Volume 40
Number 7

July 2025

Pages 1605-1864

JAAS

Journal of Analytical Atomic Spectrometry

rsc.li/jaas

ISSN 0267-9477

l I ROYAL SOCIETY
“ OF CHEM'STRY Andrea Raab, Hamid Badiei and Jérg Feldmann

How are negative ions in an ICPMS formed?

PAPER




#® ROYAL SOCIETY
PP OF CHEMISTRY

JAAS

View Article Online

View Journal | View Issue

W) Checkfor updates How are negative ions in an ICPMS formed?+

Cite this: J. Anal. At Spectrom., 2025,  Andrea Raab, © 2 Hamid Badiei® and Jorg Feldmann®?

40, 1689

Interest in the determination of halogen containing compounds, especially fluorine, has increased
exponentially over the last decade. Nevertheless, the development of instruments and methodologies for
direct determination of fluorine has not yet reached a state where this is possible in routine laboratories.
We revisited negative ion ICPMS using a modern commercial ICPMS with few modifications to the
detector and ion optics to test whether fluorine detection with reasonable sensitivity would be possible
with such an instrument. The aim of the study was to identify the processes behind the production of
negative ions in a commercially available ICPMS. Using all halogens as diagnostic tools, many parameters
such as water content, forward power, gas flows, and ion optics parameters were studied. Negatively
charged bromine, chlorine and fluorine ions are generated in the interface, not the plasma, and their
sensitivities mainly depend on the atomic radius (as a proxy for collision cross-section) and not on
electron affinity. This knowledge is important for potentially building an instrument capable, among
other elements, of determining fluorine with the capability to address the needs in environmental and
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1. Introduction

Organo-halogens, especially fluorinated compounds, are
receiving increasing attention due to their widespread use in
pharmaceuticals, agricultural compounds and industrial
applications." Most poly- or fully halogenated compounds are
known to be persistent organic pollutants (POPs). They are
known for their amphiphilic properties and chemical inertness.
Nearly every industrial application involves one or several of
them, whether during production or as part of the final product.
Non-stick cookware and water-proof textiles are among the best-
known public examples of their use. Drugs, herbicides or
pesticides also often contain fluorine® or chlorine.®> Certain
PFAS exposures are linked to detrimental health effects such as
cancer, infertility etc.**

The analytical problem is, however, that about 12 000 PFAS
exist and fewer than 100 can reliably be determined with
current analytical techniques based on molecular mass spec-
trometry. Techniques for the direct determination of haloge-
nated compounds range from compound specific mass
spectrometry to direct determination of the bound halogens.”
Combining both approaches has shown that compound specific
determination alone is not sufficient to achieve complete mass
balance.””®
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Currently, molecular mass spectrometry is the main tech-
nique for the analysis of organo-halogens. However, compound-
dependent sensitivity of the technique complicates instrument
calibration for quantitative analysis of newly identified
compounds with no available compound-specific standard. In
most publications reporting halogenated compound concen-
trations, HPLC-triple-quad MS (ESI-MS/MS),*** GC-MS'"** or
GC-ECD (electron-capture detection) are used for the separation
and detection of halogenated compounds.

Recently, interest in the determination of intrinsic element
tags has increased, along with the drive to develop techniques
enabling the detection of low halogen concentrations.” One of
the techniques used for the direct determination of halogens is
combustion ion chromatography (CIC), especially for fluorine-
containing compounds.®* With CIC, halogen-containing
compounds are broken down to the halogen using hydro-
pyrolysis.* These are then determined conductometrically as
anions after separation. Determination of individual haloge-
nated compounds is cumbersome since fractions from an
HPLC-separation must be collected and individually measured
for the presence of halogen. Continuum-source-high-
resolution-graphite furnace molecular absorption spectrom-
etry (HR-GFMAS) is another technique suitable for the same
type of samples as CIC with similar limitations.>"” In this case
detection of the halogen occurs via molecule-formation in the
atomic cloud of the graphite furnace and detection of the MX
(CaF or GaF) molecular absorption.

Positive ion ICPMS/MS (pICPMS) can be used for fluorine
detection using a similar workaround as HR-GFMAS to over-
come the low ionisation efficiency of fluorine in argon plasma
and the high background of H;0" on m/z 19.1%*° For this barium

J. Anal. At. Spectrom., 2025, 40, 1689-1699 | 1689


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ja00433g&domain=pdf&date_stamp=2025-06-27
http://orcid.org/0000-0003-2058-0105
http://orcid.org/0000-0002-0524-8254
https://doi.org/10.1039/d4ja00433g
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ja00433g
https://pubs.rsc.org/en/journals/journal/JA
https://pubs.rsc.org/en/journals/journal/JA?issueid=JA040007

Open Access Article. Published on 21 May 2025. Downloaded on 4/7/2026 4:07:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

JAAS

is used with a special instrumental set-up. BaF" is formed in the
plasma or post-plasma, although the exact location is not yet
known. BaF" is separated in the reaction cell using oxygen or
ammonia from BaOH", BaOH," and other molecular interfer-
ences before detection at m/z 157 (BaF") or 208 (BaF(NH;);")
depending on the reaction gas used.'®** Bromine and iodine are
directly determined by pICPMS, whereas chlorine suffers from
molecular interferences which can be overcome using H, in the
reaction cell and a mass shift of 2.>* Single quadrupole pICPMS
has been tried for fluorine with little success.”*** High-
resolution pICPMS can remove the water interference from
fluorine but is not applied extensively to the determination of
fluorine or other halogens.*

Various other plasma-based techniques have also been
explored with a focus on fluorine determination: electrothermal
vaporisation coupled with pICPMS* or ICPOES,* indirect
determination of fluorine by pICPMS*” and helium-
microplasmas (MW(He)-plasma) combined with GC.*** Atmo-
spheric pressure plasma assisted reaction chemical ionization
(PARCI) utilises an argon plasma for atomisation combined
with a post-plasma reaction with a cation (sodium, barium and
scandium were tried). The resulting molecular ion(s) are then
determined with a mass spectrometer.*>** The instrumentation
is still under development in one working group and at the
moment utilised an Orbitrap-MS or a triple quadrupole MS as
the detector in positive mode for the reaction products.**

Fig. 1 gives an overview of the achievable instrumental
detection limits (DLs) for various techniques for fluorine and
fluorinated compounds. For all of them, the DL depends also
strongly depends on background contamination. GC-MS and
ESI-MS/MS can be considered as the most sensitive techniques
for compound specific detection, as shown in Fig. 1, even
without the wusually performed sample preconcentration.
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Considering, for example, the DL for PFOS of ~1.5 ng L "
(~0.003 nM), this would be equivalent to about 1 ng F per L,
which would be the DL an elemental method has to achieve to
compete with molecular methods for easily ionised
compounds. For partially fluorinated compounds the elemental
DL would have to be even lower for direct determination. So far,
all elemental methods, despite the progress made, still lack
sensitivity compared to molecular techniques.

One alternative for the determination of halogens by plasma-
based techniques has not recently been considered. This is
negative ion ICPMS (nICPMS). Early research work in this area
was limited to only a few publications shortly after the intro-
duction of the first commercially available ICPMS.**"** At that
time detection limits of about 110 pg L™" for fluorine,* 0.75-1
pg L for chlorine®** and 2 pug L' for bromine* were esti-
mated. Except for one theoretical work, nICPMS*” has not been
studied for more than 35 years. During this time the perfor-
mance of pICPMS has improved greatly.

The aim of this study was to modify a modern-day pICPMS
instrument (NexION® 2000) for the detection of negative ions
with minimal hardware changes. The aim of the current study
was three-fold: firstly, to further investigate the ionization
mechanism of negatively charged ions and their transmission
into the mass spectrometer and secondly, to explore the effect of
ICPMS operating conditions on analytical performance char-
acteristics and figures of merit of the system with a focus on
halogens, and finally, to demonstrate the capabilities of the
system through the analysis of total fluorine in real samples
with tea leaves as an example. The focus of the study was fluo-
rine, since it is, the most difficult halogen to detect by elemental
methods. Other halogens were monitored to understand the
ionisation processes.

ISE A

PARCI

ICPMS/MS -

HR GFMAS -

CIC +

GC-MS*

ESI-MS/MS*

102 10 100

10! 102 108
ng F/L

Fig.1 Estimated instrumental detection limits for fluorine (*: fluorinated compounds) taken from various literature sources; ESI-MS/MS, GC-MS
and PARCI data from flow injection or in combination with a separation technique; for chlorine and bromine detection limits are similar except
for ICPMS/MS where they are lower (est. 0.01-0.1 pg L™%). Table S2+ shows some additional detection limits for F, Cl and Br from the literature.
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2. Experimental

2.1. Instrument

The instrument used was a NexION® 2000 (PerkinElmer Inc.,
Shelton, CT, USA). The only modification needed to study
nICPMS and its capabilities with special emphasis on fluorine
detection is the replacement of the detector and its associated
power supply boards (Fig. 2). The detector power supply was
modified to provide a sufficient positive bias voltage range, and
the original simultaneous pulse/analog detector was replaced
with a single pulse-stage discrete dynode detector with a gain of
up to 5 x 107 and a pulse range of up to 3 x 10’ counts per
second. All other electronic components of the instrument,
notably the quadrupole drivers and electrostatic lenses (in this
case also in a quadrupole arrangement, QID), are bipolar and
can operate under both positive or negative voltages as needed.
In-instrument parts made of Teflon were changed as far as
possible to polyethylene materials. Interface gate seals were also
changed to the ones made from silicon and the grease used was
changed to fluorine-free material. The instrument was equip-
ped with standard nickel cones (sampler, skimmer (aperture ID
0.6 mm), and hyperskimmer), a Peltier-cooled cyclonic spray
chamber (set to 0 °C), a Meinhard-glass nebulizer and a stan-
dard Fassel-type torch with an injector ID of 1.5 mm.

2.2. Chemicals

All chemicals used were of analytical grade. Water used
throughout the experiments was freshly prepared using a Mil-
liQ-system (Merck, Germany). Elemental standards for halo-
gens were ion-chromatography standards (1000 mg L)
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obtained from Roth, Austria. A working stock solution con-
taining halogen ions (F, Cl, Br and I) at 10 mg L™" or other
concentrations as required was prepared in water. The blank
solution was pure water. For tuning purposes, a 10 mg L™*
mixed solution all halogen ions in water (referred to as 10 mg
Hal per L) and a water blank were used. Deuterium oxide
(99.98%) and water-'®0 (97%) were both obtained from
Deuteron (Germany).

As test samples, black tea (bought in Graz 2022) and a tea
reference material (F: 320 + 31 mg kg~', GBW07605 GSEV-4,
China) were used. Extracts of tea (1 to 2 g/50 mL) were
prepared by infusion with boiling water for 6 min followed by
centrifugation. For measurement the samples were diluted 1 + 4
with water. All samples were also spiked with one and two mg F
per L to determine spike recovery.

2.3. Ion-selective electrodes (ISEs)

For quality control of the tea results, an ISE was used with TISAB
IV in addition to the reference material. TISAB IV was prepared
by dissolving 4.0 g of CDTA (trans-1,2-diaminocyclohexan-
N,N,N',N'-tetraessigsdure monohydrate) in 500 mL of water.
57 mL glacial acetic acid and 58 g sodium chloride were added
to the solution and mixed well. After cooling to room temper-
ature, the pH was adjusted to 5.5 with 5 M sodium hydroxide
and the solution was made up to 1 L with de-ionized water. The
1 + 4 diluted tea extracts were mixed 1 + 1 with TISAB IV. The
electrode used was an Orion Ionplus sure-flow/fluoride elec-
trode from Thermo Scientific (Germany) with an integrated
reference electrode and a voltameter (Orion 5 Star, Thermo
Scientific, Germany). External calibrations were used to calcu-
late the concentrations.
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Fig. 2 Instrument set-up Nexion2000°.
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2.4. Calculations

The signal to blank ratio was calculated by dividing the signal of
the 10 mg L' standard by the blank signal.

To estimate the maximum contribution of '*0'H™ at m/z 19,
the ratio of m/z 17/16 was calculated without considering the
contribution of O™ to the signal at m/z 17 (eqn (1)). To esti-
mate a lower boundary for the OH™ contribution, first the
contribution of O~ to the signals at m/z 17 and m/z 18 was
estimated based on the signal at m/z 16 eqn (2a-d).

Z?zﬁ x 100) / L (1)

% OH = <|:Im/:18 X

170 = I,.16 x 0.038/99.8 (2a)
m/z17 _ 170
<m/216) corrected - (Im/:” -1 )/Im/zl() (Zb)
17
I”O.corr =115 — I”O }’}’l/Z 2
/=18 ( 8 }’}’l/216 corrected ( C)
%OH o = (|:1;;1/z'80,corr x %’ COI'I':| x 100) /Im/:19 (Zd)

The influence of "O*D~ on the signal is minimal and
neglected.
The limit of determination was estimated as follows:

DL = standard error of regression x 3.3/slope

3. Results

The instrument parameters were first set roughly by estimation
to achieve some sensitivity for negative halogen ions by applying
positive polarity to the QID (electro-static lenses in quadrupole
arrangement), CRO (cell rod off-set), QRO (quadrupole rod off-
set) and cell entrance/exit (see instrument settings, Table 1)
before performing a thorough tuning of each individual param-
eter. The mass calibration parameters were kept unchanged from

Table 1 Typical settings for nICPMS and pICPMS
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those used in the positive-ion mode. The torch position was
centred on the sampler aperture with a standard sampling depth
of 11 mm. In individual experiments specific parameters and
their influence on the fluorine signal at m/z 19 and other ions
were tested. The optimal setting of a specific parameter was then
carried over to the next parameter tested. The parameters were
tested in the order shown in Table 1.

3.1 Mass scans in nICPMS: signals and their identification

3.1.1 Background. Scanning the mass range from 1 to 150
m/z (Fig. 3) showed a background signal of about 1500 cps per
mass. This is comparable to the background determined by
Fulford et al. with an Elan250.** The orthogonal ion path of the
NexION® 2000 therefore showed no improvement. The origin of
the background is currently unknown and is a subject of future
investigation. Chtaib et al. concluded that, unlike pICPMS,
nICPMS has inherently a higher background since free elec-
trons produced in the plasma are not stopped from reaching the
detector.*® Whether the increased background originates from
electrons reaching the detector is currently unknown.

3.1.2. Blank (MilliQ-water). A mass scan of water (Fig. 3a-c,
red line) showed significant signals at m/z 16 to 19 and 32 and
other signals particularly at m/z 35, 37, 79 and 81. The latter
signals are attributed to chlorine and bromine contamination.
Canulescu et al. also detected strong signals of F, Cl~, Br, and
NO,  (among others) in pure platinum foil using a pulsed glow
discharge instrument (GD-TOFMS in negative mode).*® Halogen
background ions seem to be widespread independent of matrix
measured. In contrast to the findings of Fulford et al. the signals
at m/z 40 (argon Ar''") and m/z 46 (NO, ) were relatively low
whereas NO~ (m/z 30) was not detectable.*® The high back-
ground observed at m/z 19 can be the result of molecular
interferences from water or fluorine contamination (for details
see Origin of background at m/z 19).

3.1.3 Element standard. In a mixed standard solution
containing 10 mg Hal per L, halogen signal intensities
decreased in the order of Cl > Br > I > F (Fig. 3a-c, blue line).
Beside the isotopes of the elements, CIO™, BrO™ and IO~ were
also present (Fig. 3b and c). Chlorine seems to form about 1 +
0.1% (n = 4) of C10™, while bromine forms 2 & 0.15% BrO™ (n =

Negative mode

Positive mode (typical settings)

Nebulizer gas flow (L min™") 0.85
Auxiliary gas flow (L min ™) 0.85
Plasma gas flow (L min™") 15
Forward power (W) 1600
CRO (V) +10
QRO (V) +12
Cell entrance/exit (V) +19.5
QID attractor (V) +110
QID box (V) +68.5
QID entrance (V) +41.5
QID repellor (V) +12.5

Detector (V)
Detector gain (V) 2170
Discriminator 20
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Fig.3 a-c) Full mass scan under dry and wet plasma conditions; other
parameters were identical, showing the region between m/z 1 and 150
(instrument settings similar to Table 1, detector voltage 755 and 2900
V); yellow line: no solution nebulized, red line = water, and blue line =
10 mg L™ mixed halogen standard.

4) and iodine forms 16 + 1% IO~ (rn =4). Chtaib et al.** were also
able to detect the formation of CIO™, but could not detect BrO™
when using a 3 M HCI solution containing 86 mg Br per L;
whether this is instrument dependent or due to the use of
a highly acidic solution is unclear. The tendency of oxide
formation seems to be identical with the tendency in pICPMS
using oxygen as the reaction gas (Cl < Br <I).* The occurrence of
FO ™ (m/z 35) cannot totally be excluded (due to the **Cl~ signal)
but it does not contribute significantly to the m/z 35 signal since
the 37/35 (chlorine) ratio of 0.33 & 0.05 (n = 4) closely matches
the theoretical ratio of 0.32 as is the measured isotope ratio of
bromine (0.92 £ 0.2 versus 0.97 n = 4).

This journal is © The Royal Society of Chemistry 2025
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3.1.4 Dry plasma conditions. Under dry plasma conditions
(i.e., no solution nebulized, tubing for solution plugged, nebu-
lizer gas on) the dominant signals were observed at m/z 16 to 19
followed by m/z 40. The mass scan (Fig. 3a-c, yellow line) also
showed small signals for CI-, Br~ and I" of unknown origin
without the introduction of any solution.

3.2 Effect of instrument operating conditions on signal
intensity

Signal intensities for halogen ions are highly dependent on
instrument's operating conditions, with the nebulizer flow rate

16000
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F-19

L 10000
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4000
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Q)
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forward power (W)

1400 1600
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Fig. 4 A) An example of fluorine (m/z 19) intensity variation with
forward power at set nebulizer gas flow rates; (B) signalintensity (in cps
per mM Hal) versus nebulizer gas flow rate at 1600 W (C) signal
intensity (in cps per mM Hal) versus forward power for a nebulizer gas
flow rate of 0.8 L Ar per min (sample 10 mg L™! halogen mix).
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and forward power exerting the largest influence. These two
parameters are found to be correlated (Fig. 4a for fluorine) and
exhibit slight daily variations as observed in pICPMS. The
relationship between nebulizer gas flow and forward power
settings in nICPMS was already observed by Fulford et al. for
chlorine.** In pICPMS the correlation between the nebuliser gas
flow rate and forward power was studied early by Horlick et al.
and is identical to the behaviour in nICPMS.** The main reason
for the strong effect on signal intensity of both parameters lies
in their influence on the atomisation/ionisation processes in
the plasma. However, whether the reason for their impact on
signal intensity in nICPMS is the same remains unknown at the
moment (see also ionisation processes governing the abun-
dance of negative ions in ICPMS). Auxiliary gas flow, electro-
static lens voltage (in case of the NexION® 2000 QID), QRO and
CRO voltages do not vary significantly between days. Sampling
depth had much less influence on sensitivity than in the BaF"
method used in pICPMS where it has a significant influence on
signal intensity.** This difference between the behaviour in
nICPMS and pICPMS can be explained by the fact that for
pICPMS the formation of Ba®>" plays an important role in the
ability to form BaF', whereas in nICPMS no such influence is
present. For data plots of these parameters including the esti-
mated contribution of OH™ to m/z 19 see ESI Fig. S2-12.F

The four halogens behave nearly identical under all param-
eter settings when tuning is done for maximum intensity only.
This is shown in Fig. 4b and c using nebulizer gas flow and
forward power as examples. In all examples displayed in Fig. 4b
and c, it is obvious that fluorine is the least sensitive of all four
halogens (see also: ionisation processes governing the abun-
dance of negative ions in ICPMS). This is especially clear after
correcting the signal for molar concentration. Sensitivities and
detection limits (DL) achievable with this modified NexION®
2000 are shown in Table 2. Compared to the results achieved by
Bu et al.** using pICPMS at medium resolution, the DL for
fluorine is significantly better and it is in the range of the DL
achievable using the BaF'-method with an average pICPMS/MS
instrument.'®?** Fulford et al. estimated a DL of 110 pg L' in
nICPMS compared to the 400 pg L™' estimated by Vickers
et al®* In the current configuration the modified NexION®
2000 achieved a similar DL for fluorine with 54 ug L' (Table 2).
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For the other halogens the DLs achieved are comparable to the
ones estimated by Vickers et al.,*® but significantly higher than
the DLs achieved by Bu et al.>* The achievable DL for all halo-
gens are strongly limited by blank levels.

The fluorine DL is well above what is needed for applications
involving low fluorine content (e.g., water samples), which also
require a combination of HPLC-ICPMS and therefore likely have
even higher DLs. To determine, for example, PFOS at a level of
0.1 ug L' (equivalent to the sum PFAS parameter required by
the EU drinking water regulation)* an elemental detector would
need a DL of below 0.06 pg F per L without employing sample
preconcentration. For elemental detectors (and this is nearly
independent of the detector used), a preconcentration factor of
at least 2500 is required at the moment. One reason for this is
that fluorine detection suffers from exceptionally high back-
ground counts (Table 2) (more about this can be found in origin
of background at m/z 19) both in nICPMS and in all other
methods.

3.3 Ionisation processes governing the abundance of
negative ions in ICPMS

In pICPMS, ions are created in the plasma directly and the
ionisation efficiency of elements is governed by their first ion-
isation potential. In pICP-MS, the ionization efficiency for most
elements exceeds 90% due to their first ionization potentials
being significantly lower than that of argon (15.67 eV) to form
positive ions. Elements with the first ionization potential below
7 eV are fully ionized in the plasma. Bu et al. showed the linear
relationship between sensitivity and the first ionisation poten-
tial clearly for the halogens using medium resolution pICPMS
(Fig. 5a).>* In nICPMS one could therefore expect electron
affinity (EA) to be the governing factor producing negative ions
in the plasma. Electron affinity is thermodynamically described
as the energy generated, when an atom accepts an electron in
the gas phase. In this case it would be expected that fluorine and
bromine showed similar sensitivities and both should be
slightly lower than those for chlorine.

Fig. 5b shows clearly that exactly the opposite is true. Iodine
the element with the lowest electron affinity among the halo-
gens is the most sensitive while fluorine behaves differently

Table2 Typical measured count rates and estimated DLs compared to DLs from the selected literature (DL*334454¢ = 35S/N and DL?* see Table 1)

m/z 19 (F) m/z 35 (Cl) m/z 79 (Br) m/z 127 (I)
Blank (cps) 4494 2002 1265 2922
10 mg L™ standard (cps) 32233 146 544 117931 128053
Ratio (std/blank) 7.2 73 93 43
cps/pg L' (blank subtracted) 2.8 15.5 12 10
DL pg L™ 54 7 30 46
DL pug L' (ref. 34) 110 1 2 6
DL pg L~ (ref. 33) 400 80 10 70
DL pg L~ (ref. 24) 5070° 3.25° 0.08° 0.05”
DL pg L™ (ref. 18, 20 and 44) 22-60
DL pg L™" (ref. 45) 1.4-1.6 0.8-1.5
DL pg L' (ref. 46) 1

4 In MR-mode. ¥ In HR-mode.

1694 | J Anal At. Spectrom., 2025, 40, 1689-1699

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ja00433g

Open Access Article. Published on 21 May 2025. Downloaded on 4/7/2026 4:07:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

e |-127
e Br-79

1E+09
A)
100000000
10000000 e CI-35
1000000

100000

cps/ mM

10000

1000 e F-19

100
900 1100 1300 1500 1700

1. ionisation energy (kJ/mol)

1900

1800000

1600000 °
1400000
1200000
1000000
800000
600000
400000
200000

0 °
290 300 310 320 330 340
electron affinity (kJ/mol)

1-127

cps/ mM

350 360

1800000
1600000
1400000
1200000
.» 1000000
800000 °
600000
400000
200000
0 °
0 50 100 150
atomic radii (pm)

Q) 1127,

cp

Fig. 5 Dependence of signal intensity on (A) ionization energy for
medium resolution-plCPMS (data from Bu et al.?*) and (B) (cps per mM
isotope) electron affinity for nICPMS; (C) atomic radii for nICPMS and
the dependence of signal intensity (cps per mM) on these parameters.

from the other three halogens. The production of negative
halogen ions is therefore not primary depending on electron
affinity (some electronic and physical properties of interest for
halogen atoms are summarised in Table S1f). The EA is
significantly lower than first ionisation potentials - for example,
fluorine has an electron affinity of 3.5 eV - making the in-
plasma formation of stable anions highly unlikely.*” Estimates
based on the Saha equation, as well as a NASA report,*® suggest
that stable fluorine anions can only form at temperatures below
3000 K, whereas the temperature in the central channel of the
plasma exceeds 5000 K.

In the “afterglow” of the plasma (between the sampler and
skimmer and behind the skimmer) the temperature drops
rapidly (as e.g. modelled by Kivel et al); therefore an electron
attachment process in this region is more likely to lead to
a stable negative ion.*® Since we did not investigate the potential
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formation of a shockwave (= re-heating of particle beam) at the
skimmer tip,**~* we are currently unable to distinguish whether
formation occurs between the sampler and skimmer or behind
the skimmer. Gas kinetic temperatures are below 3000 K in this
regions, as determined by Lim et al.** and modelled by Kivel
et al.*® and Nagulin et al.** This would allow processes similar to
those described for negative mode pulsed glow discharge to
occur.*®** These processes have been identified as dissociative
or non-dissociative electron attachment, ion pair formation
during collisions,* charge transfer and/or Penning ionisation.*®
A major factor influencing the efficiency of ion formation in this
case is the collisional cross-section of the atom in an electron
capture process, which would first lead to the formation of an
excited anion. Stoffels et al.>>*® showed that an excited parent
anion can stabilise by either (i) autodetachment (electron loss),
(ii) deactivation of the excited state by photon emission or (iii)
collision with a third particle (shown for collision with atomic
hydrogen by Huels et al.*”); stabilisation by dissociation is not
applicable to atomic ions.*® The first process is of no interest
here since an atom is formed in this process. The third (non-
dissociative electron attachment by two or three-body colli-
sions) is the most likely reason for the formation of halogen
anions. Some other non-resonant process like charge-transfer,
might also occur. From the positive correlation between
signal intensity and atomic radii (as a substitute parameter for
the unknown collisional cross section), it seems that electron
capture is the dominating factor for ionisation in nICPMS
(Fig. 5¢), a likely ionisation mechanism already suggested by
Fulford et al?* From their measurements of the stopping
potential they concluded that negative ions are not formed in
the plasma itself, but are the result of post-plasma electron
capture.**

When electron capture is the main ionisation process, the
number of electrons (estimated at 10"* cm™3),* residence time and
their kinetic energy distribution in the interface region after the
sampler will influence the efficiency of anion formation. The
kinetic energy of electrons can be estimated from the electron
temperature.® Electron temperature is affected by plasma condi-
tions and sample composition differently than electron numbers.*
Electron temperature does not drop in the interface region the
same way as gas kinetic temperature.* Electron density after the
sampler in contrast decreases with higher nebulizer gas flow and
increases with forward power, but seems unaffected by the pres-
ence of matrix elements or water.* The signal variation during the
optimisation of the forward power and nebulizer flow rate (Fig. 4)
indicate that electron density is the more important parameter for
successful electron capture.

Besides the formation rate of negative ions, their rate of loss,
through collisions with cations, wall surfaces or in other ways,
has an influence of the number of negative ions reaching the
detector. Considering that for lighter ions, transmission rates in
quadrupole ICPMS instruments are generally poorer than for
heavier ones, transmission loss throughout the complete ion-
path may be higher for fluorine compared to heavier halo-
gens, thereby further degrading the achievable sensitivity. In
addition, the smaller fluorine atom (compared to the other
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halogens) is less likely to interact with free electrons due to its
small radius (Table S17).

Another factor suggesting post-plasma ionisation of at least
fluorine, chlorine and bromine is the similar kinetic energy
these ions display during QID deflector optimisation (Fig. 6a).
In pICPMS, the QID deflector voltage needed for best trans-
mission into the quadrupole is mass dependent (Fig. 6b). For
ions created in the plasma the kinetic energy with which they
enter the interface region is similar. These ions travel with the
velocity of the bulk argon as they travel through the interface
region of the mass spectrometer and gain energy in the super-
sonic expansion region behind the sampler cone. In the
absence of any other post interface extractive lenses and any
significant plasma potential these energies typically range from
2-8 eV depending on the mass range.®***

In nICPMS the required QID voltages for optimum trans-
mission of fluorine, chlorine and bromine do not show
a dependence on atomic mass (Fig. 6a) indicating different
kinetic energies of the ions created in the “afterglow” of the
plasma. This may indicate, that during the post-plasma electron
attachment process required for anion formation, the
concomitant loss of energy during anion stabilisation results in
near identical velocities for the anions. Iodine is however an
outlier showing an increased voltage requirement, which indi-
cates that the kinetic energy (hence velocity) of iodine anions is
different from the lighter halogens. It is possible that iodine
anions are created at least partially by a different mechanism
and are not only due to post-plasma electron capture.

3.4 Origin of background on m/z 19

The background signal at m/z 19 is another limiting factor for
the sensitive determination of fluorine. The question is whether
this background only originates from oxygen/water interfer-
ences or whether there is a background concentration of fluo-
rine present in MilliQ water (or any other solution).

Potential interferences at m/z 19 are |O'H-, *®Ar*"",
'H,'°0" (suggested by Vickers et al.?®), '"H,"’0~ (suggested by
Vickers et al.**), VO®H™ or '®*O'"H?H". A potential *®Ar interfer-
ence at m/z 19 should also yield a very strong signal at m/z 20
(*°Ar**"). This is not the case (Fig. 3 and 7). Therefore, an
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interference from Ar can be excluded. To decide, which
molecular interferences originate from water full mass scans
using different types of water (H,O, D,O, and H,'®0) were
measured. Due to restriction regarding the amount of solution
(H,'®0) available, these experiments were performed in a “semi-
dry” set-up. In practice this meant adding small amounts of
solution (~0.2 mL) to the base of the spray chamber via
a syringe and replenishing this fluid as needed. The spray
chamber, which is normally cooled to 0 °C, was heated to 30 °C
to improve evaporation of the solutions in this experiment. The
other instrument settings were the same as those used under
wet plasma conditions. Between measuring the different types
of water (H,0, D,O and H,"®0), the plasma was run under dry
conditions until signal stability was reached. Fig. 7 shows the
spectra (m/z range between 15 and 25) of these measurements.

For the above-mentioned molecular interference of *H;'°0~
to occur, D,0 should show a strong signal at m/z 22 and H,"*0 ™~
a signal at m/z 21 (Fig. 7). At neither m/z a signal can be detected
above the electronic background. Consequently, this molecule
can be excluded from occurring. For the ion "H,"’O~ to occur
a signal at m/z 21 must be present using D,O which is not the
case. Using H,"®0 does not show an additional signal at m/z 20
compared to D,O or H,O. Therefore, this molecular interference
can be excluded as well to contribute to m/z 19 using “normal”
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1000 L ppand A '(‘\\ Ao A i 800
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Fig. 7 Spectra of H,O, D,O, and H,'®0. Scan from m/z 14 to 25.
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water. The “only” molecular interference occurring using
normal water at m/z 19 is therefore "*0'H .

To estimate the amount of OH -formed compared to O~ the
sensitivity of the detector was decreased so that m/z 16 and 17
were detectable without detector saturation in a standard setup.
If the background at m/z 19 originates only from the formation
of '*0'H" than the ratio of m/z 17 (7O~ + "®0'H") over m/z 16
(**07) should be nearly identical to the ratio of m/z 19 (**0'H")
over m/z 18 (**0~ + O'H"). As can be seen in Fig. 8a and b the
nebulizer gas flow (respectively the amount of water reaching
the plasma) is a major contributing factor to the amount of
O'H™ at m/z 19 when it is set to values higher than those
required for maximum signal intensity at m/z 19. At optimum
signal intensity, "®*0"H ™ contribution is estimated to be between
50 and 65% to the signal of m/z 19, when water is aspirated. The
applied forward power influences the amount of OH™ as well,
but in this case the lower the power the higher the contribution
of OH™ to the signal (Fig. 8c and d). At optimum forward power
the contribution of "*0'H™ to m/z 19 was between 40 and 60%.
Other instrumental parameters (QID, CRO, QRO, cell entrance/
exit, sampling depth and auxiliary gas flow) had very little to no
effect on the contribution of *0"H™ to m/z 19 (Fig. $1-S107).
With a well optimised instrument about 50% of the blank signal
on m/z 19 is of water origin. The rest of the signal is very likely
the result of contamination with fluorine-containing
compounds from the lab environment, the instrument and
the gases. The high amount of fluorine contamination also

This journal is © The Royal Society of Chemistry 2025

explains the relatively large signal at m/z 19 observed under dry
plasma conditions (Fig. 3).

3.5 Application: total fluorine in tea

Given the current sensitivity of the system in negative ion mode,
it is of interest whether determination of fluorine in real
samples would be possible. To this end, extracts of two different
black tea samples and a tea reference material were prepared
and measured using external calibration. The calibration curve
was linear between 0.1 and 25 mg F per L (+* better than 0.993),
while the DL of the day estimated from blanks (n = 10) was
0.12 mg F per L (DL estimated from regression of calibration
was 0.06 mg F per L).

One of the samples (1) was extracted from the leaves (as is)
and as finely ground material and the other (sample 2) was
extracted at two different concentrations (1 respectively 2 g tea
per 50 mL water). All samples were also spiked with two
different concentrations of fluoride (1 and 2 mg F per L) to
determine spike recovery. Sample 1 showed that the extraction
efficiency of fluoride is influenced by particle size (Table 3).
Finely ground samples are more effectively extracted using hot
water than course samples. The system seems to react to the
presence of other ions as can be seen comparing the two
different matrix concentrations used for sample 2. This is also
clear considering the higher spike recovery rate for sample 2 (2
2/50 mL). The CRM recovery was 85.7 &+ 1.2%. The same solu-
tions were also measured by ISE. Compared to ISE (the standard
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Table 3 Fluorine content in tea leaves (n = 3)
mg F~ per kg Spike mg F per kg Spike Difference
(ISE) recovery% (ICPMS) recovery% ICPMS/ISE (%)
Sample 1 (leave) 170 £ 1.4 98 £ 2.1 202 £ 3.2 105 £ 1.5 119
Sample 1 (ground) 203 £ 1.6 101 £ 2.4 261 £ 4.0 107 £ 0.76 128
Sample 2 (1 g/50 mL) 431+ 2.1 95 + 1.3 358 + 7.4 115 £ 1.7 83
Sample 2 (2 g/50 mL) 440 + 0.89 96 + 4.0 498 + 140 172 £ 17 113
CRM 296 £ 1.9 90 + 3.3 274 £ 3.8 151 £ 8.1 92

Certificate (320 & 31 mg kg™") Recovery 92.6 + 0.59%

method for determination of fluoride in tea) the nICPMS results
showed differences without any recognizable trend due to the
low number of samples (Table 3).

In principle the system is useable as it is when the fluorine
concentration in the samples to be measured is about
0.1 mg L™" or higher. The influence of the matrix, especially
high cation load and carbon, must be studied before wider
applications are considered. Also efforts should be made to find
a suitable internal standard element to minimise matrix effects,
nebulization and plasma loading effects. The signal at m/z 18
may be a potential candidate for internal standardisation as
may be others. A study about the influence of major matrix
elements on signal intensity in nICPMS is still required. In
principle m/z 18 would be an ideal candidate for internal
standardisation, since it is under wet plasma conditions present
at near constant amounts in every solution introduced into the
system.

4. Conclusion

Negative ion ICPMS (nICPMS) is in principle a suitable tech-
nique for the determination of halogens, especially fluorine. For
now, detection limits for fluorine are similar to those achieved
using the BaF" in positive-ion ICPMS. To achieve better detec-
tion limits the interface region of the instrument and its
influence on signal intensity need to be explored in more detail.
Since the ionisation of halogen atoms in nICPMS takes place in
the interface and not in the plasma, potential improvements to
the interface should be explored in the future. At the moment
the design of the interface region is based purely on the
requirements for positive ions in pICPMS. Whether changes in
the interface to improve the sensitivity of negative ions would
remain compatible with positive ion detection and therefore
allow the construction of an instrument capable of measuring
in both modes needs further studies.

Another major stumbling block to achieving good detection
limits for halogens is the widespread contamination of solvents
and the laboratory environment with halogens. The high fluo-
rine background has already been recognised when pICPMS,
CIC or HR GFMAS were used.***® Therefore, the identification of
fluorine sources and their elimination is mandatory for the
development of a sensitive fluorine-specific detector of any type.

nICPMS, as is, can be applied for the detection of halogens in
samples or used as a detector for single particles, laser ablation
or chromatography taking the relatively high l.o.d. into account.
However, before widespread application the influence of other

1698 | U Anal. At. Spectrom., 2025, 40, 1689-1699

Recovery 85.7 + 1.2%

ions on signal intensity and stability should be tested and
attempts should be made to identify a suitable internal
standard.
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