers and overestimate volatility of monomers. Knowledge of
these component-specific properties is critical for modeling the
gas-particle partitioning behavior of atmospheric OA, which can
be plausibly advanced based on the TPD-DART-HRMS meas-
urements presented here.
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Figure 3. Values of a) logi0C"29sx and b) AH"su» obtained for indi-
vidual OA components, plotted as a function of number of their
carbon atoms and O/C ratios. Data include PSOA (orange dia-

monds), LSOA (blue circles), OSOA (olive squares) species, and
aliphatic carboxylic acid standards (black triangles). Inner areas of
symbols are color-coded with respect to the O/C ratios. In panel a,
background colors indicate volatility ranges of volatile organic
compounds (VOC), intermediate (IVOC), semi-volatile (SVOC),
low-volatility (LVOC), and extremely low volatility (ELVOC).3
The slope of the linear fits (dashed lines) in upper panel are -0.45
for monocarboxylic acids and -0.64 for SOA components.

CONCLUSIONS

We presented the first application of a TPD-DART-HRMS
measurement method for the experimental quantitative analysis of
saturation vapor pressures (py) and sublimation/evaporation en-
thalpies (4H "sup) of individual untargeted species identified within
complex multi-component OA mixtures. The ability to monitor
evaporation dynamics of the individual species and simultaneous-
ly provide their molecular characterization in a single experi-
mental run is the key advantage of the method. Other important
benefits of the method are very minimal requirement for the sam-
ple preparation and that the experiments are conducted at ambient
pressure. We validated utility of the method based on the analysis
of standards with known volatility characteristics and demonstrat-
ed its practical application for the analysis of atmospherically
relevant mixtures of organic compounds. However, broader appli-
cations of this method need further investigation. Future studies
will be directed towards systematic evaluation of the applicability
and the limitations of this method for analysis of other complex
mixtures of organic compounds related to different research areas
such as studying the evaporation of semi-volatiles from various
mixtures of interest: e.g., persistent organic pollutants, paints,
coatings, sealants, toner inks, pesticides, household cooking and
cleaning agents, personal care, hygiene products, etc.
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