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Abstract. A liquid sampling-atmospheric pressure afterglow microplasma ionization
(LS-APAG) source is presented for the first time, which is embedded with both
electrospray ionization (ESI) and atmospheric pressure afterglow microplasma ioni-
zation (APAG) techniques. This ion source is capable of analyzing compounds with
diverse molecule weights and polarities. An unseparated mixture sample was de-
tected as a proof-of-concept, giving complementary information (both polarities and
non-polarities) with the two ionization modes. It should also be noted that molecular
mass can be quickly identified by ESI with clean and simple spectra, while the
structure can be directly studied using APAG with in-source oxidation. The
ionization/oxidation mechanism and applications of the LS-APAG source have been

further explored in the analysis of nonpolar alkanes and unsaturated fatty acids/esters. A unique [M + O – 3H]+

was observed in the case of individual alkanes (C5–C19) and complex hydrocarbons mixture under optimized
conditions. Moreover, branched alkanes generated significant in-source fragments, which could be further
applied to the discrimination of isomeric alkanes. The technique also facilitates facile determination of double
bond positions in unsaturated fatty acids/esters due to diagnostic fragments (the acid/ester-containing aldehyde
and acid oxidation products) generated by on-line ozonolysis in APAG mode. Finally, some examples of in situ
APAG analysis by gas sampling and surface sampling were given as well.
Keywords: In-source oxidation, Atmospheric pressure afterglow ionization, Structural identification, Alkane
analysis, Double bond positions

Received: 18 August 2016/Revised: 28 October 2016/Accepted: 29 October 2016/Published Online: 19 December 2016

Introduction

Mass Spectrometry (MS) has been extensively used as an
indispensable tool for the characterization of organic

molecules, providing both molecular weights (MW) and struc-
tural information. Undoubtedly, effective ionization of the
analytes lays the foundation ofMS analysis. Owing to the huge
differences in polarities and structures of the analytes, more
versatile ionization techniques should be introduced to ensure

exhaustive ionization of both polar and nonpolar compounds.
Additionally, nonpolar compounds like saturated hydrocarbons
are difficult to ionize because of the lack of easily ionizable
functional groups [1]. The typical analytical method for them is
gas chromatography (GC) by coupling with electron ionization
(EI), field ionization (FI), or field desorption (FD), which is
tedious and not suitable for fast analysis [2]. More importantly,
structural determination is commonly accomplished with ad-
vanced tandem mass spectrometers (MS/MS). However, mi-
gration or rearrangement reactions occurring in the ionization
or MS/MS processes might present challenges for explicit
structural assignments [3].

The introduction of in-source reactions opens the opportu-
nity to perform structural characterization on BMS-only^ mass
spectrometers and rapid mass analysis of nonpolar compounds.
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By using suitable reagents, designed reactions can be imple-
mented in the ionization processes to add easily ionizable
groups (or charge labels) to enhance MS responses or generate
informative peaks to reveal structural details like isomeric
information and functional groups. Recently, utilizing
Breactive^ ionization mass spectrometry techniques for simul-
taneous ionization and modification of the molecules has
gained prominence in various applications, such as protein
sequencing [4, 5], determination of relative positions of func-
tional groups [6, 7], isomer discrimination [8, 9], and selective
detection [10, 11]. Ideally, employing the inherent characteris-
tics (e.g., discharge, laser, plasma) of the selected ionization
method to initiate in-source reactions in the absence of extra
reagents is an economical approach. For example, high electric-
field induced carbon–carbon activation and nitrogen insertion
has been applied to afford the MW information of alkane
molecules by in-situ paper-spray ionization method [12].

In recent years, numerous plasma-based ionization tech-
niques under atmospheric pressure or ambient conditions
[13–17] are emerging as powerful tools for rapid analysis of
diverse analytes, which can also employ Breactive^ plasma as
the ionization reagent to initiate various types of reactions [18–
21], including conventional chemical reactions, electrochemi-
cal or photochemical reactions, and gas-phase ion-molecule
reactions. In-source oxidation, as a common reaction in the
ionization process, should be avoided in routine analysis but
has been successfully applied in structural analysis [7]. It is
widely accepted that free electrons and Breactive^ oxygen
species (ROS), e.g., hydroxyl radicals, nitric oxide, and ozone,
generated by discharge in air are the most important chemical
entities responsible for oxidative modification [22]. In spite of
its great potential and well-known mechanism, the oxidation
process is difficult to control, which somehow complicates the
spectrum and presents challenges for data interpretation, espe-
cially for unambiguous determination of MW [23]. Therefore,
novel ionization methods for providing complementary mass
spectra (simple spectrum for onlyMW information or informa-
tive spectrum for structural analysis) as well as extending the
molecular application range is still highly desirable.

Herein, we demonstrate a liquid sampling-atmospheric-
pressure afterglowmicroplasma ionization (LS-APAG) source,
in which a concentric glow-discharge chamber is introduced to
ionize nonpolar compounds or produce diagnostic fragments
via atmospheric pressure afterglow microplasma ionization
(APAG) mechanism, yet leaving space to arrange a concentric
liquid sampling system for electrospray ionization (ESI), which
is known as a soft ionization technique for polar compounds.
Therefore, it can be operated in dual APAG/ESI ionization
modes to analyze both polar and nonpolar compounds as well
as provide complementary MW and structural information for
one sample. In this study, the advantages and ionization/
oxidation mechanisms of this dual ionization source were
evaluated by the analysis of diverse compounds and their
mixtures. Further applications mainly focused on its reactive
APAG mode for analyzing saturated hydrocarbons,
distinguishing between linear and branched alkanes, and

structural identification of double bond positions in unsaturated
fatty acids/esters. Finally, a preliminary exploration of in situ
analysis using gas sampling and surface sampling methods has
also been made.

Experimental
Materials

The HPLC-grade solvents (e.g., MeOH) were purchased from
Fisher Scientific Co., Ltd. (Shanghai, China). Other analytical
solvents like acetone were obtained from Beijing Chemical
Works (China). High-purity argon (99.999% purity) was used
as the discharge gas in all cases. The explosive standards used
were RDX (1,3,5-trinitro-1,3,5-triazacyclohexane), PNTE
(pentaerythritol tetranitrate), TNT(2,4,6-trinitrotoluene) [ob-
tained from Public Security Bureau (Beijing, China)]. Saturat-
ed hydrocarbons (C5–C19) and 2, 2, 4-trimethylpentane were
obtained from Aladdin Reagent (Shanghai, China).
AngiotensinI(human) and n-tridecanoic acid were obtained
from Sigma-Aldrich Co. LLC. (St. Louis, MO, USA).
Acetoactaanilide, 2-nitrobenzaldyde, polywax 500, and paraf-
fin oils, oleic acid (cis-9-18:1 FA), linoleic acid (all-cis-9, 12-
18:2 FA;MW: 280 Da), α-linolenic acid (all-cis-9, 12, 15-18:3
FA;MW: 278 Da), oleic acid (cis-9-18:1 FA) ethyl ester (MW:
310 Da), eicosadienoic acid (all-cis-11,14-20:2 FA) methyl
ester (MW: 322 Da) were purchased from J&K Scientific Co.,
Ltd. (Beijing, China). Pure alkane or its n-hexane solution was
used for analysis. Other samples were dissolved in acetone or
acetone/methanol (1:1 volume ratio).

LS-APAG Source Setup

The configuration of the microfabricated LS-APAG source
was depicted in Figure 1a (the length of the section shown is
about 10 cm). It is small in size and simple in structure. Briefly,
a concentric discharge chamber to generate stable DC after-
glow microplasma was fabricated by a couple of concentric
tubular electrodes, wherein the outer stainless steel electrode
E1 was ground connected and the inner stainless steel electrode
E2was connected to the DC high voltage supply through a 1-M
Ω ballast resistor. A tubular insulated glass tube (G-tube) was
installed between the two electrodes for controlling the DC
glow discharge size (Length: E1 > E2 >G-tube). The space left
between E1 and G-tube was used for the discharge gas (argon)
to flow. A quartz capillary (i.d. 100 μm, o.d. 375 μm) passing
through the E2 was used for liquid injection, giving consider-
ation to the combination of ESI and APAG. The capillary tip as
the exit of the sample solution was set outside the outer elec-
trode E1 (see details in Supplementary Figure S1) to avoid in-
source fragmentation, which is discussed later.

As shown in Figure 1a, this LS-APAG apparatus can be
operated in two ionization modes (ESI and APAG).When a high
voltage (±2.5 − 5.0 kV) is applied to the E2 and the E1 is
connected to the ground, glow-discharge will occur between the
two electrodes (the yellow marked region in Figure 1a); thus, it
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can be operated in APAGmode. ESI was performed by applying
highDCvoltage either to the syringe needle or to the electrode E2
while the ground connection should be removed in this situation.
The high voltages required for the two ionization modes can be
independently controlled. A high voltage DC power supply
(model PS350/5000 V-25 W; Stanford Research Systems, Inc.,
Sunnyvale, CA, USA) was used for APAG mode. The source
power from the mass spectrometer was used for ESI mode.
Argon was used as nebulization gas and discharge gas controlled
by a rotary flowmeter (flowing rate: 0–3.0 L/min). Typically, the
gas flowing rate around 0.5 L/min was used in APAGmode and
the gas flowing rate of 1.5 L/min was used in ESI mode.

Sample Introduction Methods

Several alternative sample introduction methods (Supplemen-
tary Figure S2), including (1) continuous infusion of liquid
sampling by a syringe injection system/liquid chromatography,
(2) gas delivery/sampling for volatile chemicals, (3) surface
sampling, in which the sample was deposited on a substrate

placed between the ionization source and MS entrance or on
the front inside surface of the E1, were explored. Solution flow
was controlled by a syringe pump (LongerPump, model:
LSP01-2A) optimized at 2 ~ 10 μL/min.

LS-APAG Mass Spectrometer

The full scan mass spectra were obtained using a linear ion trap
mass spectrometer (Thermo Scientific LTQ XL, Newman,
California, USA). The operation conditions were as follows
(if not mentioned otherwise): capillary temperature 200 °C,
maximum ion inject time 50 ms, three microscans/spectrum,
mass range m/z 50–1000. Other electrical parameters were
tunable to optimize analyte ion signals to the highest by auto-
matic tuning. Collision-induced dissociation (CID) experi-
ments were performed using an isolation window of 1.0
mass/charge units, and the collision energy of CID was set to
be 20%–35% (manufacturer’s unit). Fourier transform ion cy-
clotron resonance mass spectrometry (FTICR-MS, APEX II;
4.7 T, Bruker Daltonics, Bremen, Germany) was used for

Figure 1. (a) Schematic illustration of the newly designed LS-APAG source. APAG mode: Switch 1(closed) and Switch 2(closed);
ESI mode:❶ Contactless ESI: Switch 1(open) and Switch 2(closed); or❷ Contact ESI: Switch 1 (open) and Switch 2(open), the high
dc voltage is applied to the syringe needle. (b) Mass spectra of a two-component mixture, angiotensin I (M1, MW: 1296.5 Da) and
acetoacetanilide (M2, MW: 177.2 Da) in ESI mode (left) and APAG mode (right), respectively
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accurate mass measurements and chemical formula assign-
ments of each peak.

Safety Considerations

Direct-current high voltages (±2500 ∼ 5000V) and currents (up
to 5 mA) were used in these experiments. Precaution should be
taken when working with high voltages and hazardous
chemicals.

Results and Discussion
As shown in Figure 1, the new source can perform in alternat-
ing ESI and APAG modes. ESI is widely used to ionize polar
analytes in a broad mass range to provide MW information;
thus when high DC voltage was applied to the syringe needle,
and the polar analytes in the solution were ionized via ESI
mechanism. In APAGmode, the analyte droplets formed at the
capillary tip would produce gaseous molecules through
thermal-assisted or gas-driven solvent evaporation, and then
these gaseous molecules were ionized in the afterglow region
via APAG mechanism similar to that occurring in the atmo-
spheric pressure chemical ionization (APCI) source [13–15].
This APAG mode is more suitable for thermostable, weakly
polar or nonpolar small molecules.

Therefore, there are several advantages for the LS-APAG
source, including (1) ionizing analytes in an extensive mass
range and polarities without the need of changing ion sources;
(2) providing complementary MW information for one com-
plex sample [24]; (3) structural assignments by Breactive^
APAG mode and unambiguous determination of molecular
masses by less reactive ESI. These advantages will be demon-
strated in the following applications, although mainly focusing
on the applications of the Breactive^ APAG mode.

Comparison of Ionization Behaviors in ESI
and APAG Modes

First, to evaluate ionization characteristics and the application
abilities of this ion source, a diversity of aliphatic/aromatic com-
pounds with different functional groups were analyzed (Supple-
mentary Tables S1–S5 and Supplementary Figures S3–S8).

The LS-APAG source showed good performance for these
aliphatic/aromatic compounds with diverse substituent groups
due to the two alternative modes. In ESI mode, it can be used to
exclusively ionize intact polar molecules in an extensive mass
range. Its performance is comparable to the conventional ESI
source in both positive and negative modes, as shown in
Supplementary Figure S8, providing similar spectra of angio-
tensin I and n-tridecanoic acid with almost equal intensities.
When the APAG mode is on, a visible blue-purple discharge
can be observed. Likewise, various types of ions, including
common protonated/deprotonated ions, molecular ions, and
ammonium adducts can be detected in APAGmode depending
on the properties of the analytes (the ions formed in APAG
mode are summarized in Supplementary Figure S7).

This technique can also provide complementary informa-
tion for one sample attributable to its dual ionization modes, in
which ESI prefers to ionize polar molecules whereas APAG is
prone to giving peaks principally for weakly polar or nonpolar
small molecules. Figure 1b shows the mass spectra of a two-
component (angiotensinIand acetoacetanilide) mixture obtain-
ed by the two modes, in which ESI exhibited multiply charged
peaks for polar angiotensin I, while APAG gave an intense
peak corresponding to the protonated acetoacetanilide ions.

More importantly, unlike ESI (known as soft ionization
technique), APAG is always reactive due to the high reactiv-
ities of afterglow plasma as well as the high internal energies of
analyte ions. Thus, other unusual forms of analytes have been
observed in APAG mode, including [M – H]+ (Supplementary
Table S2), [M + NO3]

- (Supplementary Table S5), in-source
fragments (e.g., [TNT-NO]-), and some oxidation peaks be-
sides the aforementioned ions. For example, abundant oxidized
forms ([M + Ox ± Hy]

±) of analytes have dominated the mass
spectra during the analysis of some weakly polar compounds
(Supplementary Figure S5). For a given compound, 2-
nitrobenzaldehyde (as shown in Figure 2a), a major oxidation
product corresponding to 2-nitrobenoic acid (MW: 167 Da)
dominated the APAG spectrum as its deprotonated form (m/z
166). In sharp contrast with APAG, Figure 2b gave a major
peak atm/z 150 assigned to its deprotonated formwith minimal
oxidation peaks even at an electrospray voltage of 5 kV. Al-
though unexpected oxidation artifacts have been reported in
ESI processes, generally at very high spray voltages (e.g., +6 to
+8 kV) [25, 26], it is obvious that APAG is a much more
Breactive^ ionization mode to implement simultaneous modi-
fication and ionization of some hard-to-ionize molecules.

The ionization and oxidation processes in APAG mode
should be explored prior to further applications of this tech-
nique. As shown in Figure 2c and d, the APAG positive/
negative ion background from m/z 15 to 200 were recorded,
respectively, with argon as the discharge gas at a flow rate of
0.5 L/min and DC potential of 3 kV. In positive mode, abun-
dant ionic species are detected, including O2

+ (m/z 32), nitro-
gen oxides (e.g., N3O2

+,m/z 74), water cluster ions [(H2O)nH]
+

(n = 5, m/z 91), and some ammonium adducts (e.g., [H2O +
NH4]

+, m/z 36). Production of these ions can be attributed to
energy transfer from Ar+ to oxygen, nitrogen, and water mol-
ecules in air via a series of complex reactions [14]. These
detected background ions will promote efficient proton-
transfer ionization, the formation of [M + NH4]

+ ions, and even
the in-source oxidation of some species, in agreement with the
results obtained by APAG. In APAG negative mode, the
predominant species observed included NO3

– (m/z 62), NO2
–

(m/z 46), and [HNO3 + NO3]
– (m/z 125), resulting from the

ionization of the moist air [27]. The NO3
– ions can attach to

some analytes to form nitrate adducts evidenced by the APAG
spectra of two explosives, RDX and PETN, dominated by
[RDX + NO3]

– (m/z 284) and [PETN + NO3]
– (m/z 378),

respectively. Therefore, it has the potential of sensitive detec-
tion of explosives (see Supplementary Figure S6d, the mass
spectrum of 1 ng/mL RDX was still of good quality).
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Additionally, some uncharged Breactive^ radicals, including
atomic oxygen (O), hydroxyl radical (·OH), and nitric oxide
(NO·), which cannot be detected by MS, may be produced due
to discharge in air. These radicals have been reported to initiate
a cascade of oxidations in the gas phase [28]. Uncharged ozone
was also recognized by its characteristic odor. The exposure of
the analytes to these Breactive^ species, such as O2

+, nitrogen
oxides, ozone molecules, and possibly existent Breactive^ rad-
icals or free electrons, etc., are proposed to account for the
oxidative functionalization and oxidative cleavage of the analytes.

Further Investigation of Ionization Mechanism
and Oxidation Process

To further confirm the proposed oxidation mechanism as well
as explore the feasibility of this technique in the analysis of
nonpolar compounds, pure n-hexane (liquid) was analyzed in
APAGmode by direct injection. Two major oxidation peaks at
m/z 99 and 117 were observed instantly.

The observed ions were identified by the following experi-
ments. First, the FT-ICR MS results showed that the two ions
were assigned to the ions [M + O – 3H]+ (measured mass:
99.0806, accurate mass: 99.0804), and the ions [M + 2O – H]+

(measured m/z: 117.0917; monoisotopic peak: 117.0916), re-
spectively. To further confirm their structures, the oxidation
products of n-hexane (see BGC-MS analysis^ section in the
Supplementary Material) were collected for GC-MS analysis.
GC-MS data obtained from two experiments were nearly iden-
tical, signifying the stability and reproducibility of this technique.
The observed ion [M + O – 3H]+ (m/z 99) was probably
generated from several oxidation products, mainly including 2-
hexenal (MW: 98 Da; similarity: 93%) and 2,5-dimethyl-2,3-
dihydrofuran (MW: 98 Da; similarity: 94%) (see details in Sup-
plementary Figures S23–S24). This is inconsistent with the
report that the ion [M + 13]+ produced by microwave-induced
plasma ionization (MIPI) [27] is the water adduct of 1,3-
cyclopentadiene or its derivatives. Unfortunately, specific mole-
cules to produce the ions atm/z 117 have not been identified. An

alternative explanation is that the ions at m/z 117 are hydrous
ions [ion(m/z 99)·(H3O)]

+ as MS/MS spectrum gave a major
fragment at m/z 99 attributing to a neutral loss of H2O (18 Da)
[27]. However, the formation of another intense fragment at m/z
100 attributable to CID of the same precursor ion (m/z 117)
appears to be inconsistent with this explanation (see details in
Supplementary Figure S21 and Supplementary Scheme S2; sim-
ilar results obtained from n-octane referring to Supplementary
Figure S22 and Supplementary Scheme 3). More importantly, if
it is hydrous [ion(m/z 99)·(H3O)]

+, the water molecule would be
readily detached from the parent ion under elevated temperature,
resulting in the decrease of its relative abundance. On the con-
trary, the relative abundance of the ions atm/z 117 increasedwhen
the ion transfer capillary temperature rose from 100 to 300 °C, as
shown in Figure 3a, arguing against hydrous [ion(m/z 99)·(H3O)]

+.
One reasonable explanation is that the ions at m/z 117 are gener-
ated by further oxidation of n-hexane, which can be accelerated
by elevated temperature. A series of further oxidation peaks can
be observed under higher temperature due to multistep dehydro-
genation and oxygen-added oxidations of alkanes. (Note that the
specific oxidation positions of the alkane molecule are not clear).

Briefly, the APAG process can be depicted as follows: (1)
Metastable ions and excited Ar atoms are produced by glow
discharge, then ionized the air to generate Breactive^ afterglow
plasma. (2) The analyte molecules are directly injected to the ion
source, and then continuously forming gaseous molecules by
thermally-assisted desolvation or evaporation. (3) These gaseous
molecules are finally oxidized and ionized by impacting with
Breactive^ reagent species in the afterglow plume. It was found
that the formation of gaseous analyte molecules as well as
effective collision with reagent ions were two key steps in the
APAG process. Therefore, a low flowing gas rate <1.0 L/min
should be used to maintain the high source temperature facilitat-
ing desorbing less volatile analytes to the gas phase. In addition,
the capillary tip should be set outside of the outer electrode E1
with a length <0.5 mm to avoid in-source fragmentation (in-tube
setting, see Supplementary Figure S11) as well as to ensure the
effective impact of analyte molecules and the afterglow plume.

Figure 2. (a) Negative-ion APAG mass spectrum of 2-nitrobenzaldehyde (MW: 151 Da); (b) negative-ion ESI mass spectrum of 2-
nitrobenzaldehyede at a spray voltage of 5 kV; (c) positive-ion APAG background ions; (d) negative-ion APAG background ions. The
APAG operating conditions: the dc voltage 3 kV, the argon flow rate: 0.5 L/min
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On the basis of effective ionization, the oxidation processes
were further investigated under different operating conditions
(Supplementary Figures S9–S17). As reactive oxygen species
attributable to discharge in air is likely responsible for in-source
oxidations, the surrounding gas environment would have sig-
nificant impact on the oxidation. It should be noted that one
role of the flowing argon is to purge the region surrounding the
ion source and the MS inlet, maintaining the ionization envi-
ronment [29]. Therefore, a very low gas flow rate or even no
flowing gas (e.g., 0 L/min, Supplementary Figure S16a, the
oxidation and ionization is due to discharge in air) could lead to
a sharp increase of relative abundances of further oxidation
peaks due to the residual air in ion flight path while their
absolute intensities are suppressed by background ions. More-
over, a gas stream is also required to efficiently transport ions to
MS instrument; otherwise, the total intensity of the ions will
decrease. A gas flow rate of 0.5 L/min was finally used with a
comprehensive consideration of efficient desorption as well as
avoiding further oxidation of the analytes. In addition, the
source-to-MS distance is another key factor affecting the ion-
ization environment. The protecting gas stream would diffuse
with increasing source-to-MS distance, and thus more further-
oxidized products would be generated. Figure 3b shows that a
further oxidation peak at m/z 117 increased sharply with the
increase of the source-to-MS distance. Besides the increased
Breactive^ air species, a longer reaction time before final de-
tection also accounted for the increase of further oxidation
peaks. Therefore, the source-to-MS distance should be as short
as possible to avoid further oxidation of alkanes. This distance
was finally set at around 0.5 cm, avoiding discharge damage to
the MS instrument. Additionally, a slight increase of further

oxidation product ions at m/z 117 was observed when raising
the DC voltage (Supplementary Figure S17), presumably be-
cause higher voltage would produce a higher concentration of
the air’s ionized Breactive^ species to induce more oxidations.
Optimization of the voltage resulted in an optimal signal mag-
nitude of the primary product (m/z 99) at 2500V. Lastly, higher
ion transfer capillary temperature generally led to further oxi-
dations of alkanes, as shown in Figure 4a, which suggested the
oxidations continued even in the ion transfer capillary as
Breactive^ species were drawn into the MS instrument together
with analyte ions. The results also implied that chemical reac-
tions in the gas phase should not be neglected, especially at
high temperatures. Thus, using a relatively low ion transfer
capillary temperature (e.g., 200 °C) can significantly reduce
further oxidation products of n-hexane. All these clearly
showed that the oxidation degree can be controlled by adjusting
the operating conditions.

Owing to the better understanding of the ionization and
oxidation process in APAG mode, a simple APAG spectrum of
n-hexane (WM: 86 Da) dominated by the [M + 13]+ ion (m/z 99)
was finally obtained under an optimized condition (Figure 3c). It
was noted that the total ion chromatogram (TIC) and extracted
ion chromatogram (EIC of m/z 99) were very stable over several
minutes (Figure 3d).

Nonpolar Saturated Hydrocarbons Analysis

Alkanes, a major fraction in petroleum oils, are difficult to be
ionized due to the lack of easily ionizable functional groups and
aromatic rings [2]. In addition, the information of molecular
mass is hard to obtain due to their inherent tendency to

Figure 3. Optimization of APAG operating conditions in the analysis of n-hexane (MW: 86 Da). (a) The relative abundances of ion
m/z 117 to ionm/z 99 when the ion transfer capillary temperature was raised from 100 to 300 °C; (b) the relative abundances of ion
m/z 117 to ion at m/z 99 at different source-to-MS distances (3, 5, 7, and 10 mm, respectively); (c) under optimized conditions:
capillary tip is set outside tube for 0.5mm; the source-to-MSdistance: 5mm; the DC voltage: 2500 V; the flowing gas rate: 0.5 L/min;
(d) the total ion chromatogram (m/z 50–200) and extracted ion chromatogram of a selected ion (m/z 99) over several minutes
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fragment. The typical GC-MS analytic methods always require
tedious sample handling steps and long analysis time. Hence,
ionization methods for directly and rapidly analyzing nonpolar
alkanes are highly desirable.

Recently, various ionization methods have shown promise
for rapid analysis of alkanes by generating different types of
ions. With transition metal reagent cations added, direct laser
desorption/ionization (LDI) techniques have been applied to
the analysis of lower-mass saturated hydrocarbons [30–32],
Additionally, some atmospheric pressure ionization techniques
have been reported to generate molecular ions and/or hydride
abstraction signals, including helium plasma ionization source
(HPIS) [33], direct analysis in real time (DART, generating [M
+ O2]

– for larger alkanes) [1, 34], atmospheric pressure laser-
induced acoustic desorption chemical ionization (AP/LIAD-
CI) [29], laser desorption atmospheric pressure photochemical
ionization (LD/APPI-MS) [35], and chemical ionization with
small alkanes as ionizing reagents [36]. Besides, oxidation
modifications have also shown great potential in MS analysis
of alkanes. In 2010, oxidation peaks generated during desorp-
tion electrospray ionization (DESI) discharge [28] were
employed to provide MW information of alkanes, although
requiring an extra derivatization reagent and resulting in a
relatively complex mass spectrum. Recently, microwave-
induced plasma ionization mass spectrometry (MIPI-MS)
[27] was applied to small volatile alkanes to generate water

adducts of dehydrogenation oxidation products (1,3-
cyclopentadiene derivatives).

The potentials of this LS-APAG source for mass determi-
nation as well as structural identification of nonpolar saturated
hydrocarbons were assessed by n-alkanes (C5–C19), complex
hydrocarbons mixture, and branched alkanes. The preliminary
experiments have proven that it performed well on the analysis
of n-hexane. Besides n-hexane, other saturated alkanes could
also be oxidized and detected by direct injection of pure sam-
ples. When the alkanes were introduced into the LS-APAG
source, the dominant [M + O – 3H]+ and [M + 2O – H]+ ions
were generated instantly regardless of differences in alkyl chain
lengths (Supplementary Figure S18 and Supplementary Ta-
ble S6). It was very sensitive as evidenced by the APAG
spectrum of a 10 μg/mL n-octadecane solution at a sample
flow rate of 10 μL/min, which gave an intense [M + O – 3H]+

peak at m/z 267. (Note that the limit of detection (LOD) for n-
octadecane by reactive DESI is ~20 ng [28]; for LOD of this
technique less than 20 ng, see Supplementary Figure S18b and
related discussions below the figure). More importantly, no
significant fragmentation was observed for linear alkanes even
for large n-nonadecane (Figure 4a) although more oxidation
products instead of the dominant [M + O – 3H]+ ions were
detected due to the nearly equivalent oxidation reactivity of
carbon–hydrogen bond at each methylene (–CH2–).

This technique was further examined in the analysis of
hydrocarbons mixture like paraffin oil. It should be noted that
MW information can be easily extracted from the mass spectra
as major oxidation peaks of a certain alkane are determined
quite well according to the number of carbon atoms as listed in
Supplementary Table S7, in which none of these peaks would
overlap in the mass spectrum. Figure 4b shows a series of [M +
O – 3H]+ peaks with a mass difference of 14 Da corresponding
to a –CH2– unit, ranging from C9 to C34 for paraffin oil
although some weaker peaks around the major ones due to
hydrogen abstraction and hydrogenation were not avoided (see
details about APAG analysis of polywax 500, cyclohexane,
and 1-hexane in Supplementary Figures S19–20). However, in
order to effectively desorb high-boiling alkanes (>500 Da), the
capillary tip should be set inside the outer electrode E1 to
maintain the high temperature and facilitate thermal desorption.
But this would result in the increase of in-source fragments.
Therefore, this method is more suitable for the analysis of any
specific alkane or low-mass mixtures.

Finally, the feasibility of this method for branched alkanes
was examined by the use of 2,2,4-trimethylpentane, an isomer
of n-octane. Figure 4d displays the spectrum of 2,2,4-
trimethylpentane; only one dominant ion [M + O – 3H]+ at
m/z 127 was detected in comparison with the linear octane
generating two intense ions at m/z 127 and 145 (Figure 4c).
This is likely due to the regioselectivity of oxidations. In
general, oxidations prefer to occur at less steric hindrance and
electron-rich atom. In this work, as reactive reagent ions (e.g.,
ROS) responsible for the oxidation of analytes are small
enough, electronic effect is probably the dominant factor in
controlling the regioselectivity. The oxidation of C–H bond at

Figure 4. Positive-ion mode APAG mass spectra. (a) n-
nonadecane; (b) paraffin oil; (c) n-octane; (d) isooctane (2, 2,
4-trimethylpentane)
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the electron-rich tertiary carbon of 2,2,4-trimethylpentane
would generate almost exclusively one oxygen atom-attached
products at m/z 127. Likewise, branched alkanes bearing
electron-rich tertiary or quaternary carbon atoms are less resis-
tant to oxidations or oxidative cracking reactions, generating
more fragments consistent with the observed ions, such as
C4H10

+ (m/z 58), C5H11
+ (m/z 71), C6H13

+ (m/z 85), C7H15
+

(m/z 99), and C8H17
+ (m/z 113). In this study, in-source frag-

mentation could also be caused by the collision of metastable
alkane ions (e.g., [M + 2O – H]+) and plasma ions like elec-
trons. Therefore, branched alkanes are more fragile than linear
alkanes [28], and in-source fragmentation can be used as a clear
signature of branched alkanes, distinguishing them from linear
alkanes.

Taken together, this LS-APAG source as highly-reactive
Breaction vessels^ offers a soft ionization approach for the sen-
sitive analysis of chemical inert species (e.g., saturated hydrocar-
bons) with key advantages such as good stability, simple spectra,
and no significant fragmentation. More importantly, it also has
the potential for differentiating isomeric alkanes.

Elucidation of Double Bond Positions in Fatty
Acids/Esters

Structure determination of unsaturated compounds (e.g., fatty
acids) is also a great challenge. Fatty acids, as structural com-
ponents of cell membranes, play significant roles in biological
functions [37]. Analytical approaches for rapidly acquiring
their structure information (e.g., chain lengths, the degree of
unsaturation, and double bond positions) is highly desirable as
their functions are closely related to molecular structures. Cur-
rent analytical approaches primarily rely on MS, which has
been emerging as a useful tool with the advent of some special

dissociation methods (e.g., charge-remote fragmentation [38]
and ozone-induced dissociation [39]) and the introduction of
off-line/on-line chemical modifications, such as alkylthiolation
[40], olefin cross-metathesis [41], Paternò-Büchi reaction [42],
acetonitrile chemical ionization (CI) [43, 44], and oxidative
cleavage by strong oxidants. Among them, oxidative cleavage
is easily available via a series of oxidants. More importantly,
structural assignments can be readily achieved by analyzing the
peaks of oxidative cleavage products without the use of the
subsequent CID to locate the double-bond positions. Ozone, as
an ideal oxidant generated easily by discharge in air, can be
utilized to initiate on-line ozonolysis. Several Breactive^ ioni-
zation methods, such as ozone electrospray (OzESI-MS) [45],
low temperature plasma (LTP) ionization [7], dielectric barrier
discharge (DBDI) [46], and nano-assisted laser desorption
ionization (NALDI) [47], have employed on-line ozonolysis
for structure determination.

Ozone molecules generated by LS-APAG source can also
be employed to perform ozonolysis of double bonds as evi-
denced by Figures 5 and 6. The ozonolysis reactions are
proposed to go through the following pathways, in-situ gener-
ated ozone reacting with the double bonds in the fatty acids or
fatty acid esters (M) leads to the formation of the corresponding
O-attached molecules like primary ozonides, then the primary
ozonides go through a cleavage pathway to produce the corre-
sponding aldehyde oxidation products and Criegee intermedi-
ates; afterwards, the Criegee intermediates can be converted to
varieties of compounds like acids, aldehydes, ozonides, α-
hydroxyalkyl peroxides, and diperoxides in the presence and
absence of water. Among all these products, the ester/acid-
containing aldehyde and acid oxidation products are relatively
stable due to the intramolecular hydrogen bond as shown in
Scheme 1. The aldehyde and acid oxidation products retaining

Figure 5. Mass spectra of monounsaturated (left) and polyunsaturated (right) fatty acids/esters. (a) Positive-ion APAG mass
spectrum of ethyl oleate (MW: 310 Da); (b) negative-ion APAG mass spectrum of oleic acid (cis-9-18:1 FA; MW: 282 Da); (c)
negative-ion ESI mass spectrum of oleic acid; (d) positive-ion APAG mass spectrum of eicosadienoic acid (all-cis-11,14-20:2 FA )
methyl ester (MW: 322Da); (e) negative-ion APAGmass spectrumof linoleic acid (all-cis-9, 12-18:2 FA;MW: 280Da); (f) negative-ion
APAG mass spectrum of α-linolenic acid (all-cis-9, 12, 15-18:3 FA; MW: 278 Da)
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the acid/ester chains are denoted by FnA and FnB, respectively,
in which the number n represents the position of the double
bond. These products can provide an unequivocal assignment
of double bond positions.

Evidences of ozonolysis of the double bonds in several fatty
acid esters and acids were provided in Figure 5. As shown in
Figure 5a, the intense peak at m/z 218 ([F9A+ NH4]

+), together
with the presence of the peak at m/z 328 ([M +NH4]

+)
corresponded to the ammonium adducts of the ester-containing
aldehyde oxidation product and the original ethyl oleate, indicat-
ing that the only double bond located at n-9 in the parent ester.
Twominor peaks atm/z 201 and 234 attributed to [F9A +H]+ and
[F9B +NH4]

+ also allowed unequivocal assignment of the double
bond position. Peaks at m/z 344 and 360 ascribed to plasma-
associated adducts of the parent ester, [M + NH4 + O]+ and [M +
NH4 + 2O]+, were also observed. This ion source provided
obvious ester-containing aldehyde oxidation product at m/z 218
assigned to [F9A + NH4]

+ for a 10 μg/mL solution of ethyl oleate
(Supplementary Figure S27), indicating that it had adequate
detection sensitivity for semivolatile fatty esters. In the case of
less volatile fatty acids, extra heating was not required due to the
relatively high source temperature. Similar ammonium adducts
of aldehyde oxidation products, as expected for the case of fatty
acids, can also be detected in positive-ion APAG mode (Supple-
mentary Figure S26), whereas negative-ion APAG mode was

more sensitive for fatty acids (see Supplementary Figure S27).
Figure 5b shows a negative-ion APAG mass spectrum of mono-
unsaturated oleic acid (9-18:1 FA; MW: 282 Da), in which two
peaks at m/z 171 and 187 correspond to the deprotonated forms
of the aldehyde oxidation product (F9A) and the acid oxidation
product (F9B), respectively. The peak [F9B – H]– was higher due
to its higher acidity, which appeared to be different from the
positive-ion APAG spectrum of oleic acid dominated by [F9A +
NH4]

+. A minor peak at m/z 157 was also observed correspond-
ing to the deprotonated form of non-acid containing acid oxida-
tion product. Likewise, a series of peaks atm/z 281, 297, and 313
are assigned to the deprotonated form and plasma associated
adducts of the original acid, [M – H]+, [M – H + O]+, and [M –
H + 2O]+, respectively. To simplify the interpretation of mass
spectra, ESI can act as a complementary method for unambigu-
ous determination of molecular mass by providing a simple and
clear spectrumwith a dominant deprotonated ion [M –H]– atm/z
281, as displayed in Figure 5c (see ESI spectra of other unsatu-
rated fatty acids/esters in Supplementary Figure S25). All these
indicate that this LS-APAG source is capable of pinpointing
double bonds in mono-unsaturated fatty acids/esters.

When more than one double bond is present in the fatty acid
ester or fatty acid, oxidative cleavage occurring at each double
bond can be observed, as displayed in Figure 5d, e, and f. As
shown in Figure 5d, two aldehyde oxidation products retaining

Figure 6. APAGmass spectra of lipid mixture. (a) APAG negative ion mode spectrum of a mixture of two fatty acids (oleic acid and
linoleic acid, molar ratio = 1:1); (b) APAG negative (up) and positive (below) ion mode spectrum of a mixture of oleic acid and ethyl
oleate (molar ratio = 1:1). Peaks atm/z 176 and 157 are separately assigned to the ammoniumadduct and deprotonated form of non-
acid containing acid oxidation product derived from the parent oleic acid

Scheme 1. Formationpathwaysof thealdehyde/acid oxidationproducts from theoriginal fatty acids/esters (M) via ozonolysis reactions
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the methyl ester group of eicosadienoic acid (all-cis-11,14-20:2
FA) methyl ester (MW: 322 Da) are present atm/z 215, 232 and
272 corresponding to [F11A + H]+, [F11A + NH4]

+, and
[F14A + NH4]

+, respectively, indicating that two double bonds
are located at n-11 and n-14 of the parent ester. The decreasing
intensity of the ions [F14A + NH4]

+ at m/z 272 in comparison
with [F11A + NH4]

+ atm/z 232 is likely due to further oxidation
of n-14 double bond leading to more oxidation acid products
[F14B + NH4]

+ (m/z 272). As illustrated in Figure 5e, four
oxidation products due to the separate oxidative cleavages of
n-9 ([F9A – H]–, m/z 171; [F9B – H]–, m/z 181) and n-12 ([F12A
– H]-, m/z 211; [F12B – H]–, m/z 227), and the deprotonated
linoleic acid [M – H]– at m/z 279 allowed clear assignment of
two double bonds at n-9 and n-12 in the parent acid. Figure 5f
shows APAG mass spectrum of α-linolenic acid (all-cis-9, 12,
15-18:3 FA; MW: 278 Da) recorded in negative ion mode.
Peaks at m/z 171 ([F9A – H]–), 211 ([F12A – H]–), and 251
[F15A – H]–) are the deprotonated forms of three acid-
containing aldehyde oxidation products attributable to oxida-
tive cleavages occurring separately at the n-9, n-12, and n-15
position double bonds. Beside these ions and deprotonated α-
linolenic acid ([M – H]–, m/z 277), peaks at m/z 187 ([F9B –
H]–), 227 ([F12B –H]

–), and 267 ([F15B –H]
–) corresponding to

acid-containing acid oxidation products also offered some in-
formation but quite limited due to their decreasing abundances
with increasing chain length. This was likely caused by simul-
taneous oxidations of multiple double bonds.

The feasibility of using this technique in the analysis of
lipids mixture was verified. As shown in Figure 6a, the mixture
of oleic acid and linoleic acid gave abundant peaks, such asm/z
281, 279, 171, 187, 211, and 227, corresponding to the
deprotonated forms of the two parent acids and their
acid/aldehyde oxidation products, which have also been de-
tected in the specific oleic acid or linoleic acid. As shown in
Figure 6b, the mixed oleic acid and its ethyl ester gave simple
negative-ion APAG spectrum similar to that of pure oleic acid
because fatty acid esters hardly gave any signals in negative ion
mode, whereas positive-ion APAG spectrum provided struc-
ture andMW information for both of them. However, it should
be noted that the interpretation of mass spectra of a mixture,
especially an unknown mixture, may not be an easy task
because of the complicated peaks. Therefore, the liquid sam-
pling design of this ion source, allowing pre-separation of the
mixture by a coupled liquid chromatography system, may be
very useful in the analysis of complex lipids mixture.

Overall, this LS-APAG source offers a promising diagnostic
probe for the facile elucidation of double-bond positions together
with unambiguous mass determination of mono-/poly-unsaturat-
ed fatty acids/esters by complementary APAG and ESI modes.

Other Sampling Methods for In Situ APAG Analysis

In order to extend the utility of this ion source, there has been
some exploration of in situ analysis by other sampling
methods, including gas sampling and surface sampling, to

perform direct desorption/ionization (DI) processes (the exper-
imental diagram shown in Supplementary Figure S2).

In the case of volatile compounds or volatile components in
complex samples, gas sampling is an alternativemethod. In this
situation, the volatile sample was put in a little bottle installed
in the gas channel, generally between the ion source and the
rotary flowmeter; thus, the analyte vapor can be carried to the
discharge region by the flowing gas and ionized via inglow
ionization. The APAG mass spectrum of gas sampling n-
hexane provided similar oxidation peaks at m/z 99 and 117
(Supplementary Figure S28). Interestingly, no molecule ions of
n-hexane were observed although the ionization energy (IE) of
n-hexane (IE: 10.13 ± 0.10 eV) is much lower than the IE of
argon (IE: 15.759 ± 0.001 eV) and other components of the air
(IE values summarized in Supplementary Table S8). An expla-
nation is that molecular ions of n-hexane formed by glow
discharge ionization can be rapidly oxidized by Breactive^
plasma to form easily ionized species (e.g., IE of 2-hexenal:
9.65 eV, one oxidation product of n-hexane).

To perform DI analysis, the sample was deposited on
a piece of filter paper or on the front inside surface of
the E1 (particularly suited for thermostable and less
volatile analytes with the advantage of non-substrate
interference), and then the afterglow plume stream would
carry the reactive reagent ions generated in the source to
impact the sample on the surface to desorb/ionize the
analytes. This configuration has been applied to the
analysis of less volatile fatty acids (see details in Sup-
plementary Figures S29–30, similar to the mass spectra
obtained by liquid sampling). This direct desorption con-
figuration is easy to handle for in situ analysis of com-
plex samples on the surfaces without any pretreatment.

Conclusion
The reported LS-APAG source possessing Breactive^ APAG
and less-reactive ESI ionization modes can be used as a versa-
tile tool for analyzing diverse analytes in a broad range of
masses and polarities. The APAG approach provides informa-
tive peaks via in-source oxidations, which can be used for rapid
analysis of nonpolar alkanes, distinguishing isomeric alkanes,
and determining double bond positions in unsaturated fatty
acids/esters. An alternative ESI mode can provide simple and
clear spectra assisting the mass determination of fatty acids or
fatty acid esters. Moreover, it can be combined with different
sampling methods such as liquid injection, gas sampling, and
surface sampling for samples in different phases or states. This
technique with numerous advantages, such as two tunable
ionization modes, convenient combinations with different sam-
pling methods, and Breactive^ APAG to generate abundant
informative peaks, has great potential in rapid characterization
of diverse compounds, especially for structural analysis. This
ion source can be coupled with liquid chromatography for
future applications in the analysis of complex samples.
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