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Abstract. Active capillary plasma ionization is a highly efficient ambient ionization
method. Its general principle of ion formation is closely related to atmospheric
pressure chemical ionization (APCI). The method is based on dielectric barrier
discharge ionization (DBDI), and can be constructed in the form of a direct flow-
through interface to a mass spectrometer. Protonated species ([M + H]*) are pre-
dominantly formed, although in some cases radical cations are also observed. We
investigated the underlying ionization mechanisms and reaction pathways for the
formation of protonated analyte ((M + H]*). We found that ionization occurs in the
presence and in the absence of water vapor. Therefore, the mechanism cannot

exclusively rely on hydronium clusters, as generally accepted for APCI. Based on
isotope labeling experiments, protons were shown to originate from various solvents (other than water) and, to a
minor extent, from gaseous impurities and/or self-protonation. By using CO. instead of air or N, as plasma gas,
additional species like [M + OHJ* and [M - H]* were observed. These gas-phase reaction products of CO, with
the analyte (tertiary amines) indicate the presence of a radical-mediated ionization pathway, which proceeds by
direct reaction of the ionized plasma gas with the analyte. The proposed reaction pathway is supported with
density functional theory (DFT) calculations. These findings add a new ionization pathway leading to the

protonated species to those currently known for APCI.
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Introduction

An important question in modern mass spectrometry con-
cerns the origin and the reaction pathway of the charging
species, frequently a proton. This is of fundamental interest in
plasma-based and related atmospheric pressure ionization
methods, since protonated molecules ([M + H]") are predom-
inantly observed in positive ion mode [1]. It is commonly
believed that the protons originate from hydronium and/or
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solvent clusters [1-5], according to Kebarle’s water displace-
ment reaction (Equation 1) [6]:

[(H,0),H]" + M — [M(H,0), H]" +H,0 (1)

The [M(H,0),.;H]" clusters then undergo a
desolvation step to form the observed [M + H]" ion.
Accordingly, the current understanding of the ionization
mechanism for all plasma-based ionization methods [e.g.
APCI, direct analysis in real time (DART), or the low
temperature plasma probe (LTP)] is centered on the
formation of hydronium [7] clusters from excited or
ionized gas molecules [8—11]:

He* + nH,0 — [(H,0), H]" + OH + He (2)
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N, + H,0 — 2N, + H,0™ (3)

Apart from the proton transfer model described above, an
additional hypothesis for the formation of protonated species
exists for atmospheric pressure photoionization (APPI) [12].
This model assumes a direct ionization of the analyte either by
electron ionization (Equation 4) or by charge transfer from
ionized plasma gas (Equation 5), followed by a hydrogen atom
transfer from the solvent (Equation 6):

M+ e ->M"+ 2e (4)
M+ N, ->M™ 4+ N, (5)
M™ + H,0 — [M +H]" + OH’ (6)

This mechanism is well accepted for APPIL. In APCI, it is
believed that only nonpolar compounds, such as polycyclic
aromatic hydrocarbons (PAH) or benzene, form radical cations
via this mechanism [8, 9]. For the formation of protonated polar
molecules, the hydronium cluster model is used exclusively in
the literature for both plasma-based or APCI-like ambient
ionization techniques [13]. One reason for this is the solvent
dependence of the APCI process, which was described by a
couple of research groups [14, 15]. Because the ionization
efficiency was found to depend on the solvent, the direct
ionization pathway was disregarded in mechanistic investiga-
tions, since a solvent-independent behavior would have been
expected [16]. However, this neglects the possibility that both
mechanisms contribute (proton transfer and/or direct ionization
followed by a hydrogen atom transfer). After decades of expe-
rience with APCI and the development of a vast number of new
APCI-like ionization methods [17], there is still insufficient
experimental evidence regarding the actual protonation path-
ways and their contribution to the formation of [M + H]". An
improved understanding of the ionization mechanism would
therefore allow the enhancement of APCI-like ambient ioniza-
tion methods for the detection of specific compounds and for
increased sensitivity.

Active capillary plasma ionization [18] is a novel dielectric
barrier discharge-based ambient ionization method, where the
source itself serves as the interface to the mass spectrometer. In
addition to the extraordinary sensitivity [19], this design greatly
facilitates mechanistic investigations, since the whole sample
passes through the plasma and the reaction time of the analyte
and the gas is well defined. In order to study the underlying
APCI pathways, we investigated the ionization efficiency of
various substances (homologous series of tertiary alkyl amines,
phosphonates) in different deuterated solvents, and in a variety
of atmospheres (air, N,, CO,).
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Experimental
Chemicals and Solvents

Diethyl ethylphosphonate (DEEP) (98%), methanol-d (99%)
triethylamine (TEA) (>99.5%), tripropylamine (TPrA) (98%),
and tributylamine (TBuA) (99%) were obtained from Sigma-
Aldrich Chemie GmbH (Buchs, Switzerland). Tripentylamine
(TPeA) (99%) and D,0 (99.9%) were purchased from Acros
Organics (Geel, Belgium); trihexylamine (THA) (99%) from
Alfa Aesar GmbH and Co. KG (Karlsruhe, Germany); ethanol-
d (99%), benzene-dg (99.5%), and chloroform-d (99.8%) from
Cambridge Isotope Laboratories Inc. (Tewksbury, MA, USA).
All chemicals were used without further purification. Individ-
ual and combined stock solutions (2000 pg/mL each) were
prepared in the corresponding solvents. Depending on the
experiment, diluted samples were generated from these stock
solutions with varying concentrations.

MS Instrumentation

The mass spectra were acquired using Thermo LTQ Orbitrap
and LCQ DECA XP mass spectrometers (both from Thermo
Scientific, San Jose, CA, USA) fitted with an active capillary
plasma ionization source. All spectra were recorded in positive

polarity.

Active Capillary Plasma lonization Source

The principle of the active capillary plasma source has already
been described in detail in previous reports [18, 19]. Briefly, a
quartz glass capillary (i.d. 0.7 mm, o.d. 1.0 mm) was connected
to the inlet of the mass spectrometer. The constant
underpressure in the instrument ensured a fixed flow rate of
1.5 L/min through the capillary. A stainless steel capillary (i.d.
0.5 mm, o.d. 0.6 mm) inserted into the glass capillary served as
first electrode. The counter-electrode was a 5-mm-long copper
ring (i.d. 1.0 mm) surrounding the capillary. By applying a sine
modulated (5750 Hz) high voltage (1.5-2.5 kV, peak to peak)
to the electrodes, the plasma was ignited inside the capillary by
a dielectric barrier discharge, which then ionizes the passing air
and sample molecules. All this was enclosed in a gas-tight
housing, enabling a direct, leak-tight connection to the plasma
gas stream.

Sample Generation

The gas-phase sample generation system was similar to the one
used in previous studies [20]. Briefly, a pressurized sample
reservoir was connected via a fused silica capillary (ID 40 um)
to a hollow heating cartridge held at 200 °C. The sample
outflow was evaporated within the cartridge by temperature
and a preheated 3 L/min plasma gas stream, controlled by a
mass flow controller. The outlet of the heating cartridge was
connected by a T-piece to the active capillary plasma ionization
source. The other (excess) outlet is directed to the exhaust. The
whole sample generation system is leak-tight and can be fed
with different plasma gas streams and sample solutions.
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Gas-Phase Sample Delivery

Dry air and dry N, plasma gas was prepared by additionally
drying the supply gases (purity 4.5) over columns filled with
phosphorous pentoxide (Reagent plus 99%, Sigma-Aldrich
Chemie GmbH, Buchs, Switzerland) followed by an active
charcoal filter. Humidification was done by passing the plasma
gas streams through a glass fritted bubbler filled with H,O or
D,0, respectively. Two mass flow controllers (Bronkhorst
High Tech B.V., Ruurlo, The Netherlands) ensured constant
flow rates and mixing ratios. Relative humidity was measured
using a FHA 646R capacitive humidity sensor and ALMEMO
2590A readout (Ahborn GmbH, Holzkirchen, Germany).

Computational Details

For quantum mechanical calculations, full geometry optimiza-
tion with no constraints, and frequency calculation for reac-
tants, intermediates, and products were performed with density
functional theory (DFT) using the hybrid B3LYP functional as
implemented in the GAUSSIANOQ9 [21] code. For all atoms,
the 6-311++G(3df,3pd) basis set was used. For integration, an
“ultrafine” grid corresponding to 99 radial shells and 590
angular points per shell was used for increased accuracy, with
“tight” optimization criteria. In addition, calculation of the
intrinsic reaction coordinates (IRC) for each reaction pathway
was performed to show the connection between reactants,
products, and the corresponding transition states along the
imaginary mode of vibration. All energy values reported in this
work are free energies at a temperature of 298 K. For all
reactions, the sum of the energies of the separated reactants
was set to zero as common reference point.

Results and Discussion

In order to elucidate the ionization mechanism leading to [M +
H]" in plasma-based or APCI-like ambient ionization tech-
niques, the active capillary plasma ionization source [19] was
used. It features a fully enclosed ionization volume and pre-
cisely controllable gas-phase conditions. The plasma gas, the
solvent, and the humidity are the three dominant chemical
factors in the plasma that influence the ionization of the analyte
in normal operation of the active capillary plasma ionization
source. The impact of each of these factors on the [M + H]" ion
formation was studied in this work.

In a first experiment, a homologous series of tertiary alkyl-
amines was ionized in different atmospheres (air, N,, CO,) in
order to investigate the role of the plasma gas in the ion
formation process. The protonated amine ([M + H]") was the
most abundant ion in all atmospheres, even under dry (<100
ppm H,O) conditions (Figure 1, top).

A direct comparison of the measurements using dry air and
CO, as plasma gas revealed additional signals with a nominal
mass difference of m/z + 17 and m/z — 1 with respect to the
monoisotopic mass of the amines (Figure 1, middle). These
signals correspond to the protonated and oxidized analyte [M +
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Figure 1. Mass spectra of a trialkylamine (C»-Cg) mixture mea-

sured with the active capillary plasma ionization source under
identical conditions in dry air (top), dry CO, (middle), and D,O
saturated CO, (bottom). The bottom panel part is a zoomed
view showing the tributylamine signals (m/z 180-205). Spectra
were recorded on an LTQ Orbitrap instrument running in high-
resolution mode

OH]" and to the [M — H]" ion, as additionally confirmed by
MS? experiments. The latter is most likely formed by hydride
abstraction (further discussed below). The fact that these spe-
cies are observed exclusively in CO, atmosphere and neither in
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N> (Supplementary Figure 1) nor in air atmosphere (Figure 1,
top) under identical conditions suggests that there is a reaction
with CO,. The ionization potential of CO, (318 kcal/mol [22]) is
similar to that of N, (359 kcal/mol [22]), which is known to be the
main constituent in a He and/or in a N, plasma [11, 16, 23, 24].
Therefore, the reactive species in a CO, plasma can be assumed to
be the CO, " radical cation. The additional species observed in the
mass spectra with CO, as plasma gas cannot be explained by the
classic proton transfer reaction, but may most easily form in a
radical driven pathway, as described for APPI [12]: the protonated
oxidized amine (M + OH]") can be formed by the reaction of a
tertiary amine (M) with a CO, ™" radical cation (Equation 7) or by
the reaction of a M~ ion with neutral CO, (Equation 8), followed
by hydrogen atom transfer from a hydrogen source such as water,
leaving an OH" radical (Equation 9).

CO,™ + M— [M+0]" + CO (7)
CO, + M™ — [M+0]™ + CO (8)
M+ O]" + H,0 — [M + OH|" + OH" (9)

The formation of [M — H]" can be explained by different
pathways. Fither by direct hydride abstraction from the amine
(M) reacting with CO, " (Equation 10), by hydrogen radical
transfer from the amine radical cation (M) to CO, (Equation 11),
by elimination of water from the [M + OH]" ion (Equation 12), or
by elimination of H, from the [M + H]" ion (Equation 13).

CO,"™ + M — [M-H|" + CO,H’ (10)
CO, + M*" — [M-H]" + CO,H" (11)
M+ OH]" — [M-H]" + H,0 (12)
M +H]" — [M-H]" + H, (13)

In order to determine which reaction pathway is energeti-
cally favored, the activation energies (AG*) and the reaction
free energies (AGR) were calculated for all these reactions by
DFT. AG* and AGp values for triethylamine, tributylamine,
and trihexylamine can be found in Table 1. In the following,
only the values for tributylamine will be discussed. According
to our calculations, the observed [M + OH]" ion may only be
formed through the reaction of CO,"" with a neutral amine
molecule (Equation 7) followed by a hydrogen atom transfer
from the solvent (Equation 9), resulting in a net energy gain of
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Table 1. The activation energy (AG*) and the reaction free energy (AG®) were
calculated with DFT (B3LYP/6-311++G(3df,3pd)) for possible reactions in a
CO, atmosphere with triethylamine (black), tributylamine (red), and
trihexylamine (blue). All values are given in kcal/mol, with the sum of the
energies of the separated reactants set to zero as common reference point

Reaction Reaction AGH AGg
number
M+e >M"+2¢ () / 167.4
/ 161.0
/ 159.3
CO," +M > [M+O]" "+ CO 7) 97.4 -60.2
96.7 -64.9
100.4 -66.6
CO, + M" > [M+O]"* + CO (8) 101.6 88.8
104.2 90.5
104.4 90.6
[M+O]"* + H,O — [M+OHJ* + OH’ 9) 17.7 12.0
18.9 12.9
19.2 13.1
CO," + M — [M-H] " + COH’ (10) 54.4 -108.0
56.1 -113.6
56.2 -115.2
COp + M™ > [M-H]* + COH' (11 56.8 41.0
58.3 41.7
58.6 41.9
[M+OH]" > [M-H]* + H,0 (12) 51.0 -50.5
50.2 -52.2
50.1 -52.4
[M+H]" = [M-H] * + H, (13) 82.8 8.2
82.0 71
81.9 6.9
CO," + M — M" + CO, (14) / -149.0
/ -155.4
/ -157 1
M* + H,0 — [M+H]" + OH' (16) 37.9 30.1
40.2 32.1
40.6 324

roughly —52 kcal/mol (Equations 7 + 9) . The inverse reaction
pathway, starting with the reaction of a M™" ion with neutral
CO, (Equations 8 + 9) is energetically demanding (+103.4
kcal/mol) and thus unlikely. Further proof for a direct reaction
of CO,"" with the analyte comes from the observation of the [M
— H]" ion. Here, several formation pathways are possible. An
elimination of H, from the protonated molecule [M + H]"
according to reaction (Equation 13) is unlikely (+9 kcal/mol).
The direct reaction between M and CO, ™" (Equation 10) is most
likely due to a one-step reaction and an energy gain of —113.6
kcal/mol. The inverse reaction, a radical cation M"" reacting
with CO, (Equation 11) had a similar activation energy, but the
reaction free energy is positive (42 kcal/mol). However, also
the elimination of water (Equation 12) from [M + OH]" is
possible (=52 kcal/mol), but less favored, since it would in-
volve a reaction chain of three steps (Equations 7 + 9 + 12). The
direct reaction (Equation 10) of CO, " with the analyte is the
preferred reaction for the [M — H]" ion formation, as also
shown in the energy diagram in Figure 2, which includes all
four possible reactions. Overall, the energy gain is higher for
the formation of [M — H]" than for [M + OH]", thus resulting in
a higher abundance of [M — H]" in the mass spectrum, which s,
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Figure 2. The free energy diagram of the different reactions
(Equations 10-13) for the ion formation of [M—H]* of
tributylamine, as calculated by DFT. TS corresponds to the
transition state. Reaction 10 has an energy gain in the adduct
formation (A10) of CO,*" with the analyte (M)

except for triethylamine (due to an overlap of isobaric fragment
ions), in agreement with our experimental results.

Regardless whether the direct reduction or the water elimi-
nation prevails, the formation of all these ions observed and
discussed above requires an initial reaction of the ionized
plasma gas with the analyte. This is in contradiction to the
current APCI model, where the pathway to the protonated
molecules always involves reaction of the plasma gas with
HzO.

Revisiting the initial question regarding the formation of the
[M + H]" ion, the initial reactions (Equation 3) and (Equation 5)
were compared by using CO,"" as the reactive species. The
formation of the amine radical cation (Equation 14) is strongly
favored due to an energy gain of —155 kcal/mol (Table 1)
versus —25.8 kcal/mol (Equation 15).

CO" + M—>M*" + CO, (14)
CO,*" + H,0 — H,0™ + CO, (15)
M"™ + H,0 — [M +H|" + OH (16)

Despite this and the occurrence of less favored reaction
products with CO,™, no M"" species are observed in the
spectra, leaving only one explanation: M™ ions are formed
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but rapidly react further to form [M + H]", although, according
to the calculations, the final reaction (Equation 16) is endother-
mic for water as hydrogen source. However, one has to con-
sider the clustering processes or other hydrogen sources (e.g.,
organic solvent, impurities, and other analyte molecules).

The [M + H]', [M + OH]", and [M — H]" ions were also
observed under humid conditions, as shown by a repetition of
the experiment in a D,O enriched atmosphere (80% relative
humidity, D,O, Figure 1 bottom). Most, (around 90%) but not
all, protons were exchanged by deuterium and therefore orig-
inate from solvent molecules, which supports reactions 9 and
16 (endothermic according to our calculations). This is con-
firmed by high-resolution measurements, as shown in detail for
tributylamine (Figure 1, zoomed view). The signals at m/z
184.2083 must correspond to [M — H]", m/z 185.2145 to [M
—2H+D]", m/z 186.2240 to the protonated molecule [M + H]",
m/z 187.2302 to the deuterated molecule [M + D]*, m/z
202.2188 to the oxidized and protonated molecule [M +
OH]", and m/z 203.2253 to the oxidized and deuterated mole-
cule [M + OD]". The slightly lower signals for [M — H]" and
[M + OH]" in D,O saturated CO, atmosphere suggested that
the concomitant contribution of protonation by H;O" clusters is
increasing, as expected, but still not exclusive.

To further elucidate the [M + H]" ion formation, we con-
ducted a series of experiments with dry air, using analyte in
protic and aprotic deuterated solvents. Therefore, we now have
to differentiate between proton and hydrogen sources, since in
case of a radical pathway, a hydrogen radical is transferred. For
deuterated protic solvents (D,0, MeOD, EtOD) we did not
observe complete deuteration (<76%) of the molecule, which
was unexpected, since the solvent should be the only deuterium
source in the system (Table 2). This may be explained by some
residual water in the system or by alternative proton/hydrogen
sources, e.g. impurities or analyte. However, if the solvent was
aprotic (benzene-dg, CDCl3), still 30% of the transferred
deuterium atoms originated from these solvents. Here,
the remaining hydrogen atoms/protons probably originated
from residual water or impurities (e.g. plasticizers) or from
other analyte molecules. This finding also supports the radical
driven protonation pathway, since CDCl; or benzene are very
unlikely to be incorporated into water clusters and even less
unlikely to donate deuterons. In summary, these experiments
indicate that for protic solvents (e.g. MeOD, EtOD, etc.) a large
fraction of the hydrogen atoms/protons originate from the
solvent. The experiment was therefore repeated in humid air
(4 % relative humidity) in order to monitor if the water or the

Table 2. The intensity ratio (%) of the deuterated molecules [M + D] to the sum of protonated and deuterated molecules ([M + H]" + [M + D]") of tributylamine
vaporized from different deuterated solvents under dry (<100 ppm H,0) and humid (4% relative humidity, at room temperature) air atmosphere was calcultated. The
numbers were corrected by the natural abundance of *C and resolution of MS

Air atmosphere Intensity ratio ((M + D]*/ (M + H]" + [M + D]")) in different solvents

D,O MeOD EtOD CDCly Benzene-Dg
Dry 61.1% + 1.6% 69.6% + 1.7% 69.7% =+ 3.6% 26.8% + 8.6% 28.9% + 4.5%
Humid 6.5% +2.6% 7.5% +1.7% 53%+2.3% 1.1% + 3.8% 3.7% +2.5%
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Figure 3. Extracted mass traces of consecutive (1 min) injections of 100 ppb (gas-phase concentration) of diethyl
ethylphosphonate. Shown are the protonated molecule (top) and its main in-source fragmentation product (bottom), when operating
the active capillary plasma ionization source in air with increasing relative humidity. Measured on an ion trap instrument

solvent is the preferred hydrogen/proton source. Still about
10% of the ions were deuterated in this case (Table 2). Con-
sidering the concentration difference (0.13 ppm deuterated
solvent versus 792.87 ppm H,O, at atmospheric pressure and
room temperature) this suggests that protic organic solvents
(like EtOD) are the preferred hydrogen/proton sources com-
pared to water.

In order to study the effect of the humidity on the [M + H]"
ion formation in more detail, very labile analytes, alkylphos-
phonates, were measured in water-saturated air atmospheres.
We observed a varying in-source fragmentation depending on
the humidity of the plasma gas. This provides additional insight
into the underlying mechanisms. For phosphonates (e.g.,
diethyl ethylphosphonate) ionized by the active capillary plas-
ma ionization source, we observed a decreasing in-source
fragmentation for increasing plasma gas humidity (Figure 3).
The hydronium cluster model can again not explain these
findings, since no (or at most, a constant) in-source fragmen-
tation would be expected for proton transfer alone. The in-
crease in in-source fragmentation for decreasing relative hu-
midity was also observed with the flowing atmospheric-
pressure afterglow (FAPA) and DART, but has so far not been
explained mechanistically[25]. The effect of the humidity may
be explained if the ionized analyte ([M]") is not stable at low
humidity and undergoes a fragmentation (McLafferty rear-
rangement [26]) instead of a protonation ([M + H]"). However,
these results have to be carefully assessed since the protonated
anlayte ([M + H]") produces the same fragment ion at m/z 111.
With increasing amount of protons available for abstraction
(higher humidity), the formation of the protonated analyte is
favored and therefore the in-source fragmentation is reduced.

Including these and previous findings in a mechanistic
model, we propose an additional radical cation pathway for
the formation of protonated species in APCI. The proposed
radical cation mechanism is highlighted in Scheme 1, which
also includes the currently accepted and concomitant hydroni-
um ion/cluster pathway.

Our results provide the following evidence for a significant
contribution of a radical-driven ionization mechanism for the
formation of [M + H]" ion in plasma-based, APCI-like ambient
ionization methods: (1) [M + OH]" and [M — H]" ions are
formed when using CO, as plasma gas through a radical-driven
reaction with CO,"", (2) the activation energy and the reaction
free energy of different radical and non-radical reactions, as
calculated by DFT, support our findings, (3) deuterium atoms
incorporated in [M + D]" can originate from aprotic solvents
such as chloroform-d and benzene-dg, (4) the [M + H]" ion is

N2
M H,0
iz ?
e’ |- 2e e |-2e
No*
- T
MY M Nzi H,0  H,0*
\ /
Ng* i
nH,0
H,0 | -OH
+1(Ho0)H* + OH’
M /- .1(H20)
MH*
N J\_ J
s v

radical cation
mechanism

H3;0* cluster

mechanism

Scheme 1. Main APClionization mechanisms to produce pro-
tonated analyte (M + H]*) in a N, atmosphere. The part in the
yellow box highlights the new contribution to the [M + H]* ion
formation
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also formed under dry conditions (no H3O" clusters present),
and (5) an in-source fragmentation of diethyl ethylphosphonate
was quenched by humidity. This does not contradict, but
complements the currently accepted ionization mechanism by
hydronium clusters in APCL

Conclusions

Although our measurements were performed with the ac-
tive capillary plasma ionization source, these results can be
generalized for all plasma-based atmospheric pressure ion-
ization methods (APCI, APPI, DART, FAPA, LTP, etc.),
since similar reactive species (i.e., N,"") are formed in all
these methods. Confirmed in various studies by means of
spectroscopy, they cause the “glowing” purple color of the
plasma, visible by eye. Given the same reactive species as
starting point, a similar chemical mechanism can be as-
sumed for all these methods, leading to a reasonable gen-
eralization of our findings. Additionally, these reactive
species are a common starting point for both pathways to
the protonated analyte ((M + H]"): the currently accepted
APCI hydronium cluster mechanism and the radical cation
pathway revealed in this study. The latter starts with the
initial ionization of gas, solvent, and analyte attributable to
electron ionization. Subsequently, the radical cations
formed react with other neutral molecules or undergo frag-
mentation to get rid of their excess energy. Depending on
the stability of the intermediates, this can lead to in-source
fragmentation, in case of insufficient protic collision part-
ners. However, most likely, the intermediates undergo sta-
bilization by hydrogen atom abstraction from other reac-
tion partners such as solvents, leaving mainly a protonated
molecule. Depending on the experimental conditions, this
pathway may be even more important than proton transfer
by hydronium clusters, marking the difference to spray-
based ambient ionization methods, which lack this
“radical” pathway. Since the contribution of both mecha-
nisms to the final ion yield may vary depending on the
solvent content, plasma gas, discharge type, temperature,
and chemical properties of each individual compound
within the plasma plume, a prediction of the final ioniza-
tion efficiency for an individual analyte remains challeng-
ing. This work adds an additional pathway to the APCI
mechanism for the formation of [M + H], further eluci-
dating positive ion formation and opening up further pos-
sibilities in the prediction of ionization efficiencies.
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