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APPLICATION NOTE

Regulated In Situ Generation of Molecular Ions
or Protonated Molecules under Atmospheric-Pressure
Helium-Plasma-Ionization Mass Spectrometric Conditions

Rekha Gangam, Julius Pavlov, Athula B. Attygalle
Center for Mass Spectrometry, Department of Chemistry, Chemical Biology and Biomedical Engineering, Stevens Institute
of Technology, Castle Point on the Hudson, Hoboken, NJ 07030, USA

Abstract. In an enclosed atmospheric-pressure helium-plasma ionization (HePI)
source engulfed with dehumidified ambient gases, molecular cations are generated
from compounds such as toluene, bromobenzene, and iodobenzene. Evidently, the
ionization is effected by a direct Penningmechanism attributable to interactions of the
gas-phase analyte with metastable helium atoms. It is widely known that secondary
ions generated from ambient gases also play an important role in the overall ioniza-
tion process. For example, when the ambient gases bear even traces of moisture, the
analytes are ionized by proton transfer reactionswith gaseousH3O+. In this study, we
demonstrate how a controlled variation of experimental conditions can manipulate
the abundance of molecular ions and protonated molecules in a HePI source.
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Introduction

Obtaining molecular-mass information of analytes is one of
the primary challenges of mass spectrometry. For many

small molecules, this challenge is well addressed by electron
ionization mass spectrometry (EI-MS). However, some molec-
ular ions generated by EI are too short-lived. Thus, we often
have to resort to softer ionization methods.

After the development of soft-ionization methods such as
desorption electrospray ionization (DESI) [1, 2] and direct
analysis in real time (DART) [3], the generation of gaseous
ions under ambient conditions has become an area of fervent
research [4]. For DART and other atmospheric pressure chem-
ical ionization (APCI) methods, a glow or corona discharge is
deployed. Although abundant ion formation occurs when
analytes are exposed to discharges, the overall mechanism of
ionization remains poorly defined [5–13], and the need to
understand it has been duly recognized [14, 15]. It is agreed
that a complex cascade of gas-phase interactions take place
before the target molecules are eventually charged [15, 16].

According to mechanisms proposed for DART [3, 6], the
positive-ion formation is initiated by Penning ionization [17].
For DART, long-lived electronically excited neutral atoms are
generated from a noble gas, such as He or Ar, in a glow-
discharge source [18]. BMetastable^ atoms then transfer energy
and generate molecular ions (M+•) from gaseous analytes.
However, under ambient conditions, molecules such as N2,
O2, and H2O are the first to be ionized. Eventually, the molec-
ular ions generated in this way interact with water vapor
clusters to form protonated water clusters, which eventually
protonate target molecules by a chemi-ionization process.

Although the formation of molecular ions by charge transfer
has been noted under atmospheric conditions [6, 19–22], am-
bient MS methods generate primarily protonated molecules, or
mixtures of molecular ions and protonated molecules. The
outcome appears to be dependent on several factors (e.g., the
strength of the discharge field, the possible presence of solvent
and other chemical vapors, the nature of the gases used, and the
temperature of the source). However, it has been said that the
abundance ratio of M+• to (M+H)+ depends more on the
analyte’s properties, such as its ionization energy and gas-
phase basicity, than on the atmospheric water content [16].

In this study, we report on experimental parameters that can
be controlled to increase or decrease the abundance of molec-
ular ions and/or protonated molecules in a helium-plasma
ionization (HePI) source.
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Experimental
Chemicals

All chemicals were purchased from Aldrich Co. (St. Louis,
MO, USA).

Mass Spectrometry

A helium-plasma ionization (HePI) source [23] installed on a
Waters Quattro Ultima (Manchester, UK) tandem quadrupole
mass spectrometer was used. To generate helium plasma, high-
purity He (Airgas, Radnor, PA, USA) was passed through a
stainless steel capillary needle (30 mL min–1) held at +2.0–
3.5 kV. The source temperature was kept at 100–150°C, and
the cone voltage was set to 5–10 V. The source enclosure glass
cylinder was not removed, and the source chamber was flushed
with He, N2, Ar, O2, or ambient air, using either the desolvation
gas supply line or an additional gas line entering the source
through an aperture in the front panel of the source. Samples
were introduced to the desolvation gas line through a septum.
Some liquid samples (5 μL) were deposited on loosely packed
silica gel (200 μm; 5 mg) in a glass ampoule (1.5 cm; 1.5 mm
i.d.) placed in the source enclosure. When needed, water vapor
was introduced by placing a water-soaked cotton wad in the
source.

Mass spectra were recorded in the positive ionization mode
from benzene, toluene, fluorobenzene (PhF), chlorobenzene
(PhCl), bromobenzene (PhBr), iodobenzene (PhI), and binary
equimolar mixtures from these halobenzenes.

Results and Discussion
Under atmospheric positive-ion-generating conditions, the
chemical nature of the analyte determines which charged
species—the molecular ion [M+●], a hydride-abstracted mole-
cule [(M – H)+], or a protonated molecule [(M+H)+]—is
formed preferentially. A molecule with appreciable proton
affinity usually undergoes protonation. However, Cody noted
that molecular ions can be generated from certain compounds
under DART conditions [19]. Although direct Penning ioniza-
tion is the primary mechanism, secondary ions such as NO+,
N2

+•, N4
+•, and O2

+• originating from atmospheric gases, also
play an important role in analyte ionization [16, 19, 24]. In
DART, the production of radical cations from analytes has
been attributed predominantly to charge-exchange reactions
with O2

+•. Our initial investigation was focused on verifying
if such secondary ions are vital for the HePI process.

In a previous publication, we demonstrated the versatility of
conducting HePI under enclosed conditions [25]. A spectrum
of toluene recorded under open- or closed-source HePI condi-
tions typically showed the base peak at m/z 93 for the proton-
ated molecule. However, when the enclosed source was
flushed with dry oxygen, the spectrum changed rapidly: the
base peak was now observed at m/z 92 for the molecular ion
(Figure 1 and Supplementary Figure S1).

An analogous transition of peak intensities from m/z 79 to 78
was observed with benzene (Supplementary Figure S2).

To determine if the presence of O2 (or N2) is vital for this
shift to occur, we engulfed the closed HePI source with dry He.
Interestingly, we found that under these new conditions the
initial ionization yield was even better. However, after the
initial sharp increase, not only did the signal intensity diminish
but also the vacuum of the system deteriorated rapidly (Sup-
plementary Figure S3) because of the high diffusability of He
into the mass analyzer.

Under ambient conditions, a spectrum recorded from PhI
showed the base peak at m/z 205 for (PhI+H)+, while the
intensity of the peak atm/z 204 for PhI+● remained insignificant
(Figure 2b).

Figure 1. Reconstructed ion chronograms form/z 92 (red trace)
and 93 (blue trace) derived frompositive-ionmass spectrometric
data (m/z 20–120) (a) recorded from toluene placed in an
enclosed HePI source successively flushed with surges of dry
oxygen (yellow zones) or ambient air (gray zones). Panels (b) and
(c) showm/z 87–98 range of spectra corresponding to each zone

Figure 2. A total-ion chronogram (m/z 150–250) recorded from
iodobenzene in an enclosed HePI source exposed to ambient
air (a). After 1.0 min, the source was flushed with He (4.0 L/min)
for 1.5 min, followed by ambient air. After another 1.0 min, the
source was flushed again with He for 1.5 min at a flow of 3.0 L/
min. Panels (b)–(d) show spectra corresponding to each region
of the chronogram
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Protonated water molecules formed from moisture in the
atmospheric gases act as the proton donors [24] for the ioniza-
tion of PhI. When the HePI source was flushed with helium,
essentially displacing ambient N2 and O2, not only did the
overall signal intensity increase 10-fold, but also the relative
intensity of the m/z 204 peak for PhI+● increased dramatically
(Figure 2c, d). Presumably, the intensity of the m/z 205 peak
was increased simultaneously because the source underwent
better flushing, and the existing (M+H)+ ions were transferred
to the detector more efficiently. In addition, the absence of
water vapor enabled direct Penning ionization of gaseous PhI
molecules and thereby generated PhI+● (m/z 204). The relative
intensity of the m/z 204 peak is high because the ionization
energy of PhI is relatively low (Supplementary Table 1;
Figure 2c, d). Analogous results were obtained for toluene
(Supplementary Figure S3). Toluene has a significantly higher
proton affinity than that of PhI, hence the m/z 93 ion is initially
abundant in the source. Removing all pre-formed protonated
toluene molecules from the source within the short period of
flush time with He was not practically possible. When He was
supplied at less than 5.5 L min–1 to the source, the vacuum
could be sustained. Clearly, the presence of O2 and N2 is not
vital for the formation of toluene radical-cation because the
spectrum recorded under depleted O2 and N2 conditions still
showed a peak at m/z 92.

Attempts to conduct similar experiments under Ar resulted
in arcing between the tip of the capillary and the source en-
trance orifice, preventing further experimentation.

Our observations confirmed that the formation of the mo-
lecular ions of PhI and toluene can occur by direct Penning
ionization effected bymetastable helium atoms. In other words,
the intervention of secondary ions such as N4

+● O2
+● or NO+,

which facilitate secondary ionization, is not vital for the for-
mation of the molecular ions [16]. However, the slightest
presence of water vapor generates H3O

+ and related high-
mass water-cluster ions, which act as proton donors to generate

(M+H)+ from any gaseous molecules with proton affinity
higher than that of water. If dry N2 (Figure 3a) or dry O2

(Figure 3c) is used to flush the source, the base peak is at m/z
92, for the molecular ion.

A dramatic peak shift from m/z 97 to 96 for (PhF+H)+ and
PhF+●, respectively, was observed in the spectra of PhF record-
ed in dry O2 and in ambient air (Supplementary Figure 4). In
ambient air, the spectrum showed the base peak at m/z 97,
indicating that ambient air carries sufficient H2O vapor to effect
near complete protonation of PhF. However, when the source
was flushed with dry O2, the peak for PhF+● appeared imme-
diately at m/z 96. The intensities of m/z 96 and 97 peaks could
be varied at will by controlling the purity of the gases supplied
to the source. Analogous results were obtained from PhCl,
PhBr, and PhI (Supplementary Figures S5–S7). Data from all
examples supported the conclusion that under anhydrous con-
ditions, Penning ionization instigated by metastable helium
prevails over proton transfer from H3O

+. For example, the
spectrum recorded from PhBr in ambient air showed peaks
for Ph79Br+●, C5

13C1H5
79Br+●/C6H6

79Br+, Ph81Br+●, and
C5

13C1H5
81Br+● /C6H6

81Br+● at m/z 156, 157, 158, and 159,
respectively. When the source was flushed with dry O2, the
intensity of the peaks at m/z 156 and 158 increased dramatical-
ly, indicating the preferred formation of Ph79Br+● and
Ph81Br+●, respectively (Supplementary Figure S6).

We note that although DART-MS experiments have been
conducted previously under confined conditions, no controlled
changes in ion abundances were reported [26].

Whenwe analyzed samples of binary halobenzene mixtures,
we observed that the analytes influenced each other’s ion
abundances. For example, the composite spectrum recorded
from an equimolar mixture of PhF and PhBr indicated that
PhF protonated preferentially to PhBr because the peak at m/z
97 for (PhF+H)+ was the base peak in the spectrum (Supple-
mentary Figure S8, panel a1), whereas the PhF+● peak atm/z 96
was practically absent. On the other hand, the relative intensi-
ties of the peaks at m/z 157 and 159 for the (PhBr+H)+

isotopologues were about three times lower than those for the
PhBr+● peaks at m/z 156 and 158. When the source gas was
changed to dry O2, the appearance of the spectrum changed
dramatically (Supplementary Figure S8, panel a2). The relative
intensity of them/z 97 peak dropped from 100% to 5%, where-
as the peaks at m/z 156 and 158 for PhBr+● became the base
peaks. Likewise, the peaks at m/z 157 and 159, for (PhBr+H)+,
diminished to 5%–6% relative intensity. On the other hand, the
changes were not so dramatic if there was a substantial amount
of water vapor present in the source (Supplementary Figure S8,
panels b1, b2). Similar results were obtained from all equimolar
binary mixtures of the halobenzenes (see Supplementary
Figures S9–S13). Evidently, despite the fact that the reported
values for the gas-phase proton affinities of the halobenzenes
are very close (Supplementary Table 1), in the HePI source, one
component of a mixture typically behaves as a preferred proton
acceptor when water vapor is present, and produces primarily
the (M+H)+ ions, thereby generating the base peak and enhanc-
ing the apparent intensity of theM+● for the second component.

Figure 3. Positive-ion mass spectra recorded from toluene in
an HePI source engulfed in dry N2 (a), and dry O2 (c). Panels (b)
and (d) show spectra recorded after placing a water-soaked
wad in the source flushed with N2 or O2, respectively
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The opposite occurs when the source is flushed with dry O2,
expelling the ambient H2O vapor.

Conclusions
We show that by manipulating the composition of the atmo-
sphere surrounding the ion source, we can generate molecular
ions and, on some occasions, virtually eliminate the formation
of protonated species. In addition, we have shown that in the
HePI source ionization can be achieved even in the absence of
nitrogen and oxygen. Moreover, HePI process appears to ion-
ize analytes directly by Penning ionization when the ionization
potential of an analyte is lower than the energy carried by the
excited helium atoms. It has been said that ionization in any
atmospheric pressure ion source does not occur by a clearly
defined mechanism. On the other hand, the HePI mechanism
can be simplified if ambient gases can be avoided (although we
are unable to preclude the possible presence and/or participa-
tion of He+● because of the limitations of the mass analyzers
available to us). Evidently, in the absence of any secondary
molecules, gaseous analytes are directly ionized by metastable
helium atoms, whereas if moisture is present in the ambient
gases of the source, H3O

+ and protonated water clusters are
produced, which can protonate any gaseous analyte with a
higher proton affinity.
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