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Abstract

Increased applications of fluorochemicals have prompted development of elemental methods for
detection and quantitation of these compounds. However, high-sensitivity detection of fluorine is a
challenge because of difficulties in excitation and ionization of this element. Recently, a new approach has
emerged to detect F as a diatomic ion (BaF*) in inductively coupled plasma mass spectrometry (ICP-MS).
However, formation of this species in the high-temperature plasma is inefficient, leading to low
sensitivities. Here, we introduce a post-ICP chemical ionization approach to enhance analytical
performance for F detection in liquid samples. Solutions of fluorochemicals are introduced into an ICP
leading to formation of HF in the afterglow. Subsequently, reagent ions from nanospray of sodium acetate
and barium acetate electrolytes are utilized to ionize HF to Na,F* and BaF*, respectively, via post-plasma
ion-neutral reactions. Both ions provide substantially better sensitivities compared to that of BaF* formed
inside the plasma in conventional ICP-MS methods. Notably, post-plasma BaF* offers a sensitivity of 280
cps/ppb for F, near two orders of magnitude higher than that of conventional ICP-MS methods. Compound-
independent response for F from structurally diverse organofluorines is confirmed by monitoring BaF* and
a limit of detection (LOD) of 8-11 ng/mL F is achieved. Importantly, isobaric interferences are substantially
reduced in chemical ionization, leaving F background as the main factor in LOD determination. Insights
into BaF* formation via experimental and computational investigations suggest that BaNO," and
Ba(H,0),*" serve as reagent ions while nonreactive BaCH;CO," is the dominant ion produced by nanospray.
The facile development of effective post-plasma ionization chemistries using the presented approach offers

a path for further improvements in F elemental analysis.
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Introduction

Fluorochemicals have become popular among pharmacetuicals,'? agrochemicals,? firefighting
foams,* and flame retardant materials,’ thanks to desirable physicochemical properties imparted in
molecules upon fluorination. On the other hand, the improved stability of fluorochemicals (especially per-
and poly-fluorinated compounds) has led to increased environmental contaminations and challenges in
wastewater treatment technologies to eliminate these compounds.®’ Notably, biological and environmental
transformations of fluorochemicals also play critical roles in applications and fates of this class of
compounds. For example, metabolites of newly developed drugs must be identified and quantified early in
drug development to ensure safety and efficacy of pharmaceuticals.® Similarly, new compounds may form
upon wastewater treatment and environmental degradation of fluorochemicals, necessitating detection and
safety assessment of such products.’ Accordingly, improved analytical techniques are needed for
characterization of fluorochemicals and their transformation products at low concentrations in variety of
matrices.

Among analytical methods, liquid chromatography-mass spectrometry (LC-MS) using soft
ionization techniques such as electrospray ionization has served a key role in detection and identification
of fluorochemicals, owing to excellent selectivity and sensitivity.!%!! However, quantitation of analytes
using soft ionization techniques requires compound-specific standards because of differences in ionization
efficiencies between the analytes.'>!? In many occasions, such standards are not readily available, creating
major hurdles in quantitation.®!3

Notably, elemental detectors can offer quantitation in the absence of standards. Elemental response
factors are compound-independent and elemental methods often provide better matrix tolerance relative to
molecular detection methods. As such, quantitation without compound-specific standards is attainable by
elemental quantitation of LC-separated compounds and consideration of molecular formulas. This strategy

has been successfully employed for S-, P-, and Cl-containing compounds.'4!> However, quantitation of
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fluorochemicals using this approach has not advanced significantly because of challenges in high-
sensitivity elemental detection of F in LC eluates as discussed below.

Difficulties in atomic emission spectroscopy of F relate to inefficient excitation of this atom to high-
energy states (>14.5 eV above ground sate)'® from which prominent UV-Vis emissions (non-VUYV lines)
occur. Plasma cooling upon solvent introduction further compromises the excitation efficiency and
increases susceptibility to matrix effects, leading to challenges in liquid sample analysis. Recently,
substantial improvements have been reported using electrothermal vaporization-inductively coupled
plasma (ICP) atomic emission spectroscopy with internal standardization based on argon emission lines to
account for plasma loading, providing detection limits of ~40 ng/g and 70 pg F in solutions.!” However, the
discrete nature of sample introduction in this method does not lend itself to facile coupling to LC. Moreover,
the drying and vaporization steps for solutions may create non-linearities, compromising analytical
performance.'®

To enhance optical detection capabilities, conversion of F to short-lived diatomic species in a high
temperature environment has been attempted. In molecular absorption spectroscopy (MAS), fluorinated
compounds are deposited in a furnace along with a metal salt and a modifier. A multi-step heating program
is then applied to dry the sample followed by vaporization and atomization, leading to formation of diatomic
metal-fluoride gas-phase species such as GaF'%?* and CaF.?! These species provide readily accessible
molecular absorption bands in UV-Vis range. Moreover, the broader absorption profiles compared to
elemental lines allow use of continuum photon sources for absorption measurements, further facilitating
analytical measurements. A wide range of instrumental F detection limits (0.1 ng/mL!"°-100 ng/mL?! F,
corresponding to 4-500 pg F) have been reported using this approach. While the low-pg detection in some
studies offer a promising performance for this technique, the need for off-line analysis as well as potential
compound-specific effects during heating steps?®?! limit the applications of MAS as a quantitative F
detector for LC. Recently, molecular emission from CaF formed in a microwave induced plasma (MIP)

was reported, enabling direct solution infusion with a potential for facile LC coupling.?> However, the
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detection limit was significantly higher (1100 ng/mL F) than that of MAS, compromising the potential of
MIP molecular emission spectroscopy for high-sensitivity F detection in liquid samples.

Elemental mass spectrometry of F has experienced similar difficulties to those in optical
measurements. Analysis of liquid samples has largely been limited to ICP-MS where high gas-temperature
of ICP facilitates solution introduction and coupling with LC. However, thermal ionization of F to F* is
inefficient even at high temperatures of the ICP, severely compromising the sensitivity and detection limits
for F analyses.?>?* To address this shortcoming, formation of BaF* in the ICP has been investigated via
introduction of a barium salt into the plasma along with fluorochemicals.?>” However, BaF* formation
inside the ICP requires a careful tuning of the plasma temperature to minimize competing reactions such as
barium oxide formation and atomization of BaF* while promoting ionization reactions (e.g. Ba?>" and F-
formations).?>?7-?8 These competing processes lead to a compromised ion formation efficiency and a narrow
optimum operating range for plasma temperature, reducing sensitivity and robustness.?’-?® Moreover,
extensive isobaric interferences are imposed by Ba'®OH?*, necessitating MS/MS techniques via reactions of
ions with O, or NHj in the collision cell, in turn reducing the ion flux to the detector.

To enhance formation efficiency of F-containing polyatomic ions, we have recently reported a
modified scheme based on plasma assisted reaction chemical ionization (PARCI) using an ICP.?° 1In this
approach, ion formation is shifted from inside the high-temperature ICP to a cool afterglow region where
chemical ionization reactions rather than thermal ionization events are dominant. We have shown that Na,F*
is generated in the ICP afterglow upon introducing a sodium salt into the plasma along with fluorinated
compounds. Sensitivities ~180 cps/ppb F in aqueous solutions are achieved?® using a single-quadrupole
instrument without the need for MS/MS, while BaF* formation with ICP- MS/MS is limited to sensitivities
of 2-4 cps/ppb.2¢ Such drastic enhancement in sensitivity is a consequence of facile Na* formation by the
plasma and ensuing efficient ion-neutral reactions in the cool (~600 K) afterglow compared to thermal
ionization mechanisms dominant inside the ICP.

Despite the successful improvements in sensitivity using PARCI for aqueous samples, our recent

experience has also shown some of the drawbacks of the approach described above. For example, we have
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observed a significant loss in sensitivity of fluorine detection using Na,F* when fluorochemicals are
introduced in acetonitrile solvent or upon addition of oxygen to the plasma (needed for carbon deposition
prevention on MS interface). Major variations in plasma chemical composition (e.g. introduction of organic
solvents and oxygen) lead to alterations of reagent ions produced by the plasma, affecting ion-neutral
reactions in the afterglow and limiting the applicability of elemental F detection in LC using this
methodology.

To minimize effects of plasma chemical composition on afterglow chemical ionization, we have
recently devised a new approach where reagent ions are supplied by an independent ion source (e.g.
nanospray) directly to the afterglow area while plasma is only utilized to produce F-specific neutrals. The
success of this decoupled ionization approach for F analysis was recently demonstrated using a dielectric
barrier discharge to create HF from GC-separated fluorinated compounds followed by chemical ionization
of HF to Na,F* with reagent ions generated by nanospray of sodium acetate.°

Here we report implementation of nanospray-induced chemical ionization in the afterglow of an
ICP for elemental detection and quantitation of fluorinated compounds in liquid samples, enabling
applications of this approach with a wide range of LC techniques. We examine the interactions of the
nanospray ions with ICP products to gain insights into chemical ionization reactions. Moreover, we
compare two chemical ionization schemes for F analysis enabled by sodium acetate and barium acetate as
nanospray electrolytes. These investigations lead to significant improvements in sensitivity of elemental F

detection in LC eluates using mass spectrometric techniques.

Experimental

Reagents and sample preparation. Sodium acetate trihydrate (ACS grade, Fisher Scientific,
Fairlawn, NJ) and barium acetate (Puratronic grade, Sigma Aldrich, Milwaukee, WI) were dissolved in 18.2
MQ water to prepare nanospray electrolytes. Test analytes fluconazole, flurazepam, fluphenazine,

fluoxetine, flunitrazepam, flecainide, paroxetine maleate, haloperidol, midazolam, and fluvoxamine were

Page 6 of 35



Page 7 of 35

oNOYTULT D WN =

Journal of Analytical Atomic Spectrometry

purchased from Sigma Aldrich (Milwaukee, WI) as certified reference materials with concentrations of 1
or 2 mg/mL in methanol. The working standards were prepared from these stock solutions via dilution in
50:50 water:acetonitrile.

ICP-nanospray-MS. Figure 1 shows the instrumental setup for the ICP nanospray-MS.
Compounds were introduced by flow injections using a 20 pL injection loop at 50 pL/min 50:50
water:acetonitrile by an HPLC pump (1200 series, Agilent Technologies, Santa Clara, CA) into a nebulizer
(HEN-90, Meinhard, Golden, CO) operated at a constant argon flow rate of 1.4 L/min. The aerosols passed
through a Meinhard cyclonic spray chamber and were mixed with 10 mL/min O, gas using a tangential
mixer (Meinhard, Golden, CO). The flow of oxygen was controlled by applying 50 psi to an electronically
controlled valve (Porter EPC, Parker Hannifin Corp, Hatfield, PA) placed upstream of a 13-cm long 100-
um id fused silica capillary acting as a flow restrictor. The oxygen flow was calibrated using a soap bubble
flow meter. The total acrosol gas flow emerging from the tangential mixer was directed to the plasma via a
2.0 mm injector. The ICP was sustained at 1300 W (14 L/min outer gas flow, 1.2 L/min auxiliary flow)
using a stand-alone RF generator (Nexion 2000, PerkinElmer Inc., Waltham, MA) with the torch box
exhaust flow rate adjusted to produce 4.0 m/s air flow velocity at the bottom intake of the torch box.

The plasma was coupled to a water-cooled nickel sampler (Spectron, Ventura, CA) with an orifice
size of 3 or 4 mm placed 10 mm downstream of the load coil. A quartz tube (71 mm long, % in 0.d., 4 mm
i.d. sealed to the plasma sampling interface downstream of the sampling orifice using a graphite ferrule)
allowed cooling of the plasma afterglow prior to the ionization region. An image of the quartz tube and the
ionization area downstream of the cooled aluminum plate of the ICP interface is depicted in Figure S1 to
complement the schematic in Figure 1. Note that the pressure in the quartz tube is close to atmospheric
pressure unlike conventional ICP-MS where plasma sampling is accomplished by direct plasma gas
expansion into the first vacuum stage of the MS. To increase plasma sampling into the quartz tube, a venturi
device was constructed using a bored-through 4” Swagelok tee and was attached to the end of the quartz
tube using a graphite ferrule. The position of the venturi tee relative to the end of the quartz tube was

optimized off line with the quartz tube and tee assembly on the bench. 5 L/min nitrogen was supplied to the
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side arm of the tee using a mass flow controller (MKS instruments, Andover, MA) and the tee was slid
along the quartz tube while aerodynamic sampling of the lab air at the upstream end of the tube was
monitored using a mass flow meter (MKS instruments, Andover, MA). The position of the tee was marked
when the maximal air sampling was achieved, denoting optimal venturi effect. The quartz tube and the tee
were then transferred to the ICP interface without changing the tee positioning along the quartz tube.

Chemical ionization of plasma products sampled by the venturi device was achieved by supplying
reagent ions generated from a borosilicate nanospray emitter (World Precision Instruments, Sarasota, FL,
0.75 mm i.d., 1 mm o.d.) pulled to ~5 pum tip size using a capillary puller (PN-3, Narishige Scientific
Instrument Lab, Tokyo, Japan). The emitter was placed laterally ~1 cm away from the Swagelok tee end
and at 45° angle. Axially, the emitter was ~5 mm downstream of the venturi tee end. A potential of 1600 V
was applied to the nanospray electrolyte using a platinum wire and potentials of 400 V and 300 V were
applied to the venturi tee and the MS curtain plate, respectively. These parameters created suitable electric
fields to supply ions from the nanospray to the ionization area (between the venturi tee end and the MS
plate) and to guide the ion-neutral reaction products to the MS. The exact voltage of the nanospray was
optimized for each experiment to establish a stable spray. The nitrogen gas flow rate supplied to the venturi
tee was optimized at values 2-2.6 L/min via maximizing analyte ion (Na,F* and BaF") intensity upon flow
injections of 20 uM fluconazole as the test fluorinated compound. This procedure also resulted in the
highest signal-to-background values.

Ion detection was performed by a triple quadrupole MS (API 3000, Sciex, Framingham, MA)
operated in Q1 single-quadrupole mode. All analytical figure of merit (linearity, LOD, sensitivity) were
characterized by monitoring analytical ions with 500 ms dwell time per ion. A N, counter flow gas (setting
of 9 in Analyst software) introduced between the curtain plate and the MS sampling orifice restricted
neutrals from entering the MS. Unless specified, the sampling orifice of the MS was biased to 50 V and the
focusing ring potential was set to 100 V while skimmer was grounded and the QO was operated at -10 V

bias. These ion sampling settings provided ion collisional activation for declustering of the ions.
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To investigate reagent ions, MS scans were collected in 20-500 m/z range over 2 seconds/spectrum
with 0.1 m/z steps. An average spectrum over 30 seconds was used for data analysis. In conditions where
ion flux exceeded the detector linear range (> 2 x 10° cps) in the scan mode, the ion flux was reduced by
detuning the lens between Q2 and Q3. A lens potential of -22 V was used for normal operation while the
potential was adjusted to -19 V in detuned mode. A factor of 15 reduction in ion flux was achieved in
detuned mode, characterized based on comparison of m/z 157 baseline intensity (corresponding to BaF*)
in normal and detuned modes.

Computational investigations. The Gaussian 16 software package’! was used to calculate the
electronic energies at the ®B97xD/aug-cc-pVTZ level of theory with an ECP46MDF pseudopotential for
barium. Thermochemistry of ion-neutral reactions were calculated at 298 K using the standard rigid rotor
harmonic oscillator (RRHO) approximation. Low vibrational frequencies and internal rotations may
introduce errors in thermochemical values using this approximation. Such errors are insignificant in
evaluating energetic favorability of ionization reactions considered in this report given the sizable
magnitude of the zero-point corrected reaction energies (AHqk). Note that temperatures of 30-40 °C were
recorded at the outlet of the venturi tee at optimized nitrogen flow rates. This observation indicates
significant cooling of the plasma flow during the journey in the quartz tube and via mixing with the nitrogen

in the venturi device, justifying the 298 K temperature selected for thermochemical calculations.

Results and Discussion

Post-ICP Na,F* formation. Our recent studies* have shown that HF produced by decomposition
of fluorinated compounds in a solvent-free helium DBD can be ionized via:

HF ) + Na(CH;CO,Na)," ) — Na(NaF)(CH;CO,Na),.;" o) + CH;CO,H Equation 1
where Na(NaCH;CO,)," reagent ions are produced by nanospray of sodium acetate electrolyte. To explore
the applicability of these reagent ions for F detection in afterglow of an ICP loaded with 1:1

water:acetonitrile solvent and oxygen, we investigated the interactions of ions produced by nanospray of 1
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mM sodium acetate with ICP afterglow. The detected ions from such interactions are depicted in Figure 2.
Na(NaCH;CO,)," ions with n=1-5 produced by nanospray are prominent in the spectrum even after the
interaction with the ICP afterglow, suggesting the viability of Equation 1 for F detection in ICP afterglow.
Interestingly, Na(NaNO,),,(NaCH;CO,)," clusters are also detected. These ions are attributed to reactions
of Na(NaCH;CO,),,* with HNO, produced by the plasma loaded with solvent and oxygen.

Figure 3 depicts detection of Na,F* upon flow injections of a fluorinated compound, confirming
successful conversion of organic F to HF via ICP-assisted reactions followed by chemical ionization with
Na(CH;3;CO;Na),* reagent ions. The successful formation of Na,F* from a plasma loaded with acetonitrile,
water, and oxygen indicates enhanced robustness of ionization to plasma chemical environment compared
to the previous approach where sodium was introduced into the ICP for afterglow reagent ion generation.?

Further improvements in chemical ionization may be achieved by optimizing the concentration of
reagent ions in the ionization area. To this end, Figure 4A depicts the effect of sodium acetate nanospray
electrolyte concentration on Na,F* detection sensitivities (ion intensity detected per ppb of F) upon flow
injections of 20 uM F (in the form of fluconazole) into the ICP. Sensitivity is improved from 14 to 45
cps/ppb with increasing electrolyte concentration. A similar enhancement is observed for reagent ion
intensities in Figure 4B, indicating that higher electrolyte concentrations give rise to larger
Na(NaCH;CO,),* gas-phase concentrations, leading to higher ionization rates and more reaction products
during the ionization time. Notably, the sensitivity at 10 mM is an order of magnitude higher than 2-4
cps/ppb offered by ICP-MS/MS.?527:22 However, both the sensitivity and reagent ion intensities reach a
plateau at higher electrolyte concentrations, denoting a limit for chemical ionization via Equation 1.

The plateauing of Na,F* signal and reagent ion intensities at higher concentrations of sodium
acetate electrolyte are attributed to clustering. Chemical ionization of HF in Equation 1 requires a reagent
ion to transfer two Na' ions to counteract the negative charge from deprotonation of HF. Generating
sufficient quantities of a reagent ion with two Na*ions mandates high concentrations of sodium acetate in
the nanospray electrolyte, leading to clustering of both reagent ion and the analytical ion. Extensive

clustering of reagent ions is evident in Figure 2 at 1| mM sodium acetate electrolyte concentration.
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Clustering of the analytical ion is shown in Figure 5 where prominent amounts of Na,F(NaCH;CO,)," are
observed at electrolyte concentrations of 1 mM and higher in addition to Na,F" upon flow injections of a
fluorinated compound.

Clustering distributes nanospray current among multiple reagent ions, reducing the concentration
of each species, and in turn hampering efficient ionization of HF by each cluster ion. As a result, analytical
signal is distributed among multiple m/z values, reducing the ion intensity at each m/z. A delustering
potential of 50 V is used in our experiments at the MS ion sampling interface to fragment
Na,F*(NaCH;CO,)," clusters into Na,F* in an attempt to improve the sensitivity using Na,F*. However,
extensive clustering still persists as shown in Figures 2 and 5. Moreover, efficiency of Na,F"(NaCH;CO,),"
fragmentation to Na,F" is reduced as n increases. To enhance the analytical performance of F detection via
post-plasma chemical ionization we investigated reagent ions with minimal clustering tendencies as
discussed below.

Enhanced post-ICP chemical ionization using barium-based reagent ions. Cations with higher
charge states can replace the two positive ions needed in HF ionization, thus allowing use of lower
electrolyte concentrations for reagent ion generation. Further, electrostatic repulsion between multiply
charged cations minimizes clustering in electrospray ion formation. We selected barium to test the efficacy
of doubly charged ions for HF ionization because high affinity of this metal to F has recently been reported
via formation of BaF* inside the high temperatures of an ICP.26-3233 However, in contrast to the conventional
approach in ICP-MS/MS where ICP properties are finely tuned to form BaF* within the plasma, our
approach introduces barium ions directly to the plasma afterglow for reaction with HF (see Figure 1).

The sensitivities for F detection via BaF* formation in ICP-nanospray-MS are depicted in Figure
6A as a function of barium acetate electrolyte concentration upon flow injections of 20 uM F into the ICP.
Comparison of Figure 6A to 4A reveals two major differences between BaF* and Na,F* for F detection: 1)
unlike Na,F*, F detection efficiency using BaF" is independent of the electrolyte concentration in the range

of 0.1-10 mM, and 2) BaF* offers drastically higher F detection sensitivity compared to Na,F* at all
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electrolyte concentrations. These results highlight the advantages of barium-based reagent ions for
elemental F detection via post-plasma chemical ionization.

Insights into ionization mechanism. To gain insights into the underlying processes in barium-
based ionization, we examined the ions detected from interactions of barium acetate nanospray with post-
plasma flow. Figure 7A shows the detected ions using 1 mM barium acetate as nanospray electrolyte.
Notably, the extent of clustering is minimal in Figure 7A compared to that observed in Figure 2, consistent
with the hypothesis formulated above for multiply charged ions in electrospray.

Prominent ions in Figure 7A include BaCH;CO," and Ba?* expected from nanospray as well as
BaNO,*, BaHCO,*, BaNO;*, BaHCO;" that result from interactions of initial nanospray ions with plasma
products HCO,H, HNO,, HNO3, and CO,. These plasma products originate from introduction of solvents
and oxygen into the plasma. Air diffusion into the plasma also contributes to formation of HNO, and HNO;.
BaOH" and an unidentified peak at m/z 168 are also observed in Figure 7A but we hypothesized that these
ions are largely products of fragmentation upon ion activation during ion sampling. To investigate this
hypothesis, we utilized softer ion sampling parameters by lowering the declustering potential of the MS
from 50 Vto 10 V.

The soft ion sampling spectrum is depicted in Figure 7B where solvation (mainly hydration) of ions
is evident, confirming significantly reduced ion activation. A more detailed annotation of the spectrum in
Figure 7B is provided in Figure S2 while ion intensities are tabulated in Table S1. Importantly, aggregate
intensities of fully desolvated species in Figure 7A (core ions) can be inferred from summation of intensities
for each core ion and its associated solvated ions in the soft sampling spectrum of Figure 7B. These
aggregate intensities are tabulated in Table S2. Ratios of aggregate intensities in soft and harsh ion sampling
conditions in Table S2 indicate that prevalence of BaOH* and m/z 168 increases by 2.3 and 4.4 folds,
respectively, when harsher ion sampling is used while the prevalence of the other core ions is unaffected or
decreased. This observation confirms the hypothesis that BaOH" and m/z 168 largely originate from ion

activation and fragmentation processes during ion sampling.
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To assess the potential of the background ions for serving as reagent ions in BaF* formation, we
utilized computational investigations. Ion solvation may play a significant role in chemical ionization,*
thus we used the soft ion sampling condition to gain insights into solvation extent of potential reagent ions.
For singly charged ions, prominent intensities of the core (fully desolvated) ions were detected in soft ion
sampling conditions (Figure 7B and S2). Therefore, we considered only the fully desolvated species in our
computational studies of singly charged ions to simplify the calculations.

Table 1 details the thermochemistries of reactions between HF and the major singly charged ions
observed in the background spectra. The accuracy of these values may be estimated by comparison to
experimental data. The thermochemistry of BaOH" reaction with HF is available from the experimental
heats of formation of the species,? leading to an experimental AH,ogx = -14.3 + 44.3 kJ/mol compared to
the computed value of -43.1 kJ/mol in Table 1. Unfortunately, the large experimental uncertainties render
verification of computations challenging. Thus, the values in Table 1 are interpreted qualitatively to guide
the understanding of ionization reactions.

The results in Table 1 suggest that BaNO,*, BaOH*, BaHCO;" may serve as reagent ions for HF
ionization while BaCH3;CO,*, BaHCO,", and BaNO;" are unlikely to offer efficient ionization of HF. We
note that BaOH" may not be present in the ionization region (prior to ion sampling) in large quantities as
discussed above. Further, reaction of BaHCO;* with HF is predicted to be spontaneous only if entropic
contributions from dissociation of carbonic acid to H,O and CO, are considered. This dissociation enhances
the gas-phase basicity of HCO;~,3¢ however, more detailed experimental and theoretical investigations are
needed to ascertain similar effects for reactions of BaHCO;*. Overall, BaNO,* appears the most promising
reagent ion among the singly charged species because of its prevalence and its potentially favorable reaction
suggested by the computations.

Figures 7B and S2 also show solvated Ba?* species with solvation shells of 1-5 solvent molecules.
To evaluate potential of doubly charged species as reagent ions, we calculated thermochemistry of
Ba(H,0);?" reaction with HF as a representative, indicating an extremely favorable reaction as shown in

Table 2. The resulting solvated BaF* is desolvated during transfer to the MS and within the ion sampling
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process. Thus, solvated Ba?" ions may be effective reagent ions for BaF* formation. One must, however,
note that kinetic barriers could reduce the effectiveness of reagent ions. Such barriers may be significant
for ion-neutral reactions of doubly charged ions where a charge separation process leads to formation of
singly charged products, requiring extensive experimental and theoretical investigations to map the reaction
pathway energetics.’’

Further mechanistic insights may be gleaned by examining the effect of electrolyte concentration
on the background ions as illustrated in Figure 6B. BaCH;CO," intensity increases significantly with
electrolyte concentration, while other major ions are generally unaffected. This observation along with
unaffected BaF* sensitivity in Figure 6A suggest that BaCH3;CO," is not an effective reagent ion, in
agreement with computational predictions

It is impressive that barium acetate electrolyte provides a dramatically improved ionization
compared to sodium acetate electrolyte (Figure 6A vs Figure 4A), even though many of the prevalent
species in barium acetate nanospray (e.g. BaCH;CO," and BaHCO," in Figure 7A) are poor reagent ions.
However, a comparison of Figure 2 to Figure 7A reveals that the potentially effective reagent ions, namely
BaNO," and Ba?" (resulting from declustering of solvated Ba®*), have over 10-fold higher intensities
compared to Na(CH;CO,Na)," reagent ions produced by sodium acetate electrolyte. Thus, the improved
ionization using barium acetate electrolyte is attributed to enhanced reagent ion concentrations. Tuning the
electrolyte properties to focus the nanospray current into effective reagent ions would further improve the
sensitivity of ionization in ICP-nanospray MS.

Considering the significant enhancement of ionization by barium acetate electrolyte, the remainder
of this report is focused on exploring the analytical potential of the barium-based chemical ionization
approach in the afterglow of an ICP. A barium acetate electrolyte concentration of 1 mM was used for all
ensuing experiments.

Compound-independent F detection. As noted above, compound-independent elemental
responses constitute a major advantage of elemental methods compared to molecular ionization in LC-MS

for quantitation. To evaluate this capability in ICP-nanospray-MS, we tested a number of fluorinated
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compounds via flow injections. Table 2 compares the F response factors defined as flow injection peak
areas per mol of F observed for various compounds. For ease of comparisons, the response factors are
normalized to the average response factor from all compounds. Note that a normalized response factor of
unity represents an ideal behavior. The results in Table 2 indicate close to ideal behavior and suggest that
conversion of F in analytes to HF via plasma assisted reactions occurs in a quantitative manner, ensuring
elemental quantitation capabilities.

Analytical performance and comparison to ICP-MS. The linearity of response in ICP-
nanospray-MS is indicated in Figure 8 via a calibration curve constructed from flow injection peak areas in
the concentration range of blank-101 uM F (0-1919 ng/mL F in the form of fluconazole). An LOD of 8
ng/mL F is estimated based on 3oy.,/slope where oy, 1S the standard deviation of the peak area for 6
blank flow injections. Constructing a calibration curve based on peak heights yields a sensitivity of 281
cps/ppb F while a detection limit of 11 ng/mL F is estimated from Gpageiine/SENSitivity where Gpageline 1S the
standard deviation of BaF* baseline intensity measured for 30 seconds with 500 ms dwell time when only
solvent is infused.

Table 3 compares the analytical performance of ICP-nanospray-MS to other recent ICP-MS
methods for F detection. All of the methods in Table 3 utilize the same analytical ion, BaF*. However, this
ion is formed via chemical ionization in the afterglow for ICP-nanospray-MS while thermal ionization
inside the ICP creates BaF* in all other ICP-MS methods. Evidently, ICP-nanospray-MS offers drastically
higher sensitivities (70 to 700-fold) compared to other ICP-MS techniques. This is partly related to lower
isobaric interferences in chemical ionization. In ICP-MS methods, Ba'®*OH* exerts a major isobaric
interference for detection of BaF* to the extent that BaF* signal from 2500 ng/mL F injection is undetected
without MS/MS reactions to remove the interference.?’ Unfortunately, MS/MS reactions also reduce the ion
flux of BaF* to the detector, resulting in reduced sensitivities. Ba'8OH" interference may also be reduced
by limiting the solvent load into the plasma via argon dilution of the aerosol gas.3> However, severe loss of
sensitivity (0.4 cps/ppb F) accompanies this approach as the analyte introduction into the plasma also

suffers.
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Importantly, reduced sensitivities in conventional ICP-MS methods lead to compromised precision
for F detection. This effect is shown in Table 3 where contribution of counting statistics to net signal
reproducibility is compared among various methods for a 100 ng/mL F sample measured with a 500-ms
dwell time. The actual experimental precision will have additional contributions such as those from plasma
instabilities. It is clear from Table 3 that low sensitivity in conventional ICP-MS leads to major contribution
of counting variation to imprecision. This limitation is exacerbated when fast chromatographic separations
are used, requiring even shorter dwell times to capture the transient peaks. In contrast, the high sensitivity
in ICP-nanospray-MS drastically reduces the effects of counting variation. In our measurements, baseline
intensity at m/z 157 is routinely measured with RSD <4 % using a 500 ms dwell time, quantifying
contributions of all noise sources including plasma and nanospray instabilities and mixing dynamics in the
afterglow. A reproducibility of 4% RSD for both signal and baseline intensities amounts to 14% RSD for
the net signal in ICP-nanospray-MS of a 100 ng/mL F solution measured using 500 ms dwell time. We note
that the precision can be further improved by modifying the interface to better control the mixing of
nanospray ions with the afterglow and by enhancing ion delivery to the MS.

To estimate the extent of Ba'®0OH" interference in ICP-nanospray-MS, we monitored m/z 151
corresponding to 3*BaOH* which is free form BaF* contributions. Infusion of pure solvent led to baseline
intensities of 1.2 x 103 cps at m/z 151 and 4 x 10* cps at m/z 157. Considering abundances of 3.37% for
134Ba and 0.2% for 80, we estimate that only 18% of the intensity at m/z 157 is contributed by Ba!SOH".
We attribute the remaining fraction to BaF* background. The low extent of BaOH" interference in post-
plasma chemical ionization reduces the need for MS/MS and gas dilution, in turn allowing facile detection
of BaF* with unit resolution single quadrupole instruments at increased sensitivities.

Table 3 also shows a better LOD using ICP-nanospray-MS compared to other ICP-MS methods.
However, the extent of improvement in LOD does not scale with the enhancement of sensitivity using ICP-
nanospray-MS. This is because LOD is largely determined by a relatively high background equivalent
concentration (BEC). As noted above, only a small portion of the background is attributed to Ba'*OH".

BEC contributions from F contamination may originate from a wide range of sources, including gases and
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gas handling equipment, solvents and liquid path materials, as well as the nanospray electrolyte.
Nevertheless, the low contribution of BaOH" to the intensity at the analytical ion m/z signifies a major
enhancement relative to other ICP-MS methods and indicates the potential of the ICP-nanospray-MS for
enhanced LOD upon reducing F contamination.

While most methods in recent years have focused on polyatomic positive ion detection for F
analysis using ICP, it is noteworthy to also consider the studies devoted to negative ion detection given the
high electron affinity of F. In particular, negative mode ICP-MS where F- is generated via electron capture
by F atoms in the supersonic expansion of plasma into the vacuum of the MS has shown a promising
sensitivity of 60 cps/ppb.3® However, '*OH- ion creates a major isobaric interference for this approach,
resulting in significantly higher LOD of 110 ng/mL compared to those in Table 3. Inspired by the potential
for high sensitivity, we have also investigated F- detection in the atmospheric pressure afterglow of ICP.3°
However, these efforts did not yield any detectable ions in samples containing up to 9500 ng/mL F,
suggesting rapid ion-neutral reactions of plasma-produced F-, leading to its neutralization at atmospheric
pressure. We note that this neutralization mechanism could be a contributor to the formation of HF detected
in the current report. Overall, the positive mode chemical ionization reported above using nanospray-
generated reagent ions shows an advantage over other methodologies for improving on-line mass
spectrometric F detection of LC eluates.

Matrix effects in ionization. To evaluate the robustness of the chemical ionization for elemental
analysis of F, we selected a number of interfering elements that may be encountered in environmental and
biological applications. In particular, we explored the effects of carbon loading from matrix, as well as
effects of analytes that contain S, P, and CI. The latter elements were selected because of potential to form
acidic plasma products which may compete with HF for reactions with the reagent ions. The results in
Figure 9 show minimal effects from C, S, and P in the examined concentration range. Chlorine
concentrations up to at 145 uM (5075 ng/mL) are well tolerated by the ionization method, however, 32%
and 42% ion suppressions are observed at 246 and 480 puM (8610 and 16800 ng/mL) CI concentrations,

respectively. These findings suggest that large extent of HCI formed via plasma reactions of chlorinated
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compounds interferes with the chemical ionization of HF to BaF*. Co-elution with organochlorines can be
minimized by separations prior to the ICP. Notably, high tolerance to matrix composed of organic
compounds with CHNO elements suggests that low concentrations of fluorinated compounds could be
quantitatively detected using ICP-nanospray-MS via sample pre-concentration and LC separations where

co-elution with major organic components of the sample may occur.

Conclusions

Formation of polyatomic ions by nanospray-induced chemical ionization in the ICP afterglow
offers a substantial improvement in sensitivity for F elemental analysis compared to ion formation inside
the plasma implemented in conventional [CP-MS methods. We have demonstrated that close to two orders
of magnitude sensitivity improvement is readily achieved relative to ICP-MS/MS techniques. Notably, this
improvement was observed using a dated mass spectrometer with a 0.25 mm ion sampling orifice. Recent
advances in atmospheric ion sampling via larger orifice sizes and high efficiency ion guides have drastically
improved performance of mass spectrometers. Thus, additional major improvements in sensitivity are
expected upon use of advanced mass spectrometers. Relatedly, low-temperature post-plasma chemical
ionization facilitates use of various molecular mass spectrometers (designed for molecular ion sources such
as electrospray ionization) for elemental analyses.

Fundamentally, the post-plasma chemical ionization offers a tunable ionization chemistry where a
range of reagent ions are supplied by nanospray. Our studies in this report show one example of versatility
of this approach to improve analytical performance where barium-based reagent ions produced an order of
magnitude enhancement in sensitivity compared to sodium-based ions because of reduced clustering. The
results also indicated that the most abundant ions (BaCH;CO,* and BaHCO,*) observed in the spectrum are
poor reagent ions for BaF" production. Therefore, further enhancement in sensitivity is expected upon
selecting electrolytes that largely create efficient reagent ions in the electrospray process. Similarly, the
approach opens avenues to develop ion-neutral reactions that increase ionization robustness to matrix

effects. We also note that the chemical ionization can substantially reduce isobaric interferences. Our
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investigations suggest that BaOH" is a minor isobaric interference in the chemical ionization approach while
it presents a major hurdle in other ICP-MS techniques.
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16 Table 1. Reaction energies for gaseous BaF* formation calculated at ®B97xD/aug-cc-
17 pVTZ level of theory

. AHy AHos k AGaogk
20 Reaction (kJ/mol) (kJ/mol) (kJ/mol)

21 HF + BaHCO," — BaF* + HCO,H 26.8 24.1 19.9
23 HF + BaCH,CO," — BaF*+ CH;CO,H 41.1 37.4 36.6
24 HF + BaNO," — BaF+*+ HNO, -19.0 222 241
2% HF + BaNO;* — BaF*+ HNO; 21.8 18.7 14.0
HF + BaHCO;* — BaF*+ H,CO; 42.9 39.6 38.4

H2C03 — HQO + C02 -24.3 -17.1 -58.7
30 HF + BaHCO;* — BaF*+ H,0 + CO, 18.6 225 20.3
HF + BaOH* — BaF*+ H,0 423 43.1 443
33 HF + Ba(H,0);2* — BaF(H,0)," + H;0" -109.8 -115.7 95.2

AHj k reflects zero-point corrected electronic energies



oNOYTULT D WN =

Journal of Analytical Atomic Spectrometry

Table 2. Uniformity of fluorine response factors among fluorinated compounds

F Normalized F Normalized
Compound Response Compound Response
(M) Factor” (M) Factor”
AN F?(FF
¢ o
N YO
cl _ HN
y 466 096+0.04 g,-NH”Q 749 097£004
F
9 2.
Flurazepam Flecainide
F 0n
lv¢ &
N 71.0 0.99 + 0.06 9
I on N : ’ ’ 32.6 1.06 £0.07
N N
N~ H
Fluconazole Paroxetine
HO
0
. b + °
S 59.2 0.990.05 N 315 1.02 +0.07
o @%:
Fluphenazine “ .
Haloperidol
.
. @F ) ‘
?~o 64.9 1.05 +0.07 A 43.7 0.95 +0.03
AN
Fluoxetine Midazolam
O o
SN N o/
L N
J. D 60.0 0.96 £ 0.05 75.6 1.00 % 0.05
oMo FF F
Flunitrazepam Fluvoxamine

*F response factors are normalized to the average value among all compounds. Standard deviations
of the normalized response are calculated based on triplicate flow injections. A sampling orifice size
of 3 mm and N, gas flow rate of 2.6 L/min in the venturi tee were used for these experiments.
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12 Table 3. Comparison of the analytical performances for F detection using BaF* as analytical ion

14 Contribution of counting
Instrument Sensitivity BEC LOD statistics to net signal

16 (cps/ppb) (ng/mL F) (ng/mL F) reproducibility for a 100
17 ng/mL F solution (%RSD)?

ICP-MS/MS?’ 32 607° 43 28.7 %
ICP-MS/MS? 1.6 21 22 13.3 %
21 ICP-MS/MS?¢ 2 400 60 30.0 %
22 ICP-MS* 0.4 30 32 28.3 %
23 ICP-MS/MS# 4.1 230 27 16.6 %
24 ICP-nanospray-MS 281 191 11 1.9 %

25 . 100 x AfIs+1p . .

2 the values are calculated using e — where /; and /, are the average number of ions detected in 500
27 ms for 100 ng/mL F solution and blank, respectively. The average ion counts are calculated based on BEC
28 and sensitivity values.

29 b calculated from the data in the reference
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Figure 1. Schematic of experimental setup and the main operating parameters for nanospray-induced

chemical ionization in afterglow of an ICP. Diagram is not to scale.

Page 26 of 35



Page 27 of 35 Journal of Analytical Atomic Spectrometry

8e+05

oNOYTULT D WN =

?o 7es05.- Na(NaNO,)(NaCH,CO,);

*

Na(NaCH;CO,);
14 Na(NaNO,)(NaCH;CO,),

4e+05 -
Na(NaCH,CO,),

J
Intensity (cps)

3e+05 1 Na(NaCH5CO,)"
* v Na(NaCHsCO,);

(“00°HOEN)EN

22 2e+05 1 L 7

N
w
S
+

Na(NaNO,)"
24 1e+05 -

26 4 LlnhlA.A h Hal Lll.hL j.

27 0e+00 v .
0 50 100 150 200 250 300 350 400 450 500
28 m/z

32 Figure 2. Major ions detected from interaction of 1 mM sodium acetate nanospray with post-plasma flow
34 emerging from the venturi tee. Na(NaCH;CO,)," ions originate from the nanospray. Reactions of these ions
36 with plasma-produced HNO, leads to clusters where acetate is replaced with nitrite. The asterisks (*) are
38 attributed to commonly observed species with electrospray ionization at m/z 236 ([M+Na]*, n-butyl
40 benzenesulfunamide, 393 ([M+Na]*, dioctyl adipate, and 413 ([M+Na]*, diisooctyl phthalate). A sampling
orifice size of 4 mm and N, gas flow rate of 2.1 L/min introduced into the venturi tee were utilized in these

experiments.
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Figure 3. Detection of Na,F* at m/z 65 using 1 mM sodium acetate nanospray electrolyte for afterglow
ionization and triplicate flow injections of 20 pM F using fluconazole as analyte. A sampling orifice size

of 4 mm and N, gas flow rate of 2.1 L/min introduced into the venturi tee were utilized in these experiments.
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38 Figure 4. A) Effect of sodium acetate nanospray electrolyte concentration (100 pm-10 mM) on F detection
40 sensitivity in ICP-nanospray-MS using Na,F* as analytical ion. Flow injections of 20 uM F in the form of
42 fluconazole were utilized for sensitivity measurements. Each triangle represents a new nanospray emitter
44 to capture effect of emitter size and positioning reproducibility. Error bars represent standard deviations of
46 sensitivity measurements based on triplicate flow injections using the same emitter. B) Effect of sodium
48 acetate nanospray electrolyte concentration on background ion intensities in ICP-nanospray-MS. Error bars
denote standard deviations of ion intensities using three different nanospray emitters. A sampling orifice
size of 4 mm and a N, gas flow rate of 2.1 L/min introduced into the venturi tee were utilized in these

experiments.
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Figure 5: Detection sensitivities for Na,F* and Na,F(CH;CO,)," determined from peak heights in flow
injections of 20 uM F as fluconazole. Error bars denote standard deviation of measurements using three
different emitters and triplicate flow injections per emitter (n=9). A sampling orifice size of 4 mm and a N,

gas flow rate of 2.1 L/min introduced into the venturi tee were utilized in these experiments.
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Figure 6. A) Effect of barium acetate concentration (0.1 mM-10 mM) in nanospray on F detection
39 sensitivity in ICP-nanospray-MS using BaF" as analytical ion. Flow injections of 20 uM F in the form of
41 fluconazole were utilized for sensitivity measurements. Each dot represents a new nanospray emitter. Error
43 bars represent standard deviations of sensitivity measurements based on triplicate flow injections using the
45 same emitter. B) Effect of barium acetate concentration in nanospray on background ion intensities in ICP-
47 nanospray-MS. Error bars are standard deviations of intensities from three measurements each using a
49 different nanospray emitter. [on intestines were measured by detuning the lens between the second and third
quadrupoles of the instrument to avoid detector saturation. The measured intensities were then corrected
after data acquisition. A sampling orifice size of 4 mm and a N, gas flow rate of 2.1 L/min introduced into

the venturi tee were utilized in these experiments.
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Figure 7. Background ion spectra from interaction of 1 mM barium acetate nanospray ions with post-
plasma flow using A) declustering potential of 50 V, and B) declustering potential of 10 V (soft ion
sampling). lon intestines were measured by detuning the lens between the second and third quadrupoles of
the instrument to avoid detector saturation. The measured intensities were then corrected after data

acquisition. The correction factor was determined using intensities for m/z 157 with both normal and
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detuned settings. Asterisk (*) in panel A denotes an unidentified ion at m/z 168. A sampling orifice size of

4 mm and a N, gas flow rate of 2.1 L/min introduced into the venturi tee were utilized in these experiments.
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Figure 8. Calibration curve via flow injections of fluconazole using BaF* as analytical ion measured at m/z
157. Error bars represent standard deviations of peak areas based on triplicate injections of standards and 6
injections of blank. Standard errors for slope and intercept are shown in parentheses. A sampling orifice

size of 3 mm and a N, gas flow rate of 2.6 L/min introduced into the venturi tee were utilized in these

experiments.
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Figure 9. Effect of concomitant elements on BaF* response factor. Response factors (peak area per mol of
F) are normalized to that of the sample with only F as fluconazole. P, S, and Cl are introduced in the forms
of glyphosate, thiourea, and sucralose, respectively. Error bars represent standard deviations of normalized
38 response factors based on triplicate flow injections. A sampling orifice size of 3 mm and a N, gas flow rate

40 of 2.6 L/min introduced into the venturi tee were utilized in these experiments.



