VOL. 33 NO. 8 (2021)

“GlowFlow”, a step towards a
unified ionisation source for

mass spectrometry?

Rhadri N. Owen, Steven L. Kelly and A. Gareth Brenton
Institute of Life Science, Swansea University Medical School, Swansea, Wales, SA2 8PP, UK

Mass spectrometry is a gold-stand-
ard analytical technique and is widely
employed over a range of fields, from
petrochemical, fine chemical through to
medical applications. The types of instru-
mentation for sample separation, ioni-
sation, mass analysis and detection that
have evolved in analytical mass spec
trometry are diverse; as the old collo-
quialism goes “it is @ matter of horses
for courses”. Our "GlowFlow" source
design based on an Argon flowing glow-
discharge may satisfy part of that land-
scape.

Introduction

One of the earliest, and possibly still the
most widely used, ionisation sources is
electron ionisation (EI).' The ionisation
process requires the analyte molecule
to be in the gas-phase and introduced
directly into a beam of electrons (typi-
cally 70eV) in a high vacuum envi-
ronment necessary for mass analysis.
Gas-phase molecules interact with the
fast electron beam, with around 1in 10°
molecules excited sufficiently to eject a
valance electron forming a molecule ion
species.? El persisted until the 1960s as
the predominant ionisation method for
small molecule work, such as petroleum
mixture and non-polar chemical analysis.
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Historically, there has been an impera-
tive to address biological chemistry and,
therefore, engage with polar chemical
entities. Unfortunately, EI methodolo-
gies did not work at all well on biologi-
cal molecules. They thermally degraded
as scientists tried, largely unsuccessfully,
to desorb these specimens into the gas
phase. The decades to 1990 saw a pleth-
ora of methods to achieve viable biologi-
cal mass spectrometry, with chemical
ionisation,® field desorption/ionisation,*
plasma desorption, thermospray,® fast-
atom bombardment (FAB)” and matrix-
assisted laser desorption/ionisation®
invented. Electrospray ionisation (ESI)*'°
spectacularly achieved this goal, along
with other methods such as atmospheric
pressure chemical ionisation (APCI)."

Atmospheric pressure ionisation (API)
was a key enabling technological step in
modern mass spectrometry methods.'
APl is now ubiquitous, both simplifying
sample introduction by eliminating the
“ion source vacuum” components and
having led to a diversity of methods avail-
able to analysts.

Even with this profusion of new meth-
ods no universal ionisation method has
emerged, especially one that straddles
molecules from non-polar though to
polar chemistries.

The success of ESI is that it is a “soft”
method which means it produces little,
if any, fragmentation and can be used
to analyse thermally labile and less vola-
tile molecules. In ESI, ions are generated
from Brensted acid—base chemical reac
tions,” i.e. protonation for positive mode
and deprotonation in negative mode,
within those droplets generated by an
electrosprayed jet of liquid. ESI works

best at atmospheric pressure; in fact it
was an important part of the enabling
technology of ESI that nascent electro-
sprayed ions needed to be stabilised,
otherwise they tended to be clustered
with water molecules attached, or even
fragment either unimolecularly or by colli-
sional activation." Collisions with a back-
ground gas or an intentionally introduced
gas stream was a neat solution to these
problems, enabling both the decluster-
ing of molecule ions (e.g. clustered with
numerous water molecules) and inter-
nally cooling them so as to reduce frag-
mentation. Of course, these advances
were, in part, serendipitous taking many
years of incremental R&D improvements
to the original systems.®'°

ESI, however, does have some draw-
backs, not all molecules can be proto-
nated; for example, hydrocarbons where
El is often the preferred high-sensitivity
method. The “Achilles Heel” of El is that it
operates at low pressure which requires
complex and costly vacuum systems and
sample inlets.

Therefore, an ionisation source that
can bridge the techniques of El and
ESI would be highly advantageous,
one that operates at atmospheric pres-
sure and can ionise the broadest range
of compounds from polar to non-polar.
This was the motivation for us to start
to investigate GlowFlow, since it showed
promise to span a range of chemistries,
although with yet to be characterised
sensitivity and specificity.

Electrical plasmas, such as a helium
atmospheric pressure glow discharge
(APGD), could offer such a solution as
they potentially have several pathways to
form ions.” The first step is the formation
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of the metastable helium (He™) in the
discharge, a highly energetic atom which
has 19.8 eV of energy, enough to directly
ionise most organic molecules and has a
surprisingly long lifetime of up to 78705
as it only de-excites through collision.'®
In an intermediate step, the He™ atom
ionises atmospheric gases, such as nitro-
gen or water vapour, or it can directly
proceed to ionise sample molecules
(m).

The aim of our study was to develop
a compact APGD ionisation source that
could be retrofitted to existing instrumen-
tation and ionise compounds at atmos-
pheric pressure which are less amenable
to ESI. We named our implementation
GlowFlow (see Figure 1).

A selection of persistent organic pollut-
ants and analogues was chosen for study
as they can bioaccumulate in the envi-
ronment and can have adverse health
implications.

Methods

The design of helium glow-discharge
sources is of two general types: either i)
a glow discharge cell’® [see Figure 2(i)]
that runs a discharge, typically at tens
of watts of power, or i) a simple nude
design [see Figure 2(ii)] which gener-
ally operates at lower wattages, typically
mW. Our design of the glow flow ioni-
sation source used herein was made
from an electrically insulating polyether
ether ketone (PEEK), zero-dead volume
union [Figure 2(ii)]."” Attached to one
end was a stainless-steel tip which
acted as the anode (ID=0.5mm) and
was connected to the mass spectrom-
eter's internal power supply, operated in
constant current mode (1-35pA), typi-
cally set at 15pA. To the other end of
the ionisation source body was a helium
gas line connected by a PEEK nut. A
flow meter was used to regulate the gas
flow rate (0.05—0.5Lmin™"). High purity
(99.999 %) helium was used for all
experiments.

A Waters Xevo G2-S time-of-
flight mass spectrometer (Wilmslow,
Manchester, UK) was used for the anal-
ysis with the GlowFlow source fitted
axially to the entrance for improved
sensitivity. Standards of anthracene,
naphthalene, pyrene, bisphenol A,
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Figure 1. The GlowFlow ionisation source installed on a Waters Xevo G2-S universal source
housing. The ionisation source is positioned on the right, with the electrical connection opposite
the entrance to the mass spectrometer. A heated nebuliser used to desorb samples is shown at
the top.
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Figure 2. lllustrations of a cell design for a glow discharge and the “GlowFlow" method. i) A
formal discharge cell design is commonly used' in glow-discharge mass spectrometry with the
cell often positioned off-axis at a critical angle to optimise sensitivity. The voltage on the anode
is typically several hundred volts, sufficient to sustain the selected constant current required for
the glow discharge. To initiate the glow, the voltage will often be raised significantly higher until
the discharge ignites after which the voltage settles down again. i) The GlowFlow design utilises
a hollow PEEK union through which helium flows through and then over a sharpened tungsten
electrode where the glow discharge forms and flows towards the ionisation region where the
analyte flow occurs.
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The construction of Thompson's mass spectrograph in Cambridge followed by Aston’s improved
instruments and his pioneering work on non-radioactive isotopes is widely known. In the sixty
years or so since then, European scientists and engineers have made many major contributions
to the development of new instruments and techniques. Accounts of these contributions in the
scientific literature necessarily give little idea of the contributors themselves or of the difficulties

that had to be overcome before success was achieved.

Most newcomers to mass spectrometry in
the last ten years will have little concept of
the difficulties faced in obtaining the mass
spectra of four solid samples during a work-
ing day before the invention of the vacuum
lock probe. This was followed by several
hours of counting spectra and trying to
interpret them. Many will never have seen

a magnetic deflection instrument and will
be familiar only with mass spectrometers
having both the operation of the instrument
and the interpretation of the data under
computer control.

This book aims to give an insight into how
some of the more important developments
came about, from the advent of the first
commercial instruments to the present day.
The various accounts, several of which con-
tain personal reminiscences, both provide a
human background to these developments
and convey the excitement of being part of
the European mass spectrometry communi-
ty during this period.

Anal. Bioanal. Chem.

“They present a fascinating story of the people who,

in the middle of the twentieth century, had a vision of
mass spectrometry as one of the most useful analytical
methods in chemistry. In my opinion this is the most
interesting part of the book, providing an eyewitness
account of how many obstacles had to be circumvent-
ed to reach the level of quality seen in modern mass
spectrometers.”

“In conclusion: every scientist, young or old, who works
with mass spectrometry will find something of interest
in this book.”

Mass Matters

“Above all, it is the dedication and enthusiasm of the
scientists involved that stands out and makes for
engrossing reading.”

“The feeling of the humanity of mass spectrometry
epitomizes the thread of this book; the recollections
veering toward the more social science than the
physical science that we may be used to. The logical
progression of this book enables the reader to follow
the amazing developments that have so heavily influ-
enced physics, chemistry and biology whilst gaining
insight to the life and times of the scientists that have
accomplished so much over the last sixty or so years.
As editor, Keith has certainly achieved a highly interest-
ing and informative book that is easy and enjoyable to
read.”

impopen.com/mshistory
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bisphenol S, 1,4-dioxane, dibenzo-
furan and 2,8-dibromodibenzofuran
(Tokyo Chemical Industry UK Ltd,
The Oxford Science Park, Oxford, UK),
and dodecane, tetradecane and octa-
decane (Sigma-Aldrich, Gillingham,
Dorset, UK) were prepared at concen-
trations of 1ugmL~". Methyl stearate
(Alfa Aesar, Port of Heysham Industrial
Park, Heysham, UK) was prepared at a
concentration range from 5pgulL™" to
40pgpL.

Results

The GlowFlow ionisation source
operates at gas flow rates of 0.05-
0.5Lmin~" and can sustain a discharge
at currents of 1-35pA. To character-
ise the ionisation source's capabili-
ties, a separate experimental rig was
made where the glow discharge was
positioned perpendicularly to a metal
plate which acted as a counter elec
trode and was connected to earth. A
constant current of 10 yA was set on
the instrument’s internal power supply
and the GlowFlow source was moved
away from the counter electrode in
5mm steps from 5mm to 40 mm and
the readback current was recorded.
Over relatively short inter-electrode

gaps of 5-15mm the current remained
constant, but at the larger inter-elec
trode gaps >15mm there was a notice-
able reduction in the current (see
Figure 3).

The distinct purple glow of the
discharge also shortened at inter-elec-
trode gaps >15mm leaving only a faint
glow at the tip of the anode. To prevent
the collapse of the glow discharge
at larger distances, the actual current
supplied must reduce as the voltage is
reaching the power supply’s maximum
operating threshold.

Persistent organic pollutants

Organic compounds that build up in
the environment and tend to be clas-
sified as persistent organic pollutants.
A range of these compounds and their
analogues were prepared at concentra-
tions of 1uguL™, they ranged from non-
polar hydrocarbons to polar compounds,
such as bisphenol. A solids analysis
probe was used to introduce samples,
consisting of a metal body into which a
glass capillary can be inserted. Samples
are then syringed into the capillary
before it is introduced into the source
and a heated nitrogen gas nebuliser
(programmable, ambient to 500 °C)
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Figure 3. Plot of recorded current as at varying electrode distances. The electrodes were moved
in 5mm steps from 5mm to 40mm. A comparison at different gas flow rates was also made.

Relatively stable current is seen at 5—-15mm. At larger electrode distances (>15mm) the current
reduces due to a limit in the maximum voltage that can be delivered by the power supply. Panel
A shows a long, purple plasma jet at the smaller electrode distances, while in panel B the glow is

reduced in length reflecting the lower current.
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desorbs/sublimates the sample for
analysis using the GlowFlow ionisation
source, with the mass spectrometer in
full scan mode. A range of ions were
observed in the mass spectrum and
the most intense peaks were recorded
(Table 1).

Typically, intense protonated mole-
cules were measured for polar tend-
ing compounds and radical ions were
measured for the more non-polar
compounds. In some instances, the
M** and [M+H]* ions were of equal
intensity supporting the hypothesis that
GlowFlow, like many other plasma ion
sources, can access multiple ionisation
pathways (Figure 4A). The base peak
for hydrocarbons was M+ 15, as seen
in Figure 4B for octadecane, suggest-
ing the hydrogen atom displacement
by oxygen occurs readily for this class
of compounds, following reactions
in Scheme 1.'® Knowing this, sample
chemistry could be used to establish
the most favourable ionisation pathway
and potentially suggests the potential for
the ability to tune the source to selec
tively ionise.

M+03 —[M-H]" +OH,

[M=H]"+0; »[M-H+0] +0,

Scheme 1. Hydrogen displacement by
oxygen as observed in a GlowFlow mass
spectrum of hydrocarbon molecules.

Figures-of-merit

The sensitivity and reproducibility of the
GlowFlow ionisation source was deter-
mined using methy! stearate. Serial dilu-
tions were prepared at concentrations
from 40pguL™" to 5pgulL~". On the end
of a glass capillary 1pL of the solution
was syringed and allowed to dry in the
laboratory before being introduced by a
solids analysis probe into the mass spec
trometer. The peak area of the ion at
my/z 299.29 was recorded and a calibra-
tion curve prepared, with five replicates
at each concentration (Figure 5). The
source lower limit-of-detection (LOD)
was determined to be 111fmol and had
a coefficient of variation of 0.9991.
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Table 1. List of significant ions observed in the mass spectra using GlowFlow ionisation source to analyse
persistent organic chemicals and analogues.

Observed
Compound Log P |base peak 2nd peak (%) |3rd peak (%)

1,4-Dioxane C,HgO, -0.3 89 [M+H]
Hexafluoro-2-propanol ~ C;H,F.O 1.7 167 [M]
Bisphenol S C,Hg0,S 1.9 251 [M+H]
Pentafluorobenzene CgHF;5 25 167 [M]
Bisphenol A CHi O, 33 213[M+H-0] 229.12(10%) 243.14 (5%)
Naphthalene CioHg 33 129 [M+H] 128 (959%) 145.08 (109%)
Dibenzofuran CoHO 41 169 [M+H] 168.08 (80%) 185.08 (5%)
Anthracene CisHqg 4.4 179 [M+H] 178.10 (70 %)
Pyrene CieHio 49 203 [M+H] 202.08 (80%) 219.08 (3%)
Dodecane CioHos 6.1 147 [M—23] 185.19 (90%)
Tetradecane CilHg 72 213 [M=H+0]  211.17 (30%)
Octadecane Coalrlg 9.3 269 [M—H+0O] 267.20 (40%)
Napthalene TpguL™
(.::E!?NO_OOGZZ 287 (2.661) Cm (272:300-1:28) 1204 [M+H] 1: TOF MS A:ssé:;e
A) [M] 128.1
|
- 11 1 153.1
T T e S E eI ' 1145 150 ‘ o
Octadecane

1004

(8)

%

GF_RNO_00630 97 (0.917) Cm (94:105-16:35)

269.2846 [M-H+O]

[M-3H+Q] 267.2670
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1: TOF MS ASAP+
1.57e6
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Figure 4. A GlowFlow mass spectrum of naphthalene. Observed at m/z 128 is the M*" ion
and at m/z 129 the M+H" ion, demonstrating the multiple ionisation pathways available to the

GlowFlow ionisation source (A). A GlowFlow mass spectrum of octadecane (B). Intense ions

observed at m/z 269.2848 which correspond to C gHs,0 (6=0.3mDa; the § being the differ-
ence between the observed m/z and calculated exact mass of the monoisotopic peak).
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Figure 5. Linear regression plot of methyl stearate ion at m/z 299.29 at four concentrations from
5pgul" to 40pgpL™' (n=5). The lower LOD was calculated.

Conclusion

Our ambition was to develop a high-
sensitivity multimodal ionisation source
that can analyse both atoms and mole-
cules, polar to non-polar compounds
with the broadest range of molecu-
lar masses. This study has shown the
GlowFlow ionisation source can analyse
a range of polar to non-polar compounds
and is able to achieve low limits of
detection (111fmol for methyl stearate).
Further work to interface this ionisation
source with a range of chromatography
is being actively undertaken, as well as
to assess GlowFlow's breadth of opera-
tion over a range of compounds. Our
findings to date show that the source
works for a wide range of molecules. For
non-polar compounds, the ion species
we generally observe are not normally
the El radical ion but various ion types,
e.g. where a hydrogen atom is displaced
by oxygen. For polar species, protonated
molecules are commonly observed in
GlowFlow, although at reduced sensitivi-
ties. Whereas, there appears to be great
potential for GlowFlow in negative-ion
mode as high sensitivity (recent data
show <10fmol) is often observed, with
de-protonated species and occasionally
dehydrated species typically observed.
The technique readily interfaces to all
types of chromatography and due to our
compact design can be easily contained

24 SPECTROSCOPYEUROPE

within many commercial source designs
and be switched rapidly between
active/inactive operation. Perhaps the
simplicity of GlowFlow lends itself to
be integrated with ESI and APCI setups,
creating a near universal source assem-
bly?
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