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Abstract.

Secondary organic aerosol (SOA) makes up much of the particulate matter in the troposphere and impacts global climate and
human health, though uncertainties regarding the sources and properties of SOA limit our understanding of these effects. New
analytical techniques are required to better characterize the molecular composition of SOA, including methods that can identify
isomeric compounds that may have different contributions to SOA properties such as hygroscopicity or volatility. We present
a method for isomer-resolved analysis of SOA using a commercially available chemical ionization ion-mobility time-of-flight
mass spectrometer (CI-IMS-TOF) and a Vaporization Inlet for Aerosols (VIA). The compatibility of the VIA and the CI-IMS-
TOF was assessed through the analysis of 10 carboxylic acid standards across a large temperature range (30 - 170 °C). Ion
drift times were found to be stable to within 0.075% of their initial values after drift time calibration. The VIA-CI-IMS-TOF
was also used to collect real-time ion mobility and mass spectra of SOA constituents during an a-pinene ozonolysis chamber
experiment. Several reaction products were identified in the SOA using synthetic standards, including structural isomers of
CsH1204 and CoH1404. Temporal evolution of reaction products was used to assess formation timescales and determine the
generation of oxidation for individual isomers. Both iodide and bromide reagent ions were used in the VIA-CI-IMS-TOF to
achieve a more comprehensive analysis of SOA. This study demonstrates the performance of the VIA-CI-IMS-TOF for online,

isomer-resolved analysis of organic aerosol and its potential for improving the current understanding of SOA composition.

1 Introduction

Much of the particulate matter in the troposphere consists of organic aerosol (OA), a major fraction of which can be attributed
to secondary organic acrosol (SOA) formed through gas-phase oxidation of volatile organic compounds (VOCs; Zhang, 2007;

Hallquist et al., 2009; Shrivastava et al., 2017). SOA influences global climate due to impacts on radiative forcing either
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directly or through its role in cloud formation (as cloud condensation nuclei, CCN), though uncertainties in the magnitude of
this influence remain large (Shrivastava et al., 2017). One key to minimizing these uncertainties is a more comprehensive
understanding of the molecular composition of SOA, which enables more accurate predictions of physicochemical properties
such as hygroscopicity, volatility, and CCN activity (Pdschl, 2005). To achieve this better understanding, new analytical
techniques are required that can determine not only the chemical makeup of SOA constituents but also their molecular
structures. Isomers (both structural and stereoisomers) of organic compounds can exhibit substantial differences in properties
critical to aerosol modelling; for example, suberic acid (octanedioic acid) and dimethyl adipate (dimethyl hexanedioate) differ
in vapor pressure by approximately six orders of magnitude despite having the same molecular formula of CsH ;40 (Verevkin
et al., 2006; Bilde et al., 2015). Thus, identifying just chemical formulas or molar masses within SOA is insufficient to
confidently infer important physicochemical properties, rendering the ability to separate isomeric species critical to improving
our current understanding of SOA on a molecular level and of its influence on global climate.

Numerous methods employing high-resolution mass spectrometry (HRMS) have been developed for isomer-resolved
analysis of SOA. Separation of isomers in SOA prior to HRMS detection is often achieved using liquid chromatography (LC)
paired with electrospray ionization (ESI; Hildmann and Hoffmann, 2024), though gas chromatography (GC) has also been
used. GC coupled with electron ionization with one-hour time resolution has been commercialized as the Thermal Desorption
Aerosol GC (TAG) instrument (Williams et al., 2006), which has since been paired with iodide CIMS for the separation of
standards and limonene-derived SOA (Bi et al. 2021a, b). Other heated inlets paired with chemical ionization mass
spectrometry (CIMS) have also been used. Among the most widely used is the Filter Inlet for Gases and AEROsols
(FIGAERO; Lopez-Hilfiker et al. 2014), which collects SOA on a Teflon filter and thermally desorbs particle-phase analytes
into a CIMS inlet. Isomer separation in the FIGAERO is based on volatility differences and achieves much lower resolution
than LC or GC. More recently, Schaum et al. (2025) coupled LC with I CIMS using an Aerodyne vaporization inlet for
aerosols (VIA) — an inlet consisting of a heated stainless steel tube with an inert coating — to measure SOA generated by a-
pinene ozonolysis as well as urban organic aerosol. These techniques are disadvantaged by their relatively long sampling and
separation timescales which, depending on the sample collection rate, can be on the order of tens of minutes to hours. Several
steps in offline sampling methods can also change the properties and species distribution of SOA through the loss of
semivolatile compounds from filters (Eatough et al., 2003), chemical transformations during storage (Resch et al., 2023), or
the generation of reactive oxygen species by ultrasonic irradiation (Miljevic et al., 2014). Additionally, separation by GC can
be challenging for low-volatility and thermally labile compounds, for which irreversible losses due to condensation or
decomposition can occur (Tobias and Ziemann, 2000). Although more amenable to low-volatility species, LC paired with ESI
is susceptible to matrix effects (Taylor, 2005; Amarandei et al., 2020) and ion suppression (Apffel et al., 1995; Law et al.,
2010) that can impact overall instrument sensitivity and make consistent quantification difficult.

As an alternative to chromatographic methods, ion mobility mass spectrometry (IM-MS) has also been employed on
several occasions for the separation of gas- and particle-phase isomers formed through VOC oxidation (Krechmer et al., 2016;

Zhang et al., 2017, 2019; West et al., 2023). Ion mobility spectrometry (IMS) separates gas-phase ions by their mobility
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through a buffer gas (often helium or nitrogen) and, not being reliant on solvents or a stationary phase, does not suffer from
the same complications (e.g., poor solubility, solvent incompatibilities) that can arise in GC and LC (Krechmer et al., 2016).
As demonstrated by Krechmer et al. (2016) and Skyttd et al. (2022), separation by ion mobility is compatible with a number
of different of ionization methods, including ESI and secondary electrospray ionization (SESI) with multiple reagent ions, as
well as nitrate (NO3") CIMS. This was also shown recently by Chen et al. (2024), who used IMS coupled with a benzene CIMS
to separate and detect five different alkylammonium ions. These applications of IM-MS to atmospheric systems, however, are
exclusively offline methods for the measurement of aerosol species, with online analysis being limited to volatile and
semivolatile compounds in the gas phase. For example, Krechmer et al. (2016) and Skyttd et al. (2022) achieved online analysis
of gas-phase species with their respective methods, whereas offline analysis using filter sampling and ESI was required for
aerosol analysis by Krechmer et al. (2016), Zhang et al. (2019), and West et al. (2023). Another key advantage of IM-MS over
GC- or LC-based separations is the comparatively short sampling time scale, typically achieving separation of SOA
components in under 100 ms. This rapid separation allows IM-MS to be used in applications that require real-time monitoring
of reaction products such as environmental chamber experiments. However, at the time of writing, real-time measurements of
SOA using IM-MS have yet to be published, to our knowledge.

In this study, we present a technique for online, isomer-resolved analysis of SOA using an Aerodyne VIA coupled
with a commercially available chemical ionization ion-mobility time-of-flight mass spectrometer (CI-IMS-TOF). Using this
system, we achieve online separation of atmospherically relevant isomers in a way that isolates particle-phase species, avoids
the sampling and degradation issues associated with offline sampling and chromatography, and provides high enough time
resolution to monitor the evolution of an environmental chamber experiment. The compatibility of a heated inlet and IMS was
first determined through thermal ramping during analysis of organic acid standards. The ability of the system to separate and
detect isomers of organic compounds in SOA was evaluated through online analysis of the a-pinene ozonolysis reaction.
Synthetic reaction products were used to identify several structures. Finally, the use of both iodide and bromide CIMS reagent

ions to achieve a more comprehensive analysis of SOA using the VIA-CI-IMS-TOF of SOA is briefly discussed.

2 Materials and Methods
2.1 Chemicals

The following chemicals were used throughout the experiments described below: (1R)-(+)-a-pinene (99%, Sigma Aldrich),
ethyl acetate (ACS grade, EMD Millipore), adipic acid (99%, TCI America), pimelic acid (98%, Thermo Scientific), suberic
acid (99%, TCI America), azelaic acid (98%, Thermo Scientific), sebacic acid (98%, TCI America), undecanedioic acid (98%,
MedChemExpress), dodecanedioic acid (99%, TCI America), 2-hydroxypalmitic acid (97%, Ambeed, Inc.), 16-
hydroxypalmitic acid (98%, TCI America), and 12-hydroxystearic acid (95%, Thermo Scientific). Several a-pinene ozonolysis
products were synthesized previously (Kenseth et al., 2020, 2023, In Preparation) and used to identify compounds in the

chamber experiment (Table 1).
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Table 1: Summary of synthesized a-pinene ozonolysis products.

Monoisotopic Mass
Compound Formula (g/mol) Structure Reference
Kenseth et al.
(In
Preparation)

0, i 0O
o OH
(o}
o Kenseth et al.
(In
OH Preparation)
0
o
(o]
0
0
[5)
0

cis-norpinic acid CsH 204 172.0736

Terpenylic acid CsH1204 172.0736

H Kenseth et al.

cis-pinic acid CoH1404 186.0892 (2020, 2023)

H

H
O,
°y_%§_>'
o

[5)

i 0,
Homote@enyllc CoH1:04 186.0892 ;\/w
acid

0,

cis-pinonic acid CioH1603 184.1099

cis-10- Kenseth et al
hydroxypinonic CioH1604 200.1049 HO (2023)

acid

Kenseth et al.
(In
Preparation)

Kenseth et al.
(2020)

H
OH
OH

2.2 Instrumentation

The Tofwerk CI-IMS-TOF used here is described in more detail by Chen et al. (2024) and Rice et al. (2026). Ionization in the
CI-IMS-TOF is achieved using a Vocus adduct ionization mechanism (AIM) ion molecule reactor described by Riva et al.
(2024), which generates reagent ions by flowing dilute mixtures of reagent gases through a vacuum ultraviolet light source.
The AIM reactor used in this study was held at 50 °C and the pressure was set at 50 mbar at the beginning of each experiment
by manually adjusting a pressure control valve. The AIM was operated with either iodide (I) or bromide (Br) reagent ions
generated from methyl iodide or dibromomethane, respectively. The ion drift region was filled with He at a pressure of 3.8
mbar with a tolerance of +4 pbar. This pressure was regulated during instrument operation through automatic adjustments to
the He flow. The traveling wave frequency was set to 49.528 kHz with a peak-to-peak amplitude of 21 V. An Aerodyne VIA
was mounted orthogonally to the AIM inlet using a perfluoroalkoxy alkane (PFA) union tee. The VIA consists of a ~45 cm

Sulfinert-coated stainless steel tube (0.64 cm outer diameter) insulated with glass wool. A honeycomb charcoal denuder
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(Aerodyne Research Inc.) located immediately upstream of the VIA is used to remove gas-phase compounds from the sample
flow. The VIA can be heated up to 270 °C using a 24 V resistive heating element located under the insulation. A detailed
characterization of the VIA can be found elsewhere (Zhao et al., 2024). A vacuum line was also connected to the union (along
the VIA axis) to accelerate the sampling flow from the chamber through the VIA to 3 L min™!, and the CI-IMS-TOF subsampled
1.8 L min™! from this flow. The VIA was held at 200 °C during the environmental chamber experiments discussed in Section
2.4.

The concentration of SOA formed during chamber experiments was measured using a scanning mobility particle sizer
(SMPS) consisting of a TSI model 3080 electrostatic classifier, 3081 differential mobility analyzer, and a 3776 condensation
particle counter. The SMPS was operated with a particle size range of 16 to 604 nm and aerosol size distributions were collected

every 135 s. A density of 1.2 g cm™ was used to calculate aerosol mass concentration in the chamber (Shilling et al., 2009).

2.3 Data analysis

The VIA-CI-IMS-TOF data was stored in Tofwerk HDF data format and analyzed using the analysis software package
“Tofware” (Version 4.0.3.b64643; Stark et al., 2015) in Igor Pro 9 (WaveMetrics) with the added IMS analysis workflow. Due
to the large data volume present in IMS data files (4092 times more data compared to regular time-of-flight mass spectrometry
data), the analysis is divided into computationally intensive processing steps and user-interactive display steps.

In a first step, the user sets up time averaging and the peak list, which can contain both unit mass-resolution integration
regions and high resolution peaks. Then, the routine will extract 3-dimensional matrices with measurement time, peak number,
and drift time as the coordinates. A 2-dimensional image plot is generated that shows time vs. drift time for any peak from the
peaklist (Fig. S1). The user can then perform a peak fitting along the time dimension to retrieve time series for individual drift
time peaks within each mass spectral peak. Additionally, the drift time axis can be calibrated in two possible ways. Either, a
peak finding algorithm can be used to identify possible drift time calibration peaks that are persistent throughout the dataset
and isolated. This results in a somewhat arbitrary but internally consistent drift time axis which can vary from experiment to
experiment. Alternatively, to achieve more uniform drift times across multiple experiments, an initial set of drift time peaks
based on specific mass spectral peaks can be provided as the initialization point for the drift time calibration. The latter
procedure was employed in this work to be able to achieve better drift time positions from the same peaks during separate
experiments. Six fluorinated compounds that were consistently present in the background of each analysis (due to outgassing

from the Teflon permeation tubes and/or tubing) were used as calibrant ions for each experiment.

2.4 Analysis of Chemical Standards and Environmental Chamber Experiment

Experiments were conducted in a ~21 m* Teflon chamber operated in batch mode (i.e., without dilution or makeup clean air
flow) at ambient temperature (24-25 °C) and pressure (0.83 atm in Boulder, Colorado) (Krechmer et al., 2017). Two AADCO
clean air generators were used to fill the chamber with pure, dry air (<5 ppbv total hydrocarbons, ~0.1% RH). Standards and

VOCs were added to the chamber using a custom-built vaporizer (Finewax et al., 2020). Ozone was generated directly into the

5
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chamber using pure O; (ultrahigh purity, Airgas) and a BMT 802N ozone generator, and the concentrations were verified using
a Thermo Scientific Model 49i ozone analyzer. Aerosols were sampled from the environmental chamber through 2 m of
conductive PFA (cPFA) tubing (Morris et al., 2024).

The first set of experiments involved the analysis of standards. Solutions of the seven dicarboxylic acid and three
hydroxyacid standards were prepared in methanol at concentrations of 10 mM and 20 mM, respectively. Using the vaporizer,
40 pL of the dicarboxylic acid standard and 80 pL of the hydroxyacid standard were added to the chamber, where a fraction
of the total mass condensed into aerosols. Each of the synthesized a-pinene ozonolysis products (5-10 mg) were dissolved in
a minimal amount of ethyl acetate and small quantities (2-5 puL) were deposited onto Millipore Fluoropore PTFE filters (0.45
um pore size). Using an in-line filter holder, the filters were placed between the VIA and the AIM reactor inlet, allowing heated
chamber air to evaporate the standards and be carried into the instrument.

The second set of experiments involved the analysis of chamber SOA. One ozonolysis experiment was carried out
for each of the two CI-IMS-TOF reagent ions (I" and Br’). For each experiment, approximately 300 ppb of ozone was first
added to the chamber. When the ozone concentration was stable (verified with the ozone monitor), 200 ppb of a-pinene was
added to the chamber on the order of several seconds with a Teflon-coated fan running throughout the injection to mix the
chamber air. The fan was allowed to run for at least 15 s after the addition of a-pinene to allow for complete mixing of the
chamber (Krechmer et al., 2016). The experiments were conducted without an OH scavenger, resulting in the production of
OH radicals that also reacted with the a-pinene. Using a simple KinSim model (Peng and Jimenez, 2019) consisting of only
first-generation reactions and an estimated OH yield from a-pinene ozonolysis of 80% (Presto and Donahue, 2004; Aschmann,
et al., 2002), it was estimated that approximately 56% of the a-pinene reacted with ozone and 44% reacted with OH. No seed
aerosol was added to the chamber prior to the experiment, but nucleation and particle growth were observed within three
minutes of the addition of a-pinene. During the ~80-minute experiment time, the ozone concentration decayed by 41% and a
peak aerosol mass concentration of 370 ug m (median particle size of 145 nm) was observed. The generated aerosol was

measured continuously throughout the experiment.

3 Results and Discussion
3.1 Carboxylic acid standards and instrument stability

Figure 1A shows the ion mobility spectrum of the 10 carboxylic acid standards using the VIA-CI-IMS-TOF with I reagent
ions. Despite only one pair of isomers being included in this experiment (2- and 16-hydroxypalmitic acid), these standards
serve as model compounds for demonstrating the separation ability and stability of the VIA-CI-IMS-TOF. The IMS parameters
used in the experiment were sufficient for baseline-resolved separation of each IMS peak. The resolution achieved in the IMS
drift chamber is highly dependent on the pressure of the buffer gas (Deng et al., 2016) and thus it was hypothesized that the
performance may be susceptible to large changes in temperature induced by the VIA installed in close proximity upstream. To

evaluate the potential effects of heated sample air, the VIA temperature was increased from 30 °C to ~170 °C over a period of
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30 min while sampling the standards from the chamber, and the drift times of each standard were monitored (Fig. 1B). It should
be noted that, while thermal decomposition of analytes has been observed in the VIA (Zhao et al., 2024), the carboxylic acids
used here exhibited sufficient thermal stability for this experiment and minor amounts of decomposition would not have
impacted IMS separation.

Pressures within the CI-IMS-TOF, including the IMS drift region, were minimally affected by the changing VIA
temperature. Although the AIM reactor pressure decreased slightly as the VIA exceeded 100 °C (Fig. S2), downstream effects
were mitigated by the automatic pressure regulation in the IMS. The IMS drift region pressure remained within the required
+4 pbar tolerance despite trending inversely with VIA temperature (Fig. S3). Prior to performing the drift time calibration,
IMS peak positions of the standards changed by up to ~0.4% in correlation with the drift region pressure (Figs. S4-5). After
calibration, however, deviations in the drift times were largely mitigated, with most peaks remaining within 0.05% of their
initial positions and the maximum deviation being only -0.075% (for 12-hydroxystearic acid). These shifts are at least ~20
times smaller than the width of individual peaks. The minor shifts in drift time after calibration did not appear to correlate with
VIA temperature and differences between diacids and hydroxyacids were not discernible (Fig. S6). With the ability to minimize
temperature-induced changes in drift time through calibration, the VIA-CI-IMS-TOF provides a useful platform to speciate

isomers in aerosols and could reasonably be used for thermal ramping experiments.

so0 4 A — Adipic Acid == Undecanedioic Acid -

=== Pimelic Acid === Dodecanedioic Acid

600 — Suberic Acid === Hydroxypalmitic Acid (Isomer 1)
Azelaic Acid === Hydroxypalmitic Acid (Isomer 2)

= Sebacic Acid Hydroxystearic Acid
400 — === VIA Temperature B
200 — n n —
0 | — | “=9
0 40 60 80

100 120

Signal (arb. units)

Drift Time (ms)

D.OS—B AWATE . WA aN 160
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Figure 1: A) Calibrated ion mobility spectrum of 10 carboxylic acid standards and B) relative change from initial calibrated IMS
drift time throughout VIA temperature ramping for adipic, suberic, dodecanedioic, hydroxypalmitic acids. While only a subset of
standards is shown in panel B for clarity, the effects of the temperature ramping are representative of all tested standards.
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3.2 Environmental chamber experiment

Previous studies using IM-MS (Krechmer et al, 2016; Skyttd et al. 2022) and LC-ESI-HRMS (Kristensen et al., 2016, 2017,
Kenseth et al., 2020) has illustrated the isomeric complexity of the gas- and particle-phase compounds formed from a-pinene
ozonolysis. Multiple isomers were observed for several reaction products in these studies, including at least two for CoH;404
and as many as five for C1oH1604. While many observed isomers were attributed by Skyttd et al. (2022) to cluster isomers (i.e.,
reagent ions bound to different sites of a single molecular structure), other literature on the analysis of a-pinene ozonolysis
products by IM-MS supports the presence of isomers for several molecular formulas (Krechmer et al., 2016; Zhang et al.,
2017; West et al., 2023). The formation of isomers is further supported by the generally accepted mechanisms of the reaction
of a-pinene with ozone and the OH radicals generated from the decomposition of Criegee intermediates (Aschmann et al.,
2003). A simplified view of these reactions is shown in Fig. 2, which includes two CsH204 isomers (terpenylic and norpinic
acid), two CoH 404 isomers (cis-pinic acid and 4-hydroxypinalic-3-acid), and two other products discussed in this text (pinonic
and 10-hydroxypinonic acid). Given this complexity and the large body of literature that exists for this system, SOA generated

from the a-pinene ozonolysis reaction was chosen here to evaluate the performance of the VIA-CI-IMS-TOF.

0]

10-hydroxypinonic acid
0| (C1oH1604)

OH + RO, 0or HO,
—-

isom., + O
(o) —— -
_0 + ROz 0r HO,

-HCHO isom.
+0, + 0,
+ RO,

o) or HO, © o
o o O,O O.O + RO, ?ChLdr%y;Jlnallc-B-amd
— 91404
-0 e e

Pinic acid
0| (CgH1404)

Sato et al. + RO,, - HCHO
(2016) + 0,
(@]
OH + ROz 0or HO; Norpinic acid
0 (CgH1204)

0-¢o
Pinonic acid Terpenylic acid
(C1oH1603) (C1oH1204)

Figure 2. Simplified mechanism adapted from Ma et al. (2008) and Sato et al. (2016) for the formation of six products of a-pinene
ozonolysis discussed in this text. For clarity, the final reaction steps in the formation of terpenylic acid proposed by Sato et al. (2016)
have been omitted from this scheme.
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Figure 3 shows the measured ion mobility spectra for CsHi204, CoH1404, Ci10H1603, and CioHi604 along with the
spectra of the synthetic standards which share these formulas. Note that all ions were detected as clusters with I (or Br’), but
the formula of the neutral is used for simplicity everywhere in this paper. The spectra were averaged over a one-minute segment
near the end of an a-pinene ozonolysis experiment with the exception of Ci9His03 and its corresponding standard, which
required an averaging period of 10 minutes to improve signal-to-noise ratios. Multiple isomers were observed for each
molecular formula during the experiment and, using the ion mobility spectra obtained using the authentic standards, at least
four compounds could be confidently identified.

In Fig. 3, two peaks can be observed in the CsH;,04 IMS spectrum, indicating the presence of two distinct isomers,
both of which align with synthetic standards based on drift time and peak shape. The first of these isomers was identified as
norpinic acid, a well-characterized product of a-pinene ozonolysis (Ma et al., 2008), at a drift time of 47 ms. The second, larger
peak observed at 50 ms was concluded to be terpenylic acid, a compound previously identified as a potential tracer for a-
pinene SOA (Claeys et al., 2009). The observed difference in signal intensity agrees with reported measurements of these
products in chamber experiments, which show that the SOA mass fractions of terpenylic acid under similar reaction conditions
are considerably larger (up to or exceeding an order of magnitude) than that of norpinic acid (Winterhalter et al., 2003; Claeys
et al., 2009; Amin et al., 2013; Kenseth et al., 2020). Terpenylic acid has been reported to arise from both ozonolysis and
photooxidation, though the proposed mechanisms for the ozonolysis pathway differ (Claeys et al., 2009, Sato et al., 2016).
Most studies that have reported terpenylic acid as a product of a-pinene ozonolysis did not use an OH radical scavenger (Claeys
etal.,2009; Yasmeen et al., 2010; Sato et al., 2016; Thomsen et al., 2022) or acknowledged low scavenging efficiency (Hatfield
and Huff Hartz, 2011; Amin et al., 2013), leaving it ambiguous as to which oxidant primarily contributes to its formation.
However, Kenseth et al. (2023) showed that the SOA mass fraction of terpenylic acid formed from a-pinene ozonolysis was
minimally impacted by the use of an OH scavenger (>95% scavenging efficiency), suggesting that it is primarily a product of
ozone-initiated reactions. Although determining the exact origin of terpenylic acid in this experiment was beyond the scope of
this work, the VIA-CI-IMS-TOF could be a useful tool for clarifying this and other reaction pathways, particularly when used

to monitor isomer populations in real time as discussed in later in this section.
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Figure 3: Ion mobility spectrum of a-pinene ozonolysis products and six synthetic standards. Signals have been scaled for
presentation on the same y-axis, but relative intensities within a single trace (e.g., CsH1204) are unchanged.

A more complex IMS spectrum was observed for CoH1404 (Fig. 3) during the a-pinene ozonolysis experiment,
containing two prominent peaks and a region of unresolved signal between ~54 and 60 ms. The first IMS peak of CoH404
(54.2 ms) was identified with a synthetic standard as cis-pinic acid, a commonly observed dicarboxylic acid product of a-
pinene ozonolysis (Ma et al., 2008). Conversely, no resolved IMS peak was observed during the a-pinene ozonolysis
experiment at the drift time of the homoterpenylic acid standard (57.8 ms). This is in agreement with Yasmeen et al. (2010)
and Mutzel et al. (2016), who identified homoterpenylic acid as a B-pinene SOA tracer compound and noted little to production
of this compound from a-pinene ozonolysis. The structures of the unresolved CoH 404 signals and large peak near 60 ms were
not determined here, though multiple isomers of this molecular formula have been reported in the literature (Ma et al., 2008;
Skyttd et al., 2022). For example, Jaoui and Kamens (2003) tentatively identified a CoH1404 product of B-pinene ozonolysis as
4-hydroxypinalic-3-acid and, as later suggested by Ma et al. (2008), may also be present in a-pinene ozonolysis SOA. While
an authentic standard for 4-hydroxypinalic-3-acid is not currently available, it may be possible to synthesize one for future
experiments in order to better understand the chemical composition of this system.

At least five IMS peaks were observed for CioH603 during the chamber experiment, though the weak signal poses a
challenge for accurate peak identification. There was no definitive alignment of any of the C10H603 peaks with that of the cis-
pinonic acid standard, though it may be assigned as a tentative match with the largest peak at 60.2 ms. While cis-pinonic acid
is a well-known product of a-pinene ozonolysis (Ma et al., 2007a), its relatively high volatility generally prevents substantial
partitioning into the particle phase (Miiller et al., 2012). Additionally, previous measurement of a-pinene ozonolysis SOA by

LC-ESI-HRMS has shown it to be only a minor component of the total aerosol mass under reaction conditions similar to those
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used in this study (Zhang et al., 2015: Kenseth et al., 2020). The small amount that may have been present in the SOA measured
here could have been poorly detected by the CI-IMS-TOF due to the adduct declustering effects discussed below in section
3.3. There have been few reports of CioH ;603 isomers other than pinonic acid in a-pinene ozonolysis SOA, which suggests
that our data either represent previously undetected compounds or are possible sampling artifacts related to the VIA (e.g.,
thermal decomposition products, denuder inefficiency). Changing the temperature of the VIA and evaluating the efficiency of
the charcoal denuder would help to clarify this in future experiments.

Lastly, at least two isomers of CioH1604 were observed during the chamber experiment, one of which was identified
as 10-hydroxypinonic acid at a drift time of 64 ms. The ion mobility spectrum of CoH6s04 from the chamber experiment is
quite similar to the results obtained by Zhang et al. (2017), who used electrospray ionization and IM-MS for offline analysis
of SOA generated through ozonolysis and photooxidation of a-pinene. Specifically, in the photooxidation-derived SOA, the
ion mobility spectrum corresponding to the sodium adduct of C19H1604 shows a similar amount of isomeric complexity to that
in Fig. 3, whereas the ozonolysis spectrum contains only a single prominent peak. Considering the high OH radical yield of a-
pinene ozonolysis (Aschmann et al., 2003) and the lack of an OH scavenger in our experiment, the observation of reaction
products from both reaction pathways is not surprising. It is also possible that the additional CioH1604 IMS peak corresponds
to other isomers of hydroxypinonic acid, whether formed during the reaction (Kenseth et al., 2020) or from thermal
decomposition of high molecular weight dimers in the VIA (Miiller et al., 2008; Huang et al., 2018). While we did not
investigate this possibility further, alterations to the chamber reaction conditions and varying the VIA temperature could assist
in determining the origin of these species.

In addition to online identification of individual isomers of reaction products, the VIA-CI-IMS-TOF enables real-
time monitoring of the temporal evolution of these isomers throughout the chamber experiment. Figure 4 shows the time series
of total MS signal and individual isomer signal for CoH 404 and C;0H 1604, two molecular formulas for which multiple isomers
were observed. In both cases, the inclusion of the IMS time series provides more information than the MS signal alone. This
feature can be particularly helpful in chamber experiments designed to elucidate reaction mechanisms by distinguishing first-

generation products from those generated later in a reaction.
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Figure 4: VIA-CI-TOF-MS time series of CoH1404 (panel A) and C10H1604 (panel B) and SMPS signal during the a-pinene ozonolysis
experiment. The left and right y-axes correspond to the IMS peak areas and total MS signal, respectively, and the far right axis
corresponds to the SMPS signal.

Distinct temporal behavior of isomers is particularly clear in Fig. 4A, in which the total MS signal for CoH1404 is
approximately linear throughout the experiment, whereas the IMS time series for cis-pinic acid and an unidentified isomer
display increasing and decreasing rates of growth, respectively. This difference can be explained in part by the influence of
OH radicals throughout the experiment. In addition to being produced by ozonolysis (Ma et al., 2007b), cis-pinic acid can also
be generated through the reactions of OH radicals with pinonic acid (Librando and Tringali, 2005) and a-pinene (Eddingsaas
et al., 2012). Additionally, particle-phase formation of cis-pinic acid has also been proposed (Zhang et al., 2015; Kenseth et
al., 2023) and may account for a portion of the observed signal, especially late in the experiment when most of the a-pinene

had been consumed. Given the accelerating production of cis-pinic acid during the end of the experiment when most of the a-
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pinene had been consumed, second-generation chemistry (whether from pinonic acid photooxidation or particle-phase
chemistry) is likely its dominant source. Production of the unidentified CoH404 isomer, on the other hand, does not accelerate
throughout the reaction, indicating that it is likely a first-generation product of a-pinene oxidation (Ma et al., 2008). While the
identity of this species was not determined, multiple isomers of CoHi4O4 resulting from a-pinene ozonolysis (e.g, 4-
hydroxypinalic-3-acid) and photooxidation have previously been reported (Ma et al., 2008; Skytti et al., 2022).

Similar information can be gleaned from panel B of Fig. 4, which shows the total MS signal for CioHi604 as well as
IMS time series for 10-hydroxypinonic acid and two unidentified isomers. First, it is clear that 10-hydroxypinonic acid
accounts for the largest fraction of the total C;oH;6O4 signal and also most closely resembles the overall time series with a
linear time profile. While the structures of the other C1oH 604 isomers are unclear, it is possible to gain some insight into their
origins from their time series. During the reaction, the first unidentified isomer exhibited a linear growth rate after an initial
delay period relative to the total CioHi604 signal, suggesting that this species was generated through a pathway other than
direct ozonolysis that requires accumulation of primary reaction products. Growth of the second unidentified isomer, however,

slowed near the end of the reaction and can be identified as a probable first-generation product of a-pinene oxidation.

3.3 Compatibility with Other Reagent Ions

Figure 5 shows the comparison of signals for several a-pinene ozonolysis reaction products when operating the VIA-CI-IMS-
TOF with I and Br reagent ions. Despite similar detection selectivity between I- and Br, the ion mobility spectra generated
with each are notably different. Note that the ion mobility changes for the same species due to the different size of the reagent
ions and the relative distributions of cluster geometries. The first difference between the spectra in Fig. 5 is a larger number of
isomers detectable as Br- adducts than as I" adducts, with the exception of C;oH;603, for which only two resolved peaks are
visible as Br adducts compared to at least five when detected using I". This can be largely attributed to the differences in adduct
binding energies between the two reagent ions and the stability of these adducts in the IMS drift region. A recent computational
study showed that the gas-phase binding energy of Br~ with highly oxidized organic compounds tends to be higher than that of
analogous I" adducts at low humidities (Hyttinen et al., 2018). In the case of the compounds shown in Fig. 5, these differences
appear to be comparable to the amount of energy imparted to the ions during IMS separation, allowing some Br-analyte
adducts to remain intact whereas the I analogues are declustered prior to reaching the TOF. It is also important to consider the
differences in relative signal intensity between each set of IMS spectra, as the peaks that seem largest in one mode might not
be the same in the other mode (e.g., CioHi6O3 in Fig. 5). In addition to only showing a limited view of how many isomers are
present for a given molecular formula, using only one reagent ion provides a skewed view of relative abundances unless each
isomer has been calibrated for using synthetic standards. Using the AIM reactor’s ability to easily switch between multiple
reagent ions (Riva et al., 2024), a more comprehensive characterization of the molecular composition of SOA can be

performed.
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Figure 5: Ion mobility spectra of four chemical formulas clustered with I" or Br- ions observed during the a-pinene oxidation
experiments. Data from the chamber experiments are displayed as solid lines and the synthetic standards are shown as dashed lines.

The CI-IMS-TOF can be operated in an MS-only mode that bypasses the IMS drift region or in IMS mode, in which
the ion path is directed through the drift region. The use of IMS mode, however, comes at the expense of ion transmission
through the instrument. Ion loss in the CI-IMS-TOF is largely driven by the 50% duty cycle of the ion gating sequence used
to introduce discrete ions packets to the mobility region (Kamrath and Lopez-Hilfiker, 2023), and signal reduction exceeding
50% can be attributed to physical ion losses and the adduct declustering effect described above. If the ion gating sequence is
used during both operating modes, thus applying the 50% duty cycle to both measurements, differences in ion-molecule adduct
stability through the drift region can be more directly observed.

The loss of analyte signal due to IMS separation in the CI-IMS-TOF can be observed in Fig. 6, which shows unit
mass resolution (UMR) signals of a-pinene ozonolysis products clustered with I and Br™ in IMS mode plotted against those
acquired in MS-only mode. If no declustering or other signal losses occurred, all points would fall along the 1:1 line indicating
equal signal strength in both modes. In general, Br- adducts trended closer to the 1:1 line, suggesting appreciably stronger
binding energies with a-pinene ozonolysis products than I", which exhibited a larger deviation from the 1:1 line and several
signals falling below the 0.5:1 line. The differences in signal loss between the reagent ions can also be seen by comparing the
mass spectra collected in both operating modes (Fig. S7). While some peaks in the mass spectra are depleted by only ~10-30%
(e.g., m/z 299 in the I spectrum and m/z 335 in the Br™ spectrum), much higher signal losses were observed for others that
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presumably form weakly bound adducts with the reagent ion. For example, the signal corresponding to CioHi6s031" (m/z
311.015) was reduced by more than 90% relative to when it was measured in MS-only mode, which may explain the lack of a
clear cis-pinonic acid signal in the ion mobility spectrum shown in Fig. 3. As shown in Fig. S7, the use of Br~ also enabled the
detection of a larger number of reaction products and thereby allowed for the IMS separation of isomers that did not form
strongly bound I" adducts. In future applications of the VIA-CI-IMS-TOF, the use of multiple reagent ions including and in
addition to I and Br™ could help to mitigate biases introduced by analyte-dependent ion loss and provide a more complete view

of the reaction products formed in a chamber experiment.
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Figure 6: Scatter plots of normalized UMR signals of a-pinene ozonolysis products clustered with I and Br- measured in MS and
IMS modes. The signals were averaged over ~1 minute near the end of the experiment and normalized to the highest signal in MS
mode for each reagent ion. Isotopic peaks and peaks not clustered with I or Br- (i.e., signals with even m/z values) were removed for
clarity.

4 Conclusions

We have demonstrated the feasibility of isomer-resolved analysis of organic aerosol in real time using the Aerodyne VIA
coupled with IM-MS detection. The compatibility of the two components was evaluated by increasing the VIA temperature
while continuously measuring 10 condensed-phase standards. Throughout a ~150 °C increase, the measured IMS drift times
were found to be stable to within approximately 0.05% of their initial values, a change ~20 times smaller than the width of
individual mobility peaks. The minimal impact of inlet temperature on IMS performance suggests that this method can be
further applied to environmental chamber experiments, including temperature ramping of the VIA to assess the volatility of
SOA constituents.

The performance of the VIA-CI-IMS-TOF was assessed through online analysis of a-pinene ozonolysis and

subsequent offline analysis of synthetic reaction product standards. Multiple distinct ion mobility peaks were observed for

15



365

370

375

380

385

390

395

Preprint. Discussion started: 10 April 2026
(© Author(s) 2026. CC BY 4.0 License.

https://doi.org/10.5194/ar-2026-13 ( '. A E R O S O L
Res ch

several reaction products, corroborating the presence of structural isomers as reported previously for this system. Four
compounds — cis-norpinic acid, terpenylic acid, cis-pinic acid, and 10-hydroxypinonic acid — were confidently identified
through the use of synthetic standards. By comparing time series of pinic and OH-pinonic acids with other structural isomers
throughout the reaction, we showed the potential for this system to be used in conjunction with environmental chamber
experiments to gain insight into complex reaction mechanisms from the temporal evolution of reaction intermediates and
products.

Advantages of using multiple reagent ions in the VIA-CI-IMS-TOF for molecular characterization of SOA were also
shown through the comparison of ion mobility and mass spectra of a-pinene ozonolysis products detected with I and Br.
Despite the substantial overlap in the clustering selectivity of these ions, an increase in the number of IMS peaks and less
signal loss in the IMS were observed when the instrument was operated in Br- mode. This observation is consistent with
stronger binding energies calculated for Br™ than I with oxygenated organic compounds and shows how multiple reagent ions
can be used to provide a more comprehensive characterization of organic aerosols.

This study provides a proof-of-concept demonstration of the VIA-CI-IMS-TOF system and demonstrates its use for
online, isomer-resolved analysis of organic aerosol. While the system performed well for the analysis of a high-concentration
chamber experiment, several improvements could be made to expand its range of applications. Operation of the CI-IMS-TOF,
including optimization of the IMS voltage parameters and further stabilization of the drift region pressure, could serve to
enhance overall sensitivity, IMS peak separation, and IMS peak resolution. Real-time analysis with the VIA-CI-IMS-TOF
could also be systematically applied to additional atmospherically relevant aerosols to better understand reaction mechanisms,
compound yields, or other phenomena that are challenging to study with offline methods or non-isomer resolved online

methods.
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