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ABSTRACT

Complex airborne mixtures of organic compounds can contain 10,000's of diverse compounds at trace
concentrations. Here, we incorporate high-resolution mass spectrometry into our integrated offline
sampling-to-analysis measurement system for routine molecular-level speciation of complex mixtures
in gas- or particle-phase samples with detection limits of 2-20pg L~ (i.e. 0.2-1.9 ppt in 6L samples).
Analytes desorbed from custom adsorbent tubes (or filter extracts) were separated via gas chromatogra-
phy (GC) and simultaneously analyzed by an electron ionization quadrupole mass spectrometer (EI-MS),
and by atmospheric pressure chemical ionization (APCI) combined with a high-resolution quadrupole
time-of-flight mass spectrometer (Q-TOF) with a resolution of 25,000-40,000 M/AM in HR-TOF and
MS/MS modes. We demonstrated our system with simple standards, a Macondo crude oil standard as
a reference for complex mixtures of common airborne compounds, and ambient samples using GC-TOF
and GC-MS/MS. We speciated complex mixtures at mass accuracy error (i.e. mass tolerance) down to
842 ppm (e.g. resolving analytes of mass 270.000u with 0.003 u accuracy) using a targeted approach
with 3000 molecular formulas, including hydrocarbons and functionalized analytes containing oxygen,
sulfur, nitrogen, or phosphorous. This extended from compounds with 10 to 32 carbon atoms and up to
16 hydrocarbon formulas per carbon number, and a similar range for functionalized compound classes.
We also demonstrated our MS/MS capabilities to differentiate structural isomers and determine the
presence of specific functional groups; and our direct-TOF capability, which bypasses high-temperature
chromatographic separation to preserve functionalized analytes.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

pospheric ozone. One example is motor vehicle emissions, where
historically-unresolvable precursors contribute over half of the

Complex mixtures of organic compounds play important roles in
avariety of anthropogenic, biogenic, and engineered environments,
and span the gas-, particle-, and aqueous-phases with diverse func-
tional groups and volatilities [1,2]. Primary emissions of complex
mixtures can undergo multi-generational atmospheric oxidation,
and gas-phase organic mixtures are known to contribute to the
formation of secondary organic aerosol (SOA; a major constituent
of particulate matter less than 2.5 wm in diameter (PM; 5)) and tro-
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total observed vehicular SOA [3,4]. Chemical speciation of such mix-
tures can provide crucial insights into their reactivity and dynamics
in the atmosphere, thus assisting air pollution modelers and policy
makers.

Mass spectrometry techniques are common for chemical spe-
ciation of atmospheric samples. There are two general ionization
techniques in mass spectrometry: hard and soft ionization.
In hard ionization, such as electron ionization (EI), a parent
molecule is fragmented into predictable proportions of smaller
ions. A major drawback of EI is the limited ability to char-
acterize complex organic mixtures of co-eluting intermediate-
and semi-volatile organic compounds (IVOCs and SVOCs), which
were historically considered unresolved complex mixtures (UCMs)
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[5] since their similar, co-eluting molecular fragments cannot
be distinguished by spectral tools/libraries. Still, EI is effec-
tive for chromatographically-separated analytes because of their
compound-dependent fragmentation patterns which can be used
with spectral libraries for analyte identification.

In contrast, chemical ionization occurs much closer to analytes’
ionization energies and generally closer to atmospheric pressure
in order to preserve the parent molecular ion (Figure S1) (e.g.
atmospheric pressure chemical ionization (APCI)) [6]. This allows
a chromatographically-unresolved complex mixture (i.e. UCM) of
analytes to be deconvoluted via a high-resolution mass spectrom-
eter (HR-MS) [7-11]. To enhance ionization of target analytes, a
reagent ion is sometimes used to facilitate ionization (e.g. hydro-
nium (H30%), nitrate (NO3~), iodide (I7)) [12-16]. Depending on
its mass resolution, a HR-MS can identify different closely- or co-
eluting ion masses in a UCM but has limited ability to distinguish
between co-eluting isomers. Tandem MS (MS/MS) with high mass
resolution can examine isomeric composition since MS/MS enables
the structural characterization of analytes, especially when cou-
pled with GC. Thus far, libraries and tools for gas chromatography
(GC) with MS/MS are less developed than their EI-MS counterparts,
and use of MS/MS in the atmospheric sciences has been limited
[14,17,18]. Advancements in applications of MS/MS with either
data -dependent or -independent workflows would reduce uncer-
tainties in air pollution models by elucidating structural differences
within volatility and polarity bins to better constrain chemical
properties and transformations of complex mixtures in the atmo-
sphere. Furthermore, simultaneous measurements using soft- and
hard- ionization would be highly useful for comprehensive charac-
terization of gas-phase atmospheric samples.

Past studies have used a variety of instrumentation for char-
acterizing organic mixtures. Liquid chromatography coupled with
electrospray ionization (LC-ESI) is effective for oxidized organic
molecules [19,20] but does not efficiently ionize non-polar ana-
lytes, leaving out a large fraction of GC-amenable VOCs, IVOCs
and SVOCs from common sources [21]. Other instruments such
as aerosol mass spectrometers (AMS) effectively characterize bulk
composition of PM, 5 by vaporizing collected particles and mea-
suring the fragments [17,22] but do not provide high chemical
resolution. In contrast, there are fewer atmospheric chemistry
studies combining GC with soft ionization HR-MS (e.g. pesticide
residues [23], organic pollutants in water [24]). Existing research
showcasing GC with soft ionization MS (typically at lower reso-
lution) includes the analysis of diesel fuel, crude oil, motor oil,
and organic aerosols present in ambient air or oxidation chambers
[25-36]. Direct infusion (i.e. introduction) and analysis of samples
via ultra-high resolution MS (e.g. Orbitrap, DART-HRMS: Direct
Analysis in Real Time MS) has been done for a variety of sam-
ple media (e.g. water, soil, plasma) and also for aerosol samples
via desorption-ESI (DESI) [37-40], but its coupling with gas-phase
ionization sources is just now being explored [41].

Our integrated measurement system presented here is novel
in the field of atmospheric chemistry with its: (a) use of our GC-
TOF at 25,000-40,000 M/AM that exceeds most HR-TOFs used in
atmospheric chemistry, (b) application to gas-phase (and particle-
phase) organic compounds in atmospheric samples, (¢) tandem
MS for isomeric deconvolution and structural characterization, (d)
direct-TOF analysis of thermally-desorbed analytes without GC
separation in addition to the GC-TOF analysis, (e) incorporation
into our integrated sampling-to-analysis system for routine offline
measurements generally at sub-ppt LODs (see [42]), and (f) simul-
taneous analysis of GC effluent via both soft ionization HR-TOF and
EI-MS.

Our aim in this work is to advance capabilities for the offline
characterization of complex mixtures of gas-phase (and particle-
phase) organic compounds over a wide volatility and polarity range

through the application of APCI-Q-TOF in two modes: HR-TOF and
MS/MS to provide information on molecular formulas and struc-
tures. Specifically, in this manuscript, we (a) present the instrument
design, sample analysis, and data analysis approaches related to
the integration of the APCI-Q-TOF into our offline thermal desorp-
tion (TD)- and GC-based integrated sampling-to-analysis system;
(b) demonstrate and evaluate instrument and data analysis per-
formance using standards, including a NIST crude oil reference
mixture; and (c) present sample data from common airborne com-
plex mixtures to demonstrate GC-TOF and targeted MS/MS.

2. Materials and methods
2.1. System description

2.1.1. Overview

Gas-phase atmospheric samples were collected on custom-
made multi-bed adsorbent tubes as detailed in Sheu et al. [42].
As shown in Fig. 1, the thermally-desorbed sample was injected
onto the GC column via a Markes TD-100. The effluent from the GC
(Agilent 7890B) was split between the Agilent 6550 iFunnel atmo-
spheric pressure chemical ionization-quadrupole time-of-flight MS
(i.e. APCI-Q-TOF) and a traditional vacuum (EI)-quadrupole MS (EI-
MS, Agilent 5977B). This dual-MS setup allows us to collect a more
comprehensive suite of data using both soft ionization to examine
parent ions and EI-MS for fragmented ions (Figs. 2, S4 and S10). In
this study, we focused primarily on the integration and application
of APCI with Q-TOF in HR-TOF and MS/MS modes, while the use
of EI-MS is discussed elsewhere [42]. An alternative path from the
TD is direct analysis (i.e. direct-TOF) bypassing the GC column with
analyte infusion directly into the APCI-Q-TOF. The direct-TOF chan-
nel as part of our instrumentation is demonstrated here and will be
used in future analyses to look for relevant analytes in targeted
studies.

2.1.2. Thermal desorption

In normal GC-APCI-Q-TOF operation, adsorbent tubes were
desorbed as detailed in Sheu et al. [42]. The full sample was con-
centrated on a cold trap maintained at -10°C before it was rapidly
heated to 325°C to transfer analytes to a DB-5-MS GC column
(30m x 250 wmx 0.25 wm) for separation. When doing direct-TOF
in addition to normal GC operation, samples were split during
tube desorption. The analytes for direct-TOF were transferred via a
passivated (AMCX) 316 stainless steel transfer line maintained at
75°C connected directly to the APCI Q-TOF (i.e. direct-TOF, direct-
MS/MS) [43]. By controlling the desorption temperature, the TD
can preserve the molecular structure of thermally-labile or other
highly-reactive organic compounds, which could otherwise frag-
ment or react at high temperatures inside either the cold trap or
GC column

2.1.3. Liquid standard injections

For liquid injections onto the GC column, a Gerstel cooled lig-
uid injection system (CIS) combined with a liquid autosampler was
used. The liquid injections were performed in solvent-vent mode.
The glass wool inlet liner inside the CIS was held at -100 °C during
sample introduction into the inlet. It was then heated at a rate of
12°C s~ and held at a maximum temperature of 325 °C for 10 min
while transferring sample onto the GC column in splitless mode
using helium carrier gas. A flow of 100ml min! was maintained
through the inlet to CIS vent during liquid injection onto the inlet
liner. During the subsequent splitless desorption from the CIS, a
column flow of 2ml min~—! was maintained, after which a purge
flow of 20 ml min—! was maintained through the inlet and vented
until the end of the GC run.
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Fig. 1. Asimplified diagram of instrumentation where gas-phase samples are intro-
duced via custom packed adsorbent tubes. Introducing aerosol filter segments, or
liquid injection of filter extracts directly into the GC are also possible but are outside
the scope of this paper. Samples are thermally desorbed, focused, and injected into
the GC column (according to temperature profile inset), which is then split between
2 MSs after separation: a traditional electron impact vacuum MS and a Q-TOF tandem
MS with soft chemical ionization at atmospheric pressure and MS/MS capabilities.
The instrument also includes a direct-TOF option that goes directly from desorption
to MS analysis.

2.1.4. GC-separated analysis

The desorbed sample from TD was transferred to the GC column
via a 0.25 mm deactivated fused silica transfer line maintained at
200°C. The GC was held at 40°C for 2 min before ramping at 7°C
min~! to 225°C (5min hold) and then at 15°C min~! to 325°C
(no hold). A two-way splitter with makeup gas splits eluents 1:1
between two 0.1 mm ID, 2m and 1.7 m deactivated fused silica
transfer lines going into the EI-MS and Q-TOF, respectively. The
system is also able to analyze filter samples, either by thermal des-
orption of filter punches in the TD or by direct injection of filter
extracts (i.e. filters extracted into solvent) into the GC inlet.

2.1.5. Detection using dual MS

The analyte flow in our system was most often split between the
Q-TOF and EI-MS to produce two simultaneous data streams (Fig. 2,
S1 and S4). Currently, the Q-TOF uses Agilent’s APCI source with a
corona needle to generate reagent ions for soft chemical ionization
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Fig. 2. Simultaneous measurements via soft ionization APCI-Q-TOF and traditional
vacuum EI-MS via splitting GC column eluent enables coincident TOF measurement
of preserved parent molecule (and MS/MS characterization) and use of traditional
EI-MS to enhance identification and quantification capabilities. The figure shows
stacked single ion chromatograms for hexadecanoic acid, methyl ester on m/z
271.2632 (APCI) and m/z 74 (EI-MS).

to preserve the analyte molecular structure. Reagent ions in the
ionization chamber were generated from N, with some residual
water vapor. A detailed discussion of the observed chemical ion-
ization pathways in our APCI chamber is presented in Section S2.
We ran the APCI Q-TOF in positive mode maintaining instrument
parameters within Agilent’s recommended ranges: 2 WA corona
needle current, 150V fragmentor voltage and 1300V capillary volt-
age. Nitrogen heated to 290°C was used as the drying gas and set
at a flowrate of 11L min~! to match vacuum flow rates in the
Q-TOF. Masses were scanned at 2-6 Hz across 75-1050m/z but
are adjustable based on the application. The Agilent 6550 Q-TOF
has a mass resolving capability specified at 25,000-40,000 AM/M,
pg-level sensitivity, and down to 2 part per million (ppm) mass
accuracy (i.e. ppm = difference in molecular weight/analyte molec-
ular weight). However, analyte identification is rarely limited by the
TOF’s mass resolution since GC separation of analytes with similar
molecular weights (Fig. 3) allows them to be detected separately
by the Q-TOF. Whereas, for direct-MS (without GC) mass resolu-
tion may limit identification of all analytes in a complex mixture.
Formula assignments in a targeted or untargeted analysis utilize
elemental isotopic distributions to achieve high mass accuracy and
improve formula confirmation or assignment (and MS/MS frag-
ment identification when used) [44].

MS/MS analyses were performed for specific analytes with a
targeted list of ions, which were selectively transmitted by the
quadrupole when detected above a concentration threshold. We
demonstrated the utility of targeted MS/MS through the analysis
of gas-phase samples collected near downtown Atlanta, GA. The
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Fig. 3. Parent ion abundances measured via TOF from the Macondo crude oil standard are shown vs. GC retention time for 4 molecular formulas with very similar masses
and different degrees of functionalization. Each ion mass contains a set of isomers that are partially-resolved via GC. Inset shows the m/z spectra of the 4 ions for comparison
of mass differences. lon abundances are magnified at 1-5x for the purposes of comparison. All ions are extracted with a mass accuracy error of 8 ppm which corresponds to

an extraction window of +0.002 m/z for the ions shown.

simulated fragmentation energy (5-20 eV) was varied based on the
acceleration of the ion into a collision cell, which produced a greater
degree of fragmentation for higher “energies” with the degree of
fragmentation depending on molecular structure. In the applica-
tions highlighted in this paper, three fixed collision energies (5, 10,
and 20 eV) were tested and the resulting fragments were measured
using the TOF.

2.2. Calibration

Analytical standards were used at multiple points in the
instrumental system for quality control/assessment (QC/QA).
Purine (CsH4N4): m/z 121.0509 and HP-921 [hexakis-('H,'H,
3H-tetrafluoro-pentoxy) phosphazene] (C;gHi30gN3P3Fy4): m/z
922.0098 were consistently applied as reference ions in the APCI
interface to correct for TOF mass drift. The observed drift was
within £2 ppm for both reference ions. Additional gas-phase (Apel-
Riemer) and liquid-phase (Accustandard) standards were used for
calibration and testing (Table S3), and samples were spiked with
internal standards to correct for instrumental mass drift across the
entire integrated sampling-to-analysis system [42].

Multipoint calibrations were performed over injected standard
masses ranging from 0.1 ng to 20 ng. The compound classes include:
alkanes, alkenes, aromatics, terpenes, carbonyls, alcohols, fatty
acid esters, phthalate esters, acetates, organophosphorus pesti-
cides, furans and thiophenes (Table S3). The analytes in Table S3
were observed as GC peaks introduced via adsorbent tube desorp-
tion during multi-point calibrations with authentic standards or in
the Macondo crude oil standard (Fig S9 and S10). Both IVOCs and
SVOCs in Figure S5 showed a >90% transmission efficiency when
introduced via tube thermal desorption in the Markes TD relative
to liquid injection using the Gerstel cooled injection system (CIS)
combined with a liquid autosampler. Numerous blanks were also
employed during calibration and with the collection, transport, and
storage of offline samples [38]. Calculated limits of detection (i.e.
S/N =3) for standards analyzed via soft ionization were generally
around the equivalent of 1 ppt in a 6L air sample for individual
isomers, such as dimethyl naphthalene (9 pg L-1), dimethyl phtha-
late (11 pg L~1), methyl palmitate (15 pg L-1), parathion (pesticide)
(2 pgL~1),and disulfoton (pesticide) (20 pg L-1). In comparison, the

LODs detected with EI-MS in this system (in Sheu et al. 2018) had a
geometric mean mass loading of 9.56 & 0.56 pg. A detailed assess-
ment of limits of detection for our integrated system with EI-MS
can be found in Sheu et al. [42].

In addition to single- and multi-component standards, the NIST
Gulf of Mexico 2779 Macondo Crude Oil standard was also used
in this study as a known environmental complex mixture that has
been previously characterized via GC with soft ionization [31]. We
analyzed it via GC-TOF through both liquid injection via an inlet
onto the column and tube thermal desorption across several repli-
cate runs. It has been comprehensively characterized by multiple
institutions and instruments, and provides a consistent reference
for inter-calibration of complex mixture measurements. A specific
response factor for each CxHy compound was calculated, as the ratio
of analyte abundance to the corresponding hydrocarbon analyte
mass injected. Analyte mass is obtained from previous characteri-
zation that is validated against additional external references [31].
Double bond equivalents (DBE) are used to describe the breakdown
of complex mixtures for CxHy and CxHyO compounds, similar to
previous work [31]. Whenever possible, liquid standards are best
analyzed via spiking on adsorbent tubes to most accurately recreate
TD conditions for calibration. When injection of liquid standards is
necessary to prevent extremely-low volatility analytes from con-
taminating TD transfer lines and valves (i.e. Markes TD), then care
should be taken to evaluate and avoid inlet discrimination in lig-
uid injection inlets and inconsistent response factors across wide
ranges of standard volatilities. In this study, liquid injections of
Macondo crude oil are used to approximate response factors of ana-
lytes injected via TD, and future studies will minimize the use of
liquid calibrations. Future work in this growing area of research
would benefit from the development of inter-calibration proce-
dures with other complex mixtures connected to NIST reference
materials (e.g. diesel fuel) and their precise chemical characteriza-
tion across multiple instruments.

2.3. Data processing

2.3.1. GC-TOF data analysis
Agilent’s MassHunter Qualitative software (version B07.0) was
used for preliminary data processing. During untargeted analy-
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sis, MassHunter software lists all detected chromatography peaks,
peak scores, parent ion masses, and their abundance in each sam-
ple. This data can be processed for targeted or untargeted analysis
[20] of a smaller set of analytes but is impractical for the charac-
terization of complex mixtures with numerous isomers on each
parent ion mass that might not necessarily be well-resolved in GC
space. Therefore, we used customized code (in. NET framework) to
extract raw data in batch mode for multiple two-dimensional lay-
ers (i.e. exact ion masses versus GC retention time). For each layer,
we extracted targeted exact ion masses containing only elements
of interest (e.g. CxHy, CxHyO, CxHyS, and CxHyN) and valid molecu-
lar formulas (exact masses determined using Agilent MassHunter
software). Each layer contained a range of carbon numbers (e.g.
10-32), a fixed number of non-carbon/hydrogen atoms, and valid
DBEs that extend up to DBE 15, where each DBE represents the
removal of 2 hydrogen atoms via the addition of a cyclic carbon
structure or a C=C double bond [11]. Since our analytical system is
sensitive to mass differences on the order of a few parts per million,
we were able to differentiate analytes with very similar molecular
masses (Fig. 3). Extracted layers were then processed in IgorPro
(using existing code from previous work), which calculated peak
areas for exact masses within user-defined integration windows
that we constrained based on retention indices (Figure S2) [29,31].

2.3.2. GC-MS/MS data analysis

Ion masses of interest identified during targeted and untar-
geted analysis were further investigated in a targeted manner by
performing MS/MS to obtain fragmentation spectra at several frag-
mentation energies. These spectra serve as inputs to the growing
number of open source programs for MS/MS structural identifica-
tion. We used SIRIUS and CSI: FingerID to identify key molecular
formulas and features because they have been shown to perform
reliably for atmospherically relevant organic compounds [45,46].
SIRIUS uses the exact mass and isotope distributions to determine
formulas. CSI: FingerID then identifies potential structures using
fragmentation trees and machine learning methods [45-47]. We
further checked these tools using MS/MS data from different func-
tionalized standards including phthalates, terpenes, and amines.

The molecular formulas generated via MS/MS fragmentation
spectra also validate the molecular formulas of parent ion masses
determined from the TOF. While the molecular formulas are typ-
ically identical for all high-scoring hits, a variety of molecular
structures can be proposed based on the fragmentation patterns.
Using a set of the highest scoring results (e.g. 5-10 structures) that
meet QC abundance thresholds provided more confidence in the
key molecular features present, but confirmation of those features
and their exact configuration would require additional analyses.
External information like relative GC retention indices are one
example of a useful metric to confirm the identified structural fea-
tures.

3. Results and discussion

3.1. Systematic high-chemical resolution speciation of complex
mixtures via GC-TOF

3.1.1. Mass accuracy

Differentiating between ion masses at high resolution is key to
the chemical characterization of complex mixtures (Fig. 3). We used
the NIST crude oil standard to validate the separation and mass
resolving capability of our GC-APCI-Q-TOF system across a wide
volatility range from VOCs up to low-volatility organic compounds
(LVOCs) (Fig. 4). To demonstrate the mass resolving capability in a
complex matrix with compounds that are very similar in terms of
parent ion mass but different in their molecular composition, Fig. 3
shows individual ion chromatograms for a subset of compounds

in the crude oil standard: C;gH360 (m/z: 269.2839), CyoHyg (m/z:
269.2264), C1gH20S (m/z: 269.1358) and Ca1H1g (m/z: 269.1325).
These hydrocarbon groups and sulfur-containing species were all
reported in previous work with the NIST oil, but oxygen-containing
species were not included in that study [31]. Each chromatogram
shown contains numerous isomers that can be further resolved
with chromatography at slower temperature ramp rates, and their
degrees of branching characterized as a function of retention time
[11,25,30,31,33]. Arange of individual standards were used to con-
firm the ion masses produced via APCI. To enhance sensitivity, the
masses presented here (e.g. Figs. 3—4) were extracted at 8 ppm mass
tolerance. However, m/z peak centroids were accurate to 5ppm
or better for trace compounds in complex mixtures. Fig. 3’s inset
shows the 4 parent ion masses in mass spectral space with the sep-
aration of the 2 closest masses being only 12 ppm. This high mass
resolution and accuracy, combined with GC separation enables our
system to deconvolve complex mixtures of VOCs, IVOCs, SVOCs,
and LVOCs in environmental samples.

3.1.2. Aliphatic and aromatic hydrocarbons: from “unresolved
complex mixtures” to carbon number “bubbles” resolved by
carbon number and compound class

We organized the components of complex mixtures based on
the elements they contain, carbon number, and then molecular for-
mula. We demonstrate this using the NIST crude oil standard. Fig. 4a
shows the total ion chromatogram of the NIST crude oil as a charac-
teristic example of an UCM. The compounds in the IVOC and SVOC
range are dominated by CxHy compounds, though there are also
contributions from compounds with heteroatoms (CxHyS, CxHyN,
and CxHyO) (Fig. 5). Chromatograms for each parention in the CxHy
layer are extracted from the TOF data and organized into individual
“carbon bubbles” for each carbon number as shown in Fig. 4d. Each
bubble is constituted by CxHy ions which have the same number of
carbon atoms (Fig. 4b). The compounds are further separated within
a carbon bubble by volatility (moving horizontally by GC retention
time) and by compound class (moving vertically by selected m/z; i.e.
DBE). For each downward step inside a bubble, there are two fewer
H atoms (equiv. to one DBE) compared to the base linear/branched
alkane. Carbon bubbles cover structural classes that range from lin-
ear/branched alkanes at DBE 0 to polycyclic aromatic hydrocarbons
at DBEs > 7. More specifically, for petroleum-related samples they
are typically: O (linear/branched alkanes), 1-3 (cyclic alkanes), 4-6
(single-ring aromatic) and >6 (polycyclic aromatic).

There are some limitations in how DBE corresponds to structural
features. The subtraction of 2 H atoms (i.e. + 1 DBE) could represent
the inclusion of a C=C double bond rather than a ring. This is par-
ticularly relevant for DBEs 1-3, which could represent alkenes in
fresh combustion emissions where they are more prevalent, but are
unlikely to represent alkenes in crude oil. Similarly, DBE 4 could be
atetracyclic alkane rather than an aromatic compound. The sample
type (e.g. petroleum) or proximity to various sources can inform the
interpretation of DBEs 1-3 (e.g. mostly cycloalkanes in petroleum),
but additional information can be necessary to further characterize
the complex mixture. These can be tested using variations in ion-
ization energy [31,33] or reagent ions, but in our system they can
also be further characterized via MS/MS, especially with greater GC
separation of isomers.

Chemical ionization at atmospheric pressure can produce a
range of analyte ions depending on the reagents (or contaminants)
present and the dominant ionization pathways, which can also be
influenced by the structural features, proton affinity, basicity, and
ionization energy of the analyte. In the Agilent APCI, linear and
branched alkanes as well as cyclic alkanes (DBEs 0-3) mainly ionize
via hydride abstraction (ionization chemistry discussed in SI Sec-
tion S2) and are hence quantified by the abundance of [M—H] *
ion ([M] * for DBE 3). Single-ring aromatics and polycyclic aromat-
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ics (DBE > 4) primarily ionize as [M+H] * via proton transfer and
are quantified as such (Figure S3). We also observe differences in
the propensity for fragmentation, which we minimized as much as
possible by decreasing analyte temperature (via the transfer line
temperature) coming into the ionization region [33].

Observed losses of the molecular ion due to fragmentation dur-
ingionization varied as a function of compound class and molecular
size. Based on observations with simple standards and the rela-
tive response factors for each DBE in the NIST crude oil standard
(Table S1 and S2), molecular ion fragmentation was greater for alka-
nes than for aromatic compounds. In addition, smaller alkanes (i.e.
VOC range) were more likely to fragment than larger compounds
(i.e. SVOC+range) due to having less orbital space to disperse

the imposed charge. While there are considerable differences in
both the fragmentation and ionization pathways between analytes,
these differences are calibrated for using the NIST Macondo crude
oil standard, which has known mass concentrations for each carbon
number and DBE in Worton et al. (2015) that are confirmed against
other external results [31]. We also observe some distribution in
the product ions due to carbon isotopes (Figure S3), but this effect
is automatically calibrated for if the standard(s) has a similar 12C
to 13C distribution.

Using these calibrations, the total peak area for each target par-
ention (i.e. molecular formula) can be summed, and their calculated
mass abundances can determine the relative contribution of differ-
ent carbon numbers and compound classes to the composition of
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the complex mixture. The sums of the peak areas for each Cx and
DBE are shown in Fig. 4c for IVOCs and SVOCs (i.e. C1; to Cg) and are
used for calibration to determine the response factors for each Cx
and DBE. Fig. 4e shows the calibrated results of separate runs of the
Macondo crude oil standard, with a distribution that is similar to
previous analysis of Macondo crude oil [31]. Thus in future studies,
these differences in response factors from fragmentation or ioniza-
tion efficiency and product distributions are calibrated for using the
extensive complex mixture calibration enabled by the NIST crude
oil standard, supplemented by other simple mixture standards.

3.1.3. Resolving functionalized compounds: oxygen-, sulfur-, and
nitrogen-containing mixtures and other compound functionalities

In addition to the CxHy hydrocarbons layer, we also observe a
diversity of functionalized compounds containing oxygen, sulfur,
and nitrogen atoms in crude oil and atmospheric samples (Figs. 5,6,
S7 and S8 respectively). Each layer is further separated into their
contributing molecular formulas in the same targeted way as the
CxHy layer, across carbon numbers and series of molecular formulas

(e.g. DBE for CxHyO) (Figs. 5). In the Macondo crude oil, we observed
complex functionalized layers for CxHyS, CxHyO, and CxHyN for a
long series of carbon numbers and spread across a range of molec-
ular formulas as shown in Fig. 5. The authenticity and structure
of compounds in these functionalized layers can be further vali-
dated or informed by their retention indices relative to n-alkanes
in standards (i.e. diesel range organics (DRO)) or analyzed samples.
In the crude oil, these include heteroatom-containing compounds
with oxygen (e.g. furans), nitrogen, or reduced-sulfur (e.g. benzo-
and dibenzo-thiophenes), most of which have been observed in
previous studies of crude oil (Fig. 5) [48]. Future targeted data
extraction on other samples is possible for any similar series of
analytes (e.g. CxHyNO3). These targeted approaches enable a data
analysis/visualization and chemical speciation in a systematic, effi-
cient, and comprehensive manner.

3.1.4. Speciating environmental IVOCs, SVOCs, and LVOCs
Complex airborne mixtures can be characterized using the
framework that was discussed in Section 2.4 and validated with
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of the C;5Hy0 and Cy5HyO; bubbles are shown as examples in Figure S11.

the crude oil standard. This approach allows for efficient targeted
characterization of environmental samples across a wide range
of potential molecular structures including CxHy, CxHyO, CxHy O3,
CxHyS, CxHyN, CxHyON and CxHyO;N, while chromatographic sep-
aration provides further constraints across GC retention time space,
which enables the use of retention indices as a way to confirm
compound identities.

We collected and analyzed a set of urban gas- and aerosol-
phase ambient samples from Atlanta and New York City to test
the system with our targeted approach (Figs. 6, 7, S7, S8 and S11).
These samples show diverse analytes (CxHy and functionalized
compounds) ranging from VOCs up to LVOCs. Examples of func-
tionalized, gas-phase IVOCs measured in 6L air samples via our
integrated sampling-to-analysis system include aromatic ketones

(e.g. C13H;160, C14H130) and other cyclic and acyclic carbonyls (e.g.
CgH140) (Figures S7). Similarly, in one NYC sample, a series of oxy-
genated compounds are found in the CxHyO, layer, which include
formulas for C14-C;,1 cyclic esters and acids, and their isomers (Fig-
ure S8). To increase the sensitivity and comprehensive complex
mixture speciation, subsequent ambient samples for APCI will be
collected at higher flow rates and sample volumes (e.g. 25-50L) as
demonstrated in Sheu et al. [42].

A 22.5L gas-phase sample from NYC shows a wide volatil-
ity range of analytes, including 2 UCMs comprised of oxygenated
IVOCs-SVOCs containing 10-18 C atoms (Fig. 6). Both CxHyO and
CxHyO, compounds are observed in the 2 UCMs, though CxHyO
appears to be slightly more populated. A close-up evaluation of
their carbon bubbles reveals a mix of compounds with 0-2 DBEs,
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Fig. 7. Example of MS/MS analysis to differentiate isomers and characterize structural features using one adsorbent tube sample from near downtown Atlanta in Aug. 2017.
Three unknown compounds were GC-separated and characterized by MS/MS at 3 different fragmentation energies (5, 10, 20 eV) and the MS/MS spectra are shown for each
compound in (a)-(c) with the parent mass, notable fragments, and selected ion losses labeled. Each compound fragments differently at each energy in terms of degree and
fragmentation patterns. The SIRIUS and CSI: Finger ID MS/MS structural identification tools are used to determine molecular features and characteristic structures shown in
the bottom panels. Isophorone and -isophorone (panels (a) and (b), respectively) are known species, while the structure in (c) is shown to illustrate the detected molecular
features. For all 3, the structural features ID-ed are reported with high confidence based on the top, highest-scoring matches.

which represent linear and mono-/bi-cyclic oxygenates (Figs. 6f,
S11). We also observe likely single-ring aromatic oxygenated com-
pounds and their isomers on DBEs 4-6 and possible oxygenated
PAHs on larger DBEs (Fig. 6f). This observation and characteriza-
tion of oxygenated UCMs in the ambient atmosphere presents a
valuable approach to evaluate transformations of gas- and particle-
phase complex mixtures and SOA formation in future work. While
the results in this paper are limited to the presentation of the appli-
cation and its measurements in a limited number of samples, the
observation of complex oxidized hydrocarbon mixtures is similar
to a prior oxidation chamber study [29].

3.2. Routine tandem MS (MS/MS) for structural characterization
of analytes

The use of GC-MS/MS for structural characterization can gen-
erate additional valuable information on the structural features
presentinacomplex mixture or key analytes. We demonstrated the
use of MS/MS with our integrated-sampling-to-analysis system to
further characterize complex mixtures and differentiate between
structural isomers. Future work using our integrated measurement
system will apply this technique more widely across observed ana-
lytes, but here we show its capabilities with a subset of isomers.

In Fig. 7, we show a representative example with the targeted
analysis of isophorone (CgH140) found in gas-phase samples col-
lected near downtown Atlanta GA, which the U.S. Environmental
Protection Agency lists as a hazardous air pollutant. Isophorone is a
widely-used solvent in printing, metal coating, synthesis, and some
pesticides [49], and isomer-specific measurements of oxygenates
like isophorone are growing in importance with the increased role
of non-combustion emissions in air quality [39]. Here, 3 prominent
isomers of CgH140 were distinguished with a parent ion mass m/z of
139.1116 and 3 fully separate GC peaks. The MS/MS fragmentation
at varying fragmentation energies (5, 10, 20eV) reveals valuable
information about the analytes’ structures. The cyclic structure of
the parent molecules in Fig. 7a-b require more energy to fragment

in MS/MS, while the one in Fig. 7c breaks down completely into
smaller fragments at even the lowest energy. Fig. 7 also shows
examples of the elemental composition of the fragments as well
as the ion losses between fragments. This information is used
by automated MS/MS libraries and tools to suggest the structure
and functionality of the analytes. For each individual GC peak, we
applied the CSI: Finger ID algorithm on the average mass spec-
tra of three collision energies to determine the molecular features
present and the highest probability molecular structures [50].

This MS/MS approach is useful to determine prominent molec-
ular features present in analytes, but there is uncertainty in the
exact structural configuration due to similarities in MS/MS frag-
mentation between some regioisomers (i.e. positional isomers).
The characteristic structures in Fig. 7a-b were predicted by the
MS/MS analysis in SIRIUS/CSI: FingerID as isophorone and its very
similar isomer 3-isophorone. Their cyclic structures were con-
sistent with the observed GC retention indices (NIST Chemistry
WebBook). However, this MS/MS analysis alone is insufficient to
definitively distinguish between the two. The potential molecular
structure presented in Fig. 7c is less known and shown for the pur-
poses of demonstrating the structural features that were identified
in all the top MS/MS library results determined using CSI: FingerID,
which has been shown to be the best for organic compound iden-
tification [45]. While the exact structure remains more uncertain,
there is utility in knowing the key structural features. Differentiat-
ing between compounds like isophorone and the structure in Fig. 7¢
can have implications for dynamics and chemical reactivity in the
atmosphere due to their significantly different chemical properties
despite having the same molecular formula.

Future work with MS/MS in our integrated system will involve
surveying and evaluating MS/MS libraries and tools as they evolve
and applying multiple libraries to make conclusions more robust.
Combining the top results to confirm key features and using other
data like relative GC retention time will provide the strongest for-
mula and structure identifications. Results will also be filtered
based on exclusion criteria developed for this instrument in Ditto
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et al. [20]. Depending on the specific samples and application,
MS/MS will be applied in a hybrid targeted-untargeted approach,
where both analytes of interest and the highest concentration
untargeted analytes that surpass an abundance threshold (and are
not on exclusion lists) will be characterized via MS/MS. However,
when doing normal GC-TOF-focused characterization, the fraction
of time spent on MS/MS must be managed to maintain a minimum
scan rate for good GC peak shape and resolution. Therefore, focused
MS/MS will be implemented on replicate samples (or injections)
with more extensive targeted lists and lower untargeted abundance
thresholds.

3.3. Routine direct-TOF analysis of gas-phase organic compound
samples to directly measure analytes with low GC transmission
efficiency

Many analytes (e.g. organic acids, organic nitrates) are difficult
to analyze using gas chromatography due to being thermally labile
or irreversibly adsorbing to the GC phase or other components
in analytical systems. Yet, many of these compounds have been
observed through careful design of GC systems [15,51]. Our supple-
mental direct-TOF technique provides the capability to detect and
quantify such analytes with very high mass accuracy, while also
analyzing samples through GC-TOF. This is particularly important
for adsorbent tubes that cannot be easily analyzed by both GC-TOF
and LC-TOF like filter extracts.

Here, we show the preliminary results from the direct-TOF addi-
tion to our TD-GC-Q-TOF system in a selected application, with
further testing and adjustment to come in subsequent work. We
tested our direct-TOF technique using the same crude oil stan-
dard for consistency, which is known to contain oxygen-, sulfur,
and nitrogen-functionalized aliphatic and aromatic compounds
[52,53]. Figure S6a shows the expectedly-unresolved total ion
desorptogram of Macondo crude oil standard produced via direct-
TOF. In Figure S6b, a selection of extracted ion desorptograms
with a focus on functionalized compounds are shown from data
analysis using the targeted analyte list developed for the GC-APCI-
Q-TOF analysis. We observed a large number of low-abundance,
chemically-identifiable species including parent ions of multi-
oxygenated species and also fragments, which may be partially
resolved through the addition of MS/MS in direct-TOF and a slower
temperature ramp. Further, spiking with thermally-sensitive ana-
lytes (isotopically-labelled where possible) will be used to track
losses to fragmentation during tube desorption in future work.

3.4. Conclusions and future work

We demonstrated our integrated sampling-to-analysis sys-
tem designed for chemically-detailed offline sample analysis of
atmospherically-relevant complex mixtures of gas- and particle-
phase organic compounds, which included simultaneous hard and
soft ionization MS, HR-TOF at 8 + 2 ppm, and structural character-
ization via MS/MS. While the instrument is ready for application,
key areas for further improvement include exploring alternative
ion sources to minimize compound fragmentation during soft ion-
ization; developing tools for faster, automated analysis of MS/MS
data from complex organic mixtures; and further development of
public MS/MS libraries and exclusion ion lists for quick identifica-
tion of contaminants and artifacts. Elaboration of future work can
be found in Section S3.
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