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Abstract. Secondary organic aerosol (SOA) formed through multi-phase atmospheric chemistry
makes up a large fraction of airborne particles. The chemical composition and molecular structures
of SOA constituents vary between different emission sources and aging processes in the
atmosphere, which complicates their identification. In this work, we employ drift tube ion mobility
spectrometry with quadrupole time-of-flight mass spectrometry (IM-MS) detection for rapid gas-
phase separation and multi-dimensional characterization of isomers in two biogenic SOA produced
from ozonolysis of isomeric monoterpenes, D-limonene (LSOA) and a-pinene (PSOA). SOA
samples were ionized using electrospray ionization (ESI) and characterized using IM-MS in both
positive and negative ionization modes. The IM-derived collision cross-sections in nitrogen gas
(PTCCSyp) for individual SOA components were obtained using multi-field and single-field
measurements. Novel application of IM multiplexing/high-resolution demultiplexing
methodology was employed to increase sensitivity, improve peak shapes, and augment mobility
baseline resolution, which revealed several isomeric structures for the measured ions. For LSOA
and PSOA samples, we report significant structural differences of the isomer structures. Molecular
structure calculations using density functional theory combined with theoretical modeling of CCS
values provide insights into the structural differences between LSOA and PSOA constituents. The
average PTCCSy; values for monomeric SOA components observed as [M+Na]* ions are 3 — 6%
higher than those of their [M—H]~ counterparts. Meanwhile, dimeric and trimeric isomer
components in both samples showed an inverse trend with the relevant values of [M—H]~ ions
being 3 — 7% higher than their [M+Na]* counterparts, respectively. The results indicate that the
structures of Na*-coordinated oligomeric ions are more compact than those of the corresponding
deprotonated species. The coordination with Na* occurs on the oxygen atoms of the carbonyl
groups leading to compact configuration. Meanwhile, deprotonated molecules have higher
DTCCSy; values due to their elongated structures in the gas-phase. Therefore, PTCCSy;, values of
isomers in SOA mixtures depend strongly on the mode of ionization in ESI. Additionally, PSOA
monomers and dimers exhibit larger PTCCSy;, values (1-4%) than their LSOA counterparts owing
to more rigid structures. The presence of a cyclobutane ring with functional groups pointing in
opposite directions in PSOA compounds, as compared to non-cyclic flexible LSOA structures,
forming more compact ions in the gas phase. Last, we investigated effects of direct photolysis on
the chemical transformations of selected individual PSOA components. We use IM—MS to reveal
structural changes associated with aerosol aging by photolysis. This study illustrates detailed
molecular and structural descriptors for the detection and annotation of structural isomers in
complex SOA mixtures.
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Introduction

Secondary organic aerosol (SOA) formed through multi-phase atmospheric chemistry
makes up a significant fraction of airborne particulate matter in the atmosphere.!* The emissions
of biogenic volatile organic compounds (BVOCs) represent the largest flux of all non-methane
gas-phase compounds into the atmosphere, where ~60% of the total BVOC budget is attributed to
isoprene and the monoterpenes.>’” BVOCs react with atmospheric oxidants, such as ozone (O;),
nitrogen oxides (NOy) and radicals (i.e., - OH, - NOj;), to form low-volatility highly oxygenated
organic compounds, which promote nucleation and growth of SOA.!#-10 Monoterpenes represent
a large group of C;oH;s structural isomers and enantiomers emitted from different sources.
Monoterpenes exhibit different reaction pathways and kinetics for oxidation and SOA formation
based on the location and number of double bonds in their structures. This immense complexity
of SOA and the presence of numerous isomeric structures complicate its analytical
characterization'"'?> and limit our understanding of the aerosol physical properties such as
viscosity, refractive indexes, and volatility.!3-16

The ozonolysis of two CioH;s monoterpene isomers: o-pinene (PSOA) and limonene
(LSOA) have been used in the past to elucidate the effects of the chemical structures of BVOC
precursors and their corresponding products on the chemical aging and evolution of the physical
properties of SOA.!""2> The ozonolysis of a-pinene and limonene have been reported to form
numerous isomeric monomers and oligomers (dimers, trimers, and tetramers).?%?’ Scheme I
illustrates the formation of structural isomeric compounds from the Os-initiated oxidation of
limonene and o-pinene to yield several monomeric, dimeric, and higher-order oligomeric
structures differing by the number of oxidized monomer (R, R’) units. The molecular structures of
LSOA and PSOA exhibit unique products characteristic of the initial BVOC structures.
Specifically, PSOA products contain a four-membered cyclobutane ring, while LSOA products
are open-chained structures. Understanding the formation pathways of SOA and their chemical
reactivities are important for predictions of aerosol properties. Therefore, case studies detailing
systematic differences between SOA mixtures from different BVOC sources and oxidants require
advanced multidimensional analytical methods to deconvolute and predict molecular- and often
isomer-specific mechanisms and rates of SOA formation and ageing.
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Scheme 1. Formation of structural isomeric compounds from the O;-initiated oxidation of limonene and a-
pinene monoterpenes (C;yH;4) to yield monomers, dimers,!”-?%2° and higher-order oligomer structures that
differ by number of oxidized monomer units, denoted as R, R’. Selected dimers of LSOA potentially form
from the monomer-Criegee reactions proposed by Hammes et al. (2019).!7 Selected dimers of PSOA form
by dimerization reactions determined and reported by Yasmeen et al. (2010, 2012),3%3! Kahnt et al. (2018),
and Kenseth et al. (2018, 2020),%82°

Despite the structural differences between the molecular structures of LSOA and PSOA,
their mass spectra are quite similar.!l-17-2627.3339 The elemental composition of the SOA
components have been extensively studied and thousands of individual species have been assigned
based on accurate mass measurements provided by high-resolution mass spectrometry (HRMS).40
However, isomer-specific structural characterization in SOA samples requires additional
analytical methods, such as separation or tandem mass spectrometry (MS") analyses.!?* Liquid
chromatography (LC) and gas chromatography have been routinely employed for the separation
of complex constituents in lab-generated biogenic SOA,?%41-46 combustion related primary OA#47-48
and field-collected OA samples.** However, long LC gradients, the presence of co-eluting
analyte peaks, and limited analytical standards present a challenge for SOA characterization using
LC-MS. Incorporation of MS" workflows for isomer differentiation has been employed for their
structural characterization. For example, the analysis of atmospherically relevant SOA in previous
studies’>>°¢ resulted in the extensive characterization of esters, peroxides, and organosulfates
along with several dimeric organic compounds in PSOA3? and LSOA..>® Tandem MS experiments>>
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revealed characteristic fragmentation of several compound classes in SOA samples. However,
structural characterization of SOA components using MS" usually requires a comparison with
synthesized standards or reference spectra, which are limited for SOA compounds. Modern ion
mobility mass spectrometry (IM-MS) measurements overcome some of the limitations of LC-MS
and enable high throughput characterization and experimentally informed annotation of isomeric
components in complex organic mixtures such as SOA 2657

IM-MS is a powerful post-ionization separation technique that separates gas-phase ions
based on their mobility through an inert buffer gas such as N,.°%>° Ions are pulsed into the low
electric field drift tube and separated in a few milliseconds in the gas phase based on their collision
cross-sections, mass-to-charge ratio (m/z), and charge states.’®°! Analyte identification in this
measurement is aided by converting the ion-specific drift time values, #p, into the collision cross-
section (CCS) using the Mason-Schamp equation.®-¢* Ton mobility measurements provide an
additional level of fingerprinting for SOA components using the CCS as a structural descriptor
and enable gas phase separation of isomers in complex mixtures.5*»%* In certain cases, measured
CCS offers molecular description of the gas-phase three-dimensional (3D) configuration of ions
formed in ionization,>%% which has been used for studying the folding and unfolding of protein
complexes®-7? and structures of DNA molecules.”>’* The mobility of ions in IM-MS is affected
by the charging effects in electrospray ionization (ESI), which often generates several ionized
states of analyte molecules’” such as protonated and deprotonated species along with cation or
anion adducts. The mode of ionization influences the conformation and selectivity of ionized
analytes. IM-MS is an effective method for the structural characterization of SOA constituents,
which complements the capabilities of tandem mass spectrometry3>7¢ and IR spectroscopy.’’-80
Recently, IM-MS was employed for the identification, structural characterization, and rapid
separation of isomeric components in complex SOA mixtures.?6-’

Early IM-MS studies’”-7>#! of gas-phase and aerosol constituents have demonstrated its
potential for studying mechanisms of atmospheric aerosol chemistry. Specifically, IM-MS has
been used to separate and identify selected a-pinene oxidation products and ambient aerosol
constituents based on their gas phase mobilities.>” Other studies®># reported measured versus
modelled CCS values of relevant atmospheric organic compounds and developed two-dimensional
CCS — m/z trendlines for the assessment of structure-class relationships. Travelling wave IM-MS
has been used to measure the CCS values of two dimer ester products of PSOA.”> Meanwhile, a
differential mobility analyzer has been used to measure CCS and ion mobility of few monomeric
isomers of PSOA.# Although the initial works?%37:82-3¢ reported on the use of IM-MS for SOA
characterization, a comprehensive, untargeted characterization of structural isomers in biogenic
SOA has not been reported. Drift tube IM-MS instruments are ideally suited for the accurate
determination of CCS values of compounds (PTCCS) in complex mixtures.’*%” The development
of PTCCS library databases for atmospheric SOA systems will facilitate rapid and accurate isomer
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detection, which in turn will aid in predictive understanding of their chemical and physical
properties.

In this work, we present a systematic chemical characterization study of laboratory
generated PSOA and LSOA mixtures using a drift tube ion mobility quadrupole time-of-flight
mass spectrometer.®® Accurate measurements of PTCCS values using stepped-field IM-MS
allowed us to construct a PTCCS library of the analyte ions in both mixtures. We examine structural
differences between PSOA and LSOA based on the experimentally determined PTCCS versus m/z
trends and theoretical calculations.*’ Additional temporal multiplexing experiments®® were
performed to increase the sensitivity and resolution of IM measurements. The latter is achieved
using high resolution demultiplexing of the experimental data.’®8° We present the first application
of the IM multiplexing/high resolution demultiplexing approach for the characterization of
overlapping isomers in SOA that were not resolved in conventional IM-MS measurements. Last,
we investigated the effect of direct photolysis on the chemical transformations of individual PSOA
components to assess structural changes associated with aerosol aging.

Experimental Methodology

Generation and Aging of SOA samples

PSOA and LSOA were generated through ozone-initiated oxidation of limonene (98%
purity; CAS: 5989-27-5, Sigma Aldrich Inc.) and a-pinene (98% purity; CAS: 7785-70-8, Sigma-
Aldrich Inc.) injected into a custom 200 L Teflon sealed bag equipped with two gas inlets, one
exhaust port, and one sample injection port. Approximately 130 L of ultrapure nitrogen gas (N»;
99.99% purity, Indiana Oxygen) were initially flowed into the bag at a flow rate of 10 slpm using
mass flow controller (TSI Inc.). Purified oxygen (O5; 99.99% purity, Indiana Oxygen) was flowed
through an ozone (O;) generator (model OG-2; UVP Inc.) equipped with 185 nm UV lamp and 2B
ozone monitor (Thermo Scientific Inc, Waltham, MA). The flow of photogenerated ozone was
then directed inside the Teflon bag to reach a final measured mixing ratio of ~ 2 ppm Os. No seed
aerosols were used for SOA generation experiments. The SOA were generated with relatively high
mass loadings to generate enough sample for molecular characterization following the procedures
by Walser et al.?’

The limonene and a-pinene were diluted (75:25 % v/v) in LCMS grade cyclohexane (>
99.99 % purity, Sigma Aldrich Inc.) and obtained mixtures were used for injection. Cyclohexane
was incorporated in the reagent solutions to scavenge OH radicals and prevent unintended OH
radical oxidation.?’” To maintain an approximate 1/1 molar ratio of BVOC to Os, ~ 2.46 uL
BVOC/cyclohexane mixture was injected using a 10 uL Hamilton syringe, which resulted in a 2:2
ppm BVOC/O; mixing ratio. The BVOC and ozone mixture was allowed to react for ~25 — 30 min
in the Teflon bag until 4igh mass concentration of SOA was formed. The particle size and mass
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concentrations were monitored online with a scanning mobility particle sizer (SMPS, TSI Inc.,
model 3062) equipped with a differential mobility analyzer (DMA, TSI Inc., model 3081) and a
condensation particle counter (CPC, TSI Inc., model 3776). SOA particles were collected on 1.0
pm pore size polytetrafluoroethylene (PTFE) membrane filters (Omnipore™) using vacuum
pulled filtration of aerosols and stored at -20 °C prior to analyses. To simplify sample preparation
and interpretation of the IM-MS datasets, no seed aerosol was used and effects of the wall losses
on the SOA composition were assumed to be similar between LSOA and PSOA experiments.
Additional details of the SOA generation experiments, the particle size distributions and
corresponding mass loadings are described in Supplementary Note 1 and Figures S1 — S2 of the
SI file. A quarter of each PTFE filter with collected sample was cut and extracted into 10 mL of
acetonitrile (Optima, Sigma-Aldrich Inc.) followed by ultrasonication for 20 min and vortexing
for 30 sec at 2500 rotations min-'. Obtained extracts were filtered using 0.20 um PTFE syringe
filter cartridges (Thermo Inc.). The PTFE cartridges were prewetted before analyte filtration using
fresh solvent to minimize adsorption of the analyte on the filter substrate. The SOA extracts were
further diluted to a mass concentration of ~ 6 ug mL-! and reconstituted in a 70/30 (v/v %) LCMS
grade acetonitrile (ACN)/water (H,0O) (Optima, Fisher Scientific Inc.) solvent. The SOA extracts
were prepared fresh and subsequently analyzed, in order to minimize effects of hydrolysis and side
reactions occurring in the mixtures after addition of water.

Aqueous extracts of PSOA in 70/30 ACN/H,O (v/v %) solution were irradiated in a
custom-built photoreactor that emits UV-LED light at ~ 310 nm. The 310 nm light represents
tropospheric UV radiation occurring below the ozone layer.”® The narrow band LED light was
used instead of solar simulator to allow simplified quantitation of the experimental photochemistry
calculations summarized in Supplemental Note 2 of the SI file. The sample was left to photolyze
for 60 min and aliquots were collected at varying time intervals during the photolysis. The
temperature of the photoreactor was monitored during photolysis and did not exceed room
temperature (~24 °C). The photon flux of the photoreactor device (F;zp) was measured using the
azobenzene chemical actinometer system by preparing a 0.05 mM azobenzene solution in ethanol
in the presence of 1 mM potassium hydroxide (Honeywell Inc.).!>°! The experimental F;zp was
measured to be ~ 1.26 x 10'® photons cm™? s7!. Additional details of the photoreactor and flux
calculations are described in Supplementary Note 2 and Figure S3 of the SI file.

Ion Mobility—Mass Spectrometry (IM-MS) Analysis

PSOA and LSOA extracts were infused into a 6560 ion mobility quadrupole time-of-flight
(IM Q-TOF) mass spectrometer (Agilent Technologies, Santa Clara, CA). All analytes were
ionized via electrospray ionization using a commercial dual jet stream source. Samples were
placed into a 500 uL. Hamilton syringe and introduced at a flow rate of 5 uL. min™! using a syringe
pump (Legato 180 syringe pump, KD Scientific, Holliston, MA). The following source parameters
were used for ESI: high voltage of 2000 V nozzle voltage, and Vg, voltage set to 4000 V,
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nebulizing gas flow of 7 L min'!, ~ 300 °C drift gas, and 200 °C sheath gas temperature. After the
MS inlet, the ions are focused by the high pressure ion funnel and accumulated into the lower
pressure trapping ion funnel.”?> The ions are then pulsed into the N, filled drift tube (3.9 + 2.0
Torr) under the influence of an applied electric field and are subsequently separated according to
their drift time in inert N, gas. The maximum drift time in these experiments was set to 70 ms with
a 40 ms 1on funnel trap time and 0.2 ms release time. The instrument was operated in both positive
and negative ion polarities. The TOF was operated in the “low” mass range mode (m/z 50-1700)
using a “high sensitivity” TOF slicer, a 2 GHz digitizer, and mass resolution of 15,000. CCS values
were measured using the stepped-field method.”® Multiplexing IM experiments were conducted in
the 4-bit mode, where the ion accumulation and release times were set to 3 ms and 0.2 ms,
respectively. Therefore, multiplexed IM experiments resulted in 8 discrete ion pulses over the 70
ms drift time range. A worklist in the Agilent MassHunter acquisition software consisting of multi-
field and 4-bit multiplexing methods were used to automate the IM-MS data acquisition.
Additional IM Q-TOF experimental parameters are provided in Supplementary Note 3 of the SI
file.

Additionally, direct infusion high-resolution mass spectrometry (HRMS) measurements
were performed using the Q-Exactive™ HF-X Orbitrap interfaced with heated electrospray
ionization probe (HESI) and lonMAX housing (all from Thermo Scientific Inc.). The following
conditions were used for the HESI source operation; 80 °C probe heater temperature, 250°C inlet
capillary temperature, 13 units of sheath gas flow, 3 units of auxiliary gas flow, 1 unit of sweep
gas flow, 3.5 kV spray potential, and 80 RF S-lens level. The instrument was operated at m/Am
240,000 resolving power at 200 m/z and acquisition rate of 1.5 Hz in the full MS scan mode (100
— 1200 m/z range). Additional details of HRMS experiments and data analysis are described in
Supplementary Note 4 of the SI file. In source collision induced dissociation (CID) experiments
where conducted by applying accelerating voltage in a range of 0 — 60 eV in increments of 10 eV
to distinguish between covalently bonded dimer and trimer ions characteristic of SOA components
from ion-molecule monomer adducts that may form in the ion source.’?Additional effects of
concentration on the MS response were also studied. Results of these experiments are illustrated
in Supplementary Note 5 and Figures S4 — S5 of the SI file.

All molecules in the SOA samples were preferentially observed as [M+Na]* species in
(+)ESI mode, while [M—H]~ ions were detected in (—)ESI. Occasionally, protonated molecules,
[M+H]", were also observed. Formula assignments in the Q-TOF and HRMS datasets were
performed based on high order mass defect analysis® of the two-dimensional homologous series
of MS peaks, which clusters peaks differing by the number of -CH,, -H, and -O units.. The
following constraints were applied for all formula assignments: C;_49, Hi-100, O1-25, No.1, mass
tolerance of = 5.0 ppm for IM Q-TOF and + 2.0 ppm for HRMS datasets. Elemental formulas of
representative species from each group were assigned using the MIDAS molecular formula
calculator (v 1.1; http://nationalmaglab.org/user-facilities/icr/icr-software). All other peaks in each
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group were subsequently assigned using the known number of -CH,, -H, and -O units that
distinguish them from the representative species.

IM-MS Data Processing, Analysis, & CCS Calculations

DTCCSy; values for prominent isomer components in PSOA and LSOA were calculated
using the IM-MS Browser software (Agilent, Santa Clara, CA) using the stepped-field CCS
calculation method.’*>% The stepped-field method yields accurate and reproducible
determination of the analyte ion's CCS value.”® The instrumental relative standard deviation for
the calculated CCS values of this method is estimated to be within £+ 0.29% for inter-laboratory
comparison.”® For multi-field CCS calculation, the software determines #, of the ion, which is the
post drift tube flight time of the ion and uses this value to accurately calculate time the ions spend
in the drift tube (¢p). This is performed in the IM Browser software by constructing a plot of the
observed drift times of the measured ion at various drift field strengths (8501450 V) followed by
a linear fit of the datapoints over the seven field measurements to determine the y-intercept, #,.%>%°
Supplementary Note 6 and Figure S6 of the SI file provide an example of this calculation. After
the y-intercept is determined, the obtained ¢, values are then subtracted from the total flight to
obtain the corrected 7, of the ion. The ¢ term is then incorporated into the Mayson-Schamp
equation® (egn. 1) to compute the CCS of the corresponding ion:

(18m)'/?  ze 3 [1 1] tpbE po T 1

DTCCSN2 (Q; Az) = 16 (kB T)1/2 E m mpg

In this expression, L is the drift tube length, m; is the mass of the analyte ion, mp is the mass
of the buffer gas molecule, E is the electric field strength, kp is the Boltzmann constant, z is the
absolute ion charge (nominal), e is the elementary charge of the electron, p and T are the
experimental pressure and temperature of the reagent gas in the drift tube, p) and T} are the standard
pressure and temperature at 760 Torr and 273.15 K, N, is the number gas density of the reagent
gas at T}, and p,.

Datasets from IM multiplexing experiments were initially demultiplexed and interpolated
using the PNNL PreProcessor 3.1 (2021.04.21) software (https://pnnl-comp-mass-
spec.github.io/PNNL-PreProcessor).””?® A 1-to-3 drift bin interpolation, and 3 data point moving

average smoothing function was used for demultiplexing. The resulting demultiplexed data was
filtered through MassProfiler 10.01 (Agilent, Santa Clara, CA) to generate a feature list (infusion
filtering, common organic molecule isotope model). This feature list, the raw multiplexed file, and
the interpolated demultiplexed PNNL PreProcessor file output underwent additional processing
via High Resolution Demultiplexer 2.0 (HRdm 2.0; G5294AA, Agilent, prerelease build 21).46
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This software performs a refined demultiplexing, targeting specific features, and taking into
account known artifacts of the transformation. This results in an increase of the mobility drift
resolution at full width-half maximum (FWHM) from 50 to as high as 250 after HRdm processing
at the highest processing setting.

For the multiplexed IM experiments and processed HRdm datafiles, we use the single-field
CCS calculation® For this method, the CCS calibration was performed by linear regression of tune
mix reference ions with known CCS at the exact same tuning parameters as described in
Supplementary Note 3 of the SI file. The ion mobility feature extraction algorithm function in IM
Browser software were used to detect IM—MS features and compute for the CCS of the ions.

Computational Chemistry and Ion Mobility Trajectory Calculations

Theoretical computational chemistry calculations were performed using Gaussian 16
software. The isomeric molecules of interest were constructed using GaussView (version 5.0.9).
Density functional theory (DFT) at the ®B97XD/6-311+G (d,p) level of theory was utilized for
obtaining energy minimized structures of ions in gas phase. Additional details of DFT
computational calculations are discussed in Supplementary Note 7 of the SI file. Ion mobility
trajectory computations were performed using the Ion Mobility Spectrometry Suite (IMoS;
https://www.imospedia.com/imos/) GUI and software package (MATLAB Inc.).'% The theoretical
CCSy; of the DFT optimized gas-phase ions were computed numerically using the trajectory
method with a 4-6-12 Lennard-Jones (TMLJ) interaction potential and ion-induced dipole
interaction.'”! The TMLJ method was used instead of classical projection area and hard-sphere
core model approaches due to the higher accuracy exhibited by TMLJ method.!?> The
polarizability and radius of the N, buffer gas was set to 1.7 A2 and 1.5 A, respectively. The
polarizability of the buffer gas describes the long-range ion induced dipole attractive interaction.!%3
Pressure and temperature were set to those of the experiment [3.92 Torr (522.6 Pa) and 298.5 K
(25 °C)]. The number of N, gas molecules was to 3 x 10° to converge to accurate program
computations.!%? The LJ potentials were used from literature for C, H, and O main group elements,
using the LJ parameters from Campuzano, Bush et al.,!®* and MOBCAL!®! however Na* LJ
potentials may require further optimization.

Results & Discussion

Figure 1 illustrates the IM-MS data acquired for LSOA and PSOA. Figures la,b show
characteristic mass spectra exhibiting ranges of monomeric, dimeric, and trimeric products, similar
to previous studies.!!-26-27-35 The elemental composition of ions was determined based on HRMS
measurements using the Q-Exactive instrument. These assignments were subsequently used to
assign peaks observed in the Q-TOF data acquired with a lower mass resolution. Additional HRMS
spectra of the assigned species and compositional information related to LSOA and PSOA
mixtures are included in Figure S7 of the SI file. Both mixtures contain similar multi-functional
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oxidized organic compounds as inferred from Kendrick mass defect (CH, and O) groupings and
VanKrevelen maximum carbonyl ratio!% diagrams shown in Figures S8 — S9, respectively. Two
mixtures differ by their total number of assigned formulas as LSOA species are more ionizable
than PSOA counterparts, leading to higher number of assignments in LSOA samples. Figures l1c,d
illustrate the mobility separated ions of the LSOA and PSOA mixtures, measured in positive and
negative modes, respectively. Figures 1e-h show characteristic two-dimensional (2D) heatmaps of
IM drift time (ms) vs. m/z for LSOA and PSOA samples. The 2D heatmaps show the characteristic
drift separated ions, their abundances, and analyte distributions across the 150-700 m/z range
spanning monomers and oligomeric ions in the IM-MS experiments. All 2D heatmaps for LSOA
and PSOA measured in (+/—)ESI-IM-MS measurements are shown in Figure S10. In the IM-MS
experiments, we observe occasional ‘streaking’ across the 2D heatmap which results from
fragmentation of larger multimer ions occurring after the drift tube and leaking/overfilled ions in
the trapping funnel of IM-Q-TOF. Those ions were excluded from the analysis.

In line with similar CID experiments reported previously to test intermolecular bond
strength in the a-pinene dimers,>’ our results shown in Figure S4 indicate that the observed
multimer ions do not fragment at <25eV voltages, suggesting that their monomer units are
covalently bound. Additionally, oligomerization reactions may accelerate in the ESI
microdroplets, which would result in their higher abundance in the analyzed mixtures.'%5-197 To
test this effect, we analyzed SOA mixtures infused into HRMS at different extract concentrations
ranging from 0.5 to 6 pg mL"!, and quantified relative intensities of multimers to monomers as a
function of concentration. Because all oligomerization steps are bimolecular reactions, higher
extract concentrations would lead to larger fractions of the detected multimers if acceleration
chemistry in microdroplets occurred. Our results shown in Figure S5 indicate that dimer formation
might be accelerated only by ~ 20 % using the analyte concentrations employed in our study.
Further results of these tests are summarized in Supplementary Note 5 of the SI file.”
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Figure 1. Q-TOF mass spectra acquired for a) LSOA (blue) and b) PSOA (red) samples. The drift time
separated IM-Q-TOF features identified for ¢) LSOA and d) PSOA samples in (+/—)ESI modes. The colors
in ¢) and d) plots correspond to the mode of polarity, blue/light blue for LSOA and red/maroon color for
PSOA, respectively. Two-dimensional IM drift time (ms) vs experimental m/z heatmaps for e) (+)ESI and
f) (-)ESI modes for PSOA representative sample.
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As expected, the drift time increases with an increase in the m/z of the ion. The drift times
of monomeric ions are higher in positive mode than in negative mode. Whereas the drift times for
the dimer and trimer ions measured in negative mode appear to be slightly larger than those of
their cationic counterparts. The apparent drift times shown here are experimental values which
vary for different IM-MS instruments and are therefore not molecular-specific metrics. The
intrinsic properties of ions that underline their mobility — structure relationships are the CCS
values, which are independent of the instrument and serve as reproducible structural descriptors of
the analytes in complex SOA samples.

Figure 2 presents a summary of the measured PTCCSy;, values for LSOA and PSOA analyte
ions computed using eq. 1 versus their m/z values. The results are shown as scatter plots projected
onto the 2D CCS versus m/z plane’®$3 used to determine the structure-class relationships for the
measured analytes. They represent the molecular ordering of organic compounds based on the
mass and size of the ions separated by monomer, dimer, and trimer classification. Figures 2a-d
show results for LSOA and PSOA analytes detected in positive and negative ionization modes. In
order to place these results into the context of known SOA components, we highlight regions
characteristic of organic molecules with moderately low O/C ratios of 0.3 — 0.6 indicative of the
mono-carboxylic groups (dark gray shading) and those with O/C ratios of 0.2 — 0.4 typical for
molecules with alcohol and ester moieties (light gray shading).®3
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Figure 2. Collision cross-sections (PTCCSy,) vs m/z for the ions measured in (+)ESI and (—)ESI modes for
LSOA and PSOA mixtures projected along the 2D PTCCSy, — m/z plane. Trendlines and their uncertainties
define the shaded trend regions (reported as upper and lower limits) for carboxylic acids (dark gray
reference area) and long-chain alcohols (light gray reference area) reported previously.?? a) and b) represent
(+)ESI CCS data for LSOA and PSOA grouped by fractions of monomers, dimers, and trimer ion structures.
¢) and d) represent measured (—)ESI mode CCS data for LSOA and PSOA ions.

We report a PTCCSy; library of SOA compounds that total 1,085 PTCCSy; across both
SOA samples measured in both positive and negative modes for 324 (LSOA) and 256 (PSOA)
constituents observed as [M+Na]* ions along with 266 (LSOA) and 239 (PSOA) compounds
observed as deprotonated [M—H]~ molecules. The CCS values range from ~ 120 — 265 A2 in size
over the 140 — 650 m/z range. The observed trends in the PTCCSy, versus m/z plots and a
quantitative assessment of the PTCCSy;, values are used to infer structural differences between the
components of LSOA and PSOA mixtures. Figures 2a,b show that monomer ions measured in
positive mode for both mixtures are localized within the carboxylic acids reference region but are
systematically 2 — 5% below the center trendline. It has been reported that monomers in both SOA
mixtures have characteristic O/C ratios?”'%® of 0.4 — 0.8 and typically contain one or two
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carboxylic acid moieties,?” which is consistent with the observed trend in their CCS values. Some
monomers may also contain one or more carbonyl functional groups (i.e., ketones, aldehydes)
resulting in smaller CCS values that are outside of the carboxylic acids reference area. The PSOA
monomer ions observed in positive mode have slightly larger (1.2 — 2%) CCS values compared to
those of LSOA, which is consistent with more rigid structures of PSOA components containing a
cyclobutane ring. On the other hand, the CCS values of oligomeric (dimers and trimers) ions match
well the alcohols reference region, consistent with the less oxygenated oligomeric molecules with
lower O/C ratios of ~ 0.3. Oligomeric products of SOA are formed through esterification and aldol
condensation reactions,’>!% which produce a water molecule as a product (-H,O) in each
oligomerization step, thereby reducing O/C ratios in the higher order oligomers.

Figures 2a,b show that CCS values of PSOA oligomer ions observed in positive ionization
mode are concentrated around the center line of the alcohols reference region. Meanwhile, CCS
values of the LSOA positive oligomers are shifted below the center line. Figure S11 illustrates the
quantitative assessment of the percent deviation of these two data sets measured in (+)ESI from
the carboxylic acid and long-chain alcohols reference area. A majority of CCS for PSOA and
LSOA are 2 — 8% below the carboxylic acid center reference line with some PSOA monomers
having CCS values closer to the centerline. Approximately 48% of the CCS for PSOA positive
oligomer ions fall 1 — 4% above the center line, while 55% of the CCS for the analogous LSOA
species fall 1 — 4% below the line. The observed results indicate that positive oligomer ions of
PSOA have systematically higher CCS values than their LSOA counterparts. This is consistent
with the expected larger three-dimensional structures of PSOA oligomer products, which retain
four-membered cyclobutane rings of the a-pinene monomeric precursors (see Scheme ) making
the oligomeric products too rigid to fold into compact conformer structures. In contrast, all LSOA
products have open-chain structures capable of folding into much more compact conformers,
which result in comparably smaller CCS values. In negative ionization mode, the CCS values of
monomers from LSOA and PSOA mixtures lie within the alcohols reference area, whereas CCS
values of the oligomer ions lie 6 — 8% above the long-chain alcohols center line as shown in
Figures 2c,d. As will be discussed in the next sections, these results are consistent with structural
differences of negative and positive ions formed in the ESI source.
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Figure 3. Drift time distributions for selected ions of a-b) CoH;4,0; and c-d) C,oH;c03 monomeric products
of LSOA (blue) and PSOA (red) measured in the (+)ESI mode as [M+Na]" adducts and in (—)ESI mode as
[M—H]- species, respectively. The experimental CCS (Qy5) are listed for each IM feature along with
selected structure identities. The 2D heatmap insets are shown to the right of each drift spectrum for the
measured IM-MS feature. Proposed structures and identities are shown along each panel.

Figures 3 and 4 illustrate drift time (DT) distributions of representative monomer and dimer
ions observed in LSOA and PSOA mixtures along with their characteristic drift times (ms) and
CCS values (A2). Molecular structures are shown for a subset of the IM-MS detected features
based on previous studies.?®!1 The 2D drift time versus m/z heatmaps characteristic for each of
the selected IM features are shown in the right panels to illustrate their experimental detection.
Figures 3a,b and 3c¢,d show the DT distributions for the monomer ozonolysis products: limonalic
and pinalic acid isomers (C9H;403) and limononic and pinonic acids (C;oH;c03) detected as
[M+Na]" and [M—H] ions, respectively. The CoH;405 species of LSOA and PSOA observed in
positive mode (Figure 3a), have similar DT distributions. However the peak shape for the LSOA
feature exhibits a shoulder on the more compact side, while the peak of the PSOA constituent has
a shoulder on the more extended side of the DT distributions. This observation indicates that
although the major fraction of structures with this composition have similar CCS values, LSOA
contains isomers with more compact structures and PSOA contains isomers with more extended
structures. In contrast, negative mode DT distributions of both isomers (Figure 3b) are narrower
and exhibit nearly identical DT distributions indicative of only one family of structures in both
LSOA and PSOA ionized in negative mode. It is plausible that only one isomer with the
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deprotonated carboxylic acid group contributes to the DT distribution observed negative mode.
Meanwhile, a mixture of isomers containing ketone and aldehyde groups is likely ionized in
positive mode. Ketolimonaldehyde is a representative species with this composition known to be
present in LSOA.!'!"" This molecule possesses two ketones and one aldehyde group and forms
compact adduct ion with Na* in (+)ESI mode. It is likely that ketolimonaldehyde contributes to
the shoulder peak with lower DT observed for the LSOA feature (Figure 3a). Meanwhile, at least
one or two isomers such as limonalic and norlimononic acids with one carboxylic acid group??
have more extended structures observed in the DT distribution (Figure 3a).

The positive mode DT distribution of C;oH ;505 (Figure 3c) in the PSOA sample has a
larger peak width than the corresponding feature in the LSOA sample. The broad DT distribution
indicates the presence of multiple of isomers of C1oH;50; in the PSOA mixture. Previous study
investigating isomers of C;oH ;403 generated in the ozonolysis of a-pinene, reported the presence
of up to three individual peaks for C,oH;sO3 species ionized as Na* adducts.?* Therefore the two
small shoulder peaks on both the compact and extended side of DT distribution may be related to
isomers or conformers of pinonic acid + Na*, while abundant peak centered at 21.66 ms most likely
corresponds to pinonic acid. On the other hand, we observe two distinct features (19.5 ms and 20.3
ms) in the DT distributions of C;yH;50; in PSOA (Figure 3d) in negative mode. We attribute these
peaks to two IM features to conformers of pinonic acid, which are supported by theoretical CCS
calculations summarized in Table S1. The presence of two distinct peaks in the DT distribution
indicate that two conformational isomers of pinonic acid are likely separated in IM-MS. The DT
distributions for LSOA monomers appear to be similar in positive and negative modes (Figure 3¢
and 3d) suggesting only one type of the C;(Hc0; isomer in LSOA was ionized, corresponding to
limononic acid.

The experimental CCS values for monomers of [M+Na]" are systematically larger by 5 —
7% than CCS of their [M—H]~ counterparts. These results are supported by TMLJ predictions
shown in Table S1. The larger cross-section of [M+Na]* may be attributed to the size of the
sodium cation coordinated to the analytes observed as positive ions,3*!12 which increases the
surface area of the ions. These observations are consistent with the results of previous study,?* in
which an increase in the CCS with mass of inorganic reagent ions (e.g. Na*, Li*, and K*) was
observed for the ozonolysis products of a-pinene. These results are also consistent with [M+Na]*
adducts of carbonyl-containing phthalates measured in previous studies.!!3!14 The CCS values for
Na adducts were 4.3% larger than the protonated counterparts in their work.!'!4

While the DT distributions and identities for monomers (Figure 3) show interesting results,
the DT distributions for the dimer ozonolysis products (Figure 4) are more complex. Figures 4a,b
and 4c,d show the DTs for the dimer ozonolysis products: C;gH,307 and C9H,30g detected as
[M+Na]" and [M—H] ions, respectively. The peak shape for the PSOA feature in Figure 4a shows
a prominent peak at ~ 25.8 ms, followed by broadened shoulder peak on the more extended side
of the DT, whereas the LSOA feature shows one small shoulder peak on the compact side of the
DT peak ( <25.8 ms) and a broader shoulder peak on the extended side (> 25.8 ms). It is plausible
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that at least two and three peaks contribute to the PSOA and LSOA DT distributions, respectively.
However, the DT distributions measured in (—)ESI mode (Figure 4b) are not significantly different,
where the LSOA feature is slightly more broadened than PSOA and both peaks are slightly
narrower than the corresponding features observed in the positive mode. Similar observations can
be made for C;9H,3Og dimer features in Figures 4c,d. From the peak shapes measured for (+/-)
ESI modes, it appears that there are several structures of the organic compounds with different
ionizable groups that were not ionized in one mode or the other. It is plausible that different
structural isomers were selectively ionized in negative mode corresponding to molecules with
more than one carboxylic acid group, whereas isomer ionized in positive mode likely contain
carbonyl containing functional groups or conformers of [M+Na]" ions. In addition, the relatively
broad DT distributions for LSOA features shown in Figure 4 are consistent with a larger number
of structural isomers known to be formed in ozonolysis of limonene as compared to a-pinene.
Therefore systematic studies focused on targeted analysis of structural isomers in complex SOA
need to account for differences in their ionization selectivity and physicochemical properties.!'!>!13
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Figure 4. Drift time distributions obtained for selected ions of a—b) C;3H,307 and ¢—d) C;9H,30¢ dimeric
products of LSOA (blue) and PSOA (red) measured in the (+)ESI mode as [M+Na]" adduct and (—) ESI
mode as [M—H]" species, respectively. The experimental CCS (Qy;) are shown for each IM feature along
with selected structure identities. The 2D heatmap insets are shown to the right of each drift spectrum for
the measured IM-MS feature. Proposed dimeric structures are shown for few panels.

The CCS values of [M+Na]" and [M—H]™ ions of C;3 and C;9 oligomer isomers in Figure
4 show different trends than what was observed for the Cy and C;y monomers in Figure 3. The
CCS values of the [M+Na]* ions are systematically smaller than those obtained for [M—H]" ions.
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This observation is somewhat counterintuitive because it implies that [M+Na]* oligomer ions with
larger m/z values exhibit smaller CCS than [M—H]~ counterparts of lower m/z values. Figures 5a,b
show CCS versus m/z plots derived for LSOA and PSOA species detected in (+/—)ESI modes along
with linear regression lines for each of the four measurements. Here, we report deviation as percent
of the CCS difference (ACCS%) between the linear regression lines and [M—H]~ and [M+Na]*
data sets, respectively. The plots indicate that CCS values of the deprotonated oligomers are 3 —
7% larger than their sodiated adducts, consistent for all oligomers within 300 — 600 m/z range.
Figures 5c,d illustrate representative energy minimized DFT calculated structures of [M+Na]" and
[M—H]" corresponding to C;9H,307 and C;9H»30g dimer products in LSOA and PSOA mixtures.
The energy minimized structures for [M+Na]* ions indicate folding of the dimers when sodium is
coordinated with three carbonyl oxygens, rather than one or two carbonyl oxygen atoms predicted
for the monomer structures from DFT calculations.

The deprotonated molecules of both selected dimers exhibit slightly elongated structures
which result in larger CCS values. DFT calculations indicate similar trends for few additional
species summarized in Table S2. The number of carbonyl groups in the molecules is expected to
increase for the high molecular weight oligomers (dimers + trimers) structures. It is reasonable to
assume that the increase in ACCS% scales with an increase in the number of oxygen groups in the
oligomer compositions. However, not all deprotonated oligomers exhibit similar elongated
conformations. For example, pinonyl-pinyl ester (C,9H,307) product of PSOA has two carboxylic
acid groups in the structure,'® which facilitate the formation of the proposed compact circular
conformation shown in Table S2 due to intramolecular hydrogen (H) bonding (O — H---O—)7 at
the terminal carboxyl end groups. The CCS of the deprotonated molecule is 185.4 + 0.3 A2,
whereas the sodiated adduct exhibits a slightly larger CCS value of 187 + 2 A2 at the first peak
of DT distribution as shown in Figure S12, however the DT of the broad shoulder peak for
[M+Na]" ion shifts to extended configuration with a CCS value of 189.8 + 2 A2 This suggests
that the deprotonated conformer is slightly more compact than detected sodium adduct in the
positive mode. These results are consistent with the corresponding experimental CCS values
obtained in a previous report.”
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Figure 5. Plots of experimental CCS vs. m/z for a) LSOA and b) PSOA. The closed circle data points
represent [M+Na]" (blue: LSOA ; red: PSOA) and [M—H]- (light blue: LSOA ; maroon: PSOA).. The linear
fits to each of the datasets are shown with the experimental slope equation in the form of ‘y = mx + b’
determined from the fits. The number of datapoints comprising experimental CCS are reported for statistics.
Representative DFT geometry optimized ion structures are shown for ¢) C;9Hy307 and d) C;9H,30g dimers
detected as [M+Na]* and [M—H] ions, respectively. The experimental CCS are shown alongside 3D
structures.

Notably, DFT calculations indicate the presence of multiple conformations of [M+Na]*
and [M—H]" ions, in which Na* is coordinated with different oxygenated groups and more than
one carboxylic group can be deprotonated as illustrated in Table S2 for C;gH,3O7 dimer. As the
number of carbon atoms in the ions increases, the number of structural isomers and their
conformers increases exponentially, leading to a high probability that multiple isomers contribute
to the same IM feature. Plausible contributions of multiple isomers can be inferred from relatively
broad IM features shown in Figures 3a,c and 4a,c. Therefore, we conclude that, in many cases,
the resolving power of the drift tube IM separation (R,) is insufficient for resolving the contributing
isomers.!16

To improve the IM resolution, we employed a recently developed methodology of temporal
multiplexing and HRdm post-acquisition data reconstruction.’®8" This method codes the IM-MS
instrument to trap and release multiple discrete ion packets from the second stage grid of the
trapping ion funnel over the 70 ms drift time range of experiment. Whereas the single pulse
technique is limiting due to the time required to wait for the next sequential pulse in the IM cycle,
which is one pulse every ~ 40 ms. Figure 6a illustrates the overall data post-processing workflow,
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beginning with IM multiplexing experiments followed by standard demultiplexing of the acquired
data into a reconstructed drift spectra. Obtained spectra are then deconvoluted by the HRdm
software, revealing the contributions of individual isomer peaks. The overlaid drift spectrum in
Figure 6a compares the demultiplexed drift time distribution of [C;9H3,04+Na]" ion (black trace)
along with the individual spectral components (purple traces) obtained using HRdm deconvolution
IM processed and the corresponding R, values. The HRdm approach reveals additional IM features
that could not be resolved using traditional single-pulse IM measurements.

Figures 6b,c show the demultiplexed IM spectra of the monomer [CoH;405+Na]* and the
dimer [C,gH,307+Na]" ions (IM features from Figure 3 & 4) from LSOA mixture and their HRdm-
IM deconvoluted features with their corresponding R, and CCS values, respectively. Plausible
structures are shown for the resolved features based on literature report!!! and our modeling results.
Specifically, out of six HRdm-IM deconvoluted features contributing to the drift time distribution
of the [CoH403+Na]" ion, three peaks at 18.8, 19.1, and 19.4 ms are very abundant. These three
features likely correspond to structural isomers of ketolimonaldehyde, limonalic acid, and
norlimononic acid, which arise from the Os-initiated oxidation of limonene at the two double bond
locations in the structure.!'.117-119 The CCS values of the corresponding three isomers are different
by at least 2 A2 from each other, or by ACCS% ~ 2% on the relative scale. The tentative
identification of the LSOA oxidation product isomers is inferred based on the theoretical CCS
values computed using IMoS (see Table S3), which match within ~ 2 — 3% to experimental CCS
values. The other three HRdm-IM deconvoluted features are ether additional structural isomers or
conformers, which could not be unambiguously assigned. Similarly, the [CsH,307+Na]™ dimer
ion reveals at least six prominent HRdm features with CCS values differing by 2 — 7 A2 from each

other.
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Figure 6. a) Illustrative description of IM multiplexing experiment, demultiplexing and high resolution
demultiplexing (HRdm) workflow followed by illustrative example of HRdm processing of demultiplexed
IM spectrum (overlaid) for the [C;9H3,04+Na]* ion in LSOA dataset. Drift spectra and extracted HRdm
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features of the 4-bit ion-multiplexed data for b) [CoH,05;+Na]* and c) [Ci3HpsO;+Na]* ions with their
corresponding single-peak resolving power (Rp) and collision-cross section (CCS, A?) values measured
using the single-field method. Plausible structures are shown for each of the identified IM features based
on literature reports!' 117119 and theoretical CCS calculations. All HRdm IM spectra were processed at the
highest processing level.

Figure 7 shows additional results of the HRdm-IM deconvolution for selected ions from
LSOA and PSOA mixtures, which illustrates common level of complexity of the IM-MS data. For
each of the common IM-MS features, HRdm method resolves 2 — 4 coincidental isomers
comprising monomers (Figures 7a-c) and 4 — 6 isomers comprising dimers (Figures 7d-i).
Although standard IM features have typical drift peak widths of 0.4 — 0.7 ms for monomers and
0.9 — 1.9 ms for dimers, their HRdm deconvoluted components show much narrower peaks with
At ~ 0.15 ms. To validate the presence of isomeric species detected after the HRdm-IM
deconvolution of the multiplexed IM-MS data, we performed an LC-HRMS experiment. Figures
S13-S14 compare the deconvoluted drift time distributions of the C,yH3,04 dimer in LSOA and
Cy10H1604 monomer in PSOA measured as [M+Na]" ions with extracted ion chromatograms of
these ions observed using LC-HRMS. The comparison suggests that that the HRdm-deconvoluted
peaks correspond to structural isomers rather than to conformers. These results demonstrate that
HRdAm-IM-MS may be used for the detection of isomeric SOA components in a significantly
shorter data acquisition time (0 — 40 ms) in comparison with LC-MS (20 min — 1 hr) per sample.
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Figure 7. IM spectra of the several isomer systems in LSOA (blue legends) and PSOA (red legends)
investigated in this work related to the monomers a) limononic acid (C,oH;c03), b) pinonic acid (C,oH;603),
C) OH-pinOﬂiC acid (C|0H1604) and dimers d*l) C18H2306, C|9H3007, C20H3205, C20H3206, C|9H3206, and
C19H3,0g, respectively. The top panel in the drift spectra represent the standard demultiplexed IM spectra
(black trace), while bottom panels show the HRdm peak deconvoluted IM spectra (purple trace) with their
corresponding R, values in respective coloring legends. All HRdm IM spectra were processed at the highest
processing setting. The HRdm deconvoluted components show much narrower peaks with 47 ~ 0.15 ms
versus 0.4-0.7 ms in standard demultiplexing. The peaks that are marked with an asterisk (*) are
postprocessing data artifacts lower than 5% of the total ion signal.

To demonstrate the utility of IM-MS for studying chemical transformations of isomeric
SOA components, we conduct case experiments comparing PSOA components in the original and
photolyzed mixtures. Photochemical aging of SOA in the presence of solar irradiation is an
important pathway for oxidation and degradation of organic constituents resulting in
transformations in their chemical and physical properties.’®!2%12! In particular, PSOA monomeric
components such as pinonic acid (PA), pinic acid, pinonaldehyde and their multi-functional
oligomers possess carbonyl groups susceptible to photolysis via Norrish I & II pathways,10-122.123
Scheme II illustrates the Norrish Type Il reaction of pinonic acid (PA) and pinonyl-pinyl ester
(PPE) components of PSOA, which results in photoisomerization. In this reaction, the 1,5-shift of
a hydrogen atom to the photoexcited carbonyl group results in ring opening of the molecule.!!?
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O
TR
Pinonic acid O
* hv o)
o OH >
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Scheme II. Norrish Type II photochemical isomerization of pinonic acid (PA) and pinonyl-pinyl ester
(PPE) dimer product in PSOA mixture. The (*) denotes the photoexcited carbonyl group in the structures.
Product isomers for PA and PPE are shown based on literature reports''? and proposed structure following
Norrish II splitting/ring-opening mechanism.'??

In our experiments, PSOA aqueous mixtures were irradiated in a custom-built 310 nm
photoreactor (see Supplementary Note 2), where the solution was irradiated for 60 min at a
constant photon flux (F;zp). Figure 8a,b show the IM drift spectra for [M—H] ions corresponding
to PA (C;oH603) and PPE (C;9H,307) species. The IM spectra of the corresponding [M—H]~ ions
identified in LSOA mixture, limononic acid (C;oH;¢03) and the dimer ester product (C;oH»307),
are shown for comparison. The characteristic value of CCS for PA detected as [C;oH;,05—H] ion
in the unphotolyzed PSOA is 150.6 A2 In the photolyzed PSOA sample, the CCS value of the
[C1oH603—H]" species decreases to 148.7 A2, a value comparable to the CCS of the limononic
acid (LA) isomer (149.2 A2). This change in the CCS value is consistent with the PA to LA
photoisomerization shown in Scheme II. The Norrish PA isomeric product is more compact and
more mobile as a result of the cleavage of the rigid cyclobutane ring. The shape of the IM feature
corresponding to the isomer product exhibits significant peak broadening, which suggests
formation of multiple isomers, in line with literature reports.!1°
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Figure 8. IM drift spectra representing the IM features for a) C,(H;s0; and b) C,9H,30; measured as [M-

H] ion for PSOA (red), LSOA (blue), and the photochemical Norrish II product isomer (maroon) arising
from the aqueous photolysis of bulk solution containing PSOA mixture. The experimental CCS (Qyp) is
shown for each IM feature along with proposed structures.

Similarly, the PPE dimer detected as the [C9H,30;—H]~ion in the unphotolyzed PSOA has
a CCS value of 184.8 A2, In the photolyzed sample, the CCS value of the isomer product increases
to 186 A2, also consistent with opening of the cyclobutane ring, resulting in a less compact
structure. However, the isomer product is still significantly different from the open-chain reference
dimer (CCS = 188.4 A?) observed in the LSOA mixture, which suggests that the photolyzed
product likely retains one cyclobutane ring. The analytical detection and characterization of these
reactants and Norrish II products were confirmed using LCMS measured in the (-)ESI mode as
shown in the extracted ion chromatograms (EIC) in Figure S15. Additional IM-MS
characterization of the photolytic isomerization of selected PSOA components is shown in Figures
S16 and S17. The CCS measurements are consistent with the expected Norrish II photochemical
pathway as the photolyzable ketone group on one side of the dimer ester molecule (denoted as *)
in PSOA can participate in the ring-opening and rearrangement to yield the expected isomers
shown in Figure 8b. Our results demonstrate that IM-MS may be used to measure structural
changes associated with photochemical reactions of individual aerosol components.

Conclusions

The chemical composition and variability of isomer structures in PSOA and LSOA
mixtures were examined using IM-MS metrology platform. We developed a PTCCSy; (A2) library
of structural isomers in complex LSOA and PSOA mixtures. The PTCCSy, values indicate that
both LSOA and PSOA constituents contain carboxylic acid functional groups and polymeric-like
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structures for the dimeric and trimeric species. Several of the monomeric and dimeric SOA species
in PSOA exhibited slightly larger (1 — 4%) CCS values than their LSOA counterparts. This
observation reflects the larger gas-phase ion structures of PSOA components due to the presence
of rigid cyclobutane rings. The average PTCCSy, values for monomeric SOA components
measured as [M+Na]* ions are 3 — 6% higher than those of their [M—H]~ counterparts. Meanwhile,
dimeric and trimeric isomer components in both samples showed an inverse trend with the
DTCCSy; values of [M—H]~ ions being 3 — 7% higher than those of their [M+Na]" counterparts.
Therefore, the 3D configuration of the ions formed during ESI are dependent on the mode of
ionization polarity.

The incorporation of the 2D PTCCSy»(A2) — m/z space with representative molecular-class
trend lines compiled from literature®?#3 enables practical assessment of structural isomers in
complex SOA mixtures and may be used to infer on potential aging reactions in aerosols.*>? For
example, reactions of biogenic VOCs with NOx,'?* NO; radicals,'?’ or ammonia!! may result in
the formation of functionalized nitrate or amino groups in the structures. This may lead to an
increase in the experimental CCS and fall into separate structural class in the 2D PTCCSy,(A2) —
m/z projected space.®* Formation of organosulfate compounds in PSOA from the evaporative
drying in presence of sulfuric acid,'?® is expected to also increase the CCS. Additionally, the
discrimination between the ring-retained, ring-opening, and isomeric products of toluene derived
SOA under OH oxidation and high/low NOy is also important to distinguish in complex SOA
mixtures. 27128 Structural characterization of water-soluble metal-organic complexes!?%130
involving small carboxylic acids with iron (Fe**) from SOA, environmental samples, and cloud
water can also be performed using IM-MS for untargeted analyses. More IM studies are needed to
expand accurate CCS measurements to a broad range of atmospheric molecules relevant to SOA
formation and aging.

The broadening in drift time of separated peaks measured in IM—MS experiments relates
to a combination of isomers that were poorly resolved from single pulse IM measurements. The
application of an IM multiplexing/HRdm approach®®#° helped to distinguish between individual
isomer ions detected in the SOA mixtures. We demonstrate successful application of the HRdm
post-processing for multi-component isomeric mixtures in SOA to help reveal complex IM peaks
that resemble different structural ensembles of the analyte ions. Future studies investigating
complex structural isomers in SOA using high resolution IM separations!3!-132 would be valuable
for this application. Last, we demonstrated the potential use of IM-MS for studying photochemical
aging of single molecule components in complex SOA mixtures. The IM methods can be applied
to study single-molecule structural changes associated with aerosol aging.

While this work presents advantages and strengths of the IM-MS experiments employed
for SOA characterization, several areas for further developments need to be noted. First, without
the incorporation of an LC separation or a sample purification step (e.g. solid-phase
extraction)38%133 to IM-MS workflow, ion suppression may effect sensitive detection of
individual components in complex SOA mixtures. Incorporating LC separation stage to IM-MS
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workflows will also improve quantitative capability for SOA characterization. Second,
programming tandem IM multiplexing/HRdm data analysis workflows are excellent for very low
concentrated organic components in the solution. However, it cannot be applied for LC-IM-MS
workflows and does not perform well for higher concentrated components in the samples.>888

Accurate measurements of CCS in IM-MS experiments benefit from the complementary
use of stepped-field and single-field data acquisition methods. While both methods can be
employed in the direct infusion IM-MS experiments presented here, experiments with the LC
separation stage added can only use the single-field method. Therefore, design of future IM-MS
studies should consider various tradeoffs of the methods and data interpretations discussed in this
work. Last, comparative analysis of either commercial or synthesized*®standards may greatly
facilitate assessment of the structure-specific SOA products, based on the interpretation of their
IM-MS spectra.

The molecular and structural-level information afforded by CCS measurements for SOA
components may be useful for predicting the physical properties of individual compounds such as
the molecule-specific glass transition temperature (7,) and viscosities (1).!'** General
understanding of the structural effects of SOA components on 7, is important to aid in the
evaluation of the aerosol phase state and their contributions to the bulk viscosity of SOA particles.
The structures of common SOA components contain carboxylic (-COOH), ester (-C(=O)OR),
alcohol (-OH), ketone (-C(=O)R, ether (-COR), and aldehyde (-C(=O)H) functional groups, which
influence their viscosities and volatility.!3> The volatility of the components will in turn influence
the gas-particle partitioning in SOA. The incorporation of structural information provided by IM-
MS experiments may improve the accuracy of estimating 7, and # of SOA.!3 As the number of
oxygen-containing functional groups and size (CCS) of the molecules increases, the viscosity is
also predicted to increase for individual species in SOA.!33

Supporting Information

Supplementary Notes 1-7 provide descriptions for BVOC oxidation and SOA generation
experiments, aqueous photolysis and chemical actinometry calculations, IM-Q-TOFMS
metrology, DI-HRMS, and LC-HRMS methodology and data analysis, IM-MS data processing
and analysis, and computational chemistry and ion mobility theoretical calculations. Additional
figures (S1-S17) illustrating supplementary notes, IM-MS and HRMS results of SOA
characterization are shown. Summary tables (S1-S3) report theoretical DFT and TMLJ
calculations for select components.

A full list of all CCS values, m/z, and formula assignments in IM-MS experiments are summarized
in a ‘“IM MS CCS Data SOA xIsx’ file.
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