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ABSTRACT 

 

There is an increasing need for trace-level analysis of fluorinated and chlorinated 

compounds in complex samples due to their prevalence among pharmaceuticals and environmental 

and food contaminants. Importantly, elemental analysis offers major quantitation advantages in 

this area by alleviating the need for compound-specific standards. However, the current state-of-

the-art elemental analysis method, inductively coupled plasma-mass spectrometry (ICP-MS), 

faces fundamental limitations in sensitivity for F and Cl detection because the high ionization 

potentials of these elements reduce formation efficiencies of Cl+ and F+.  

In this dissertation, new ionization chemistries are reported to overcome the fundamental 

limitations of ICP-MS. In the new methods, solutions of analytes are introduced into an ICP as 

aerosols, producing common gas-phase Cl and F small molecules from analytes. These species are 

then ionized via ion-neutral reactions in the atmospheric-pressure plasma afterglow where plasma 

gasses cool significantly.  

Detection of chlorine as Cl- is demonstrated in one method with sensitivities twice as large 

as that of ICP-MS, highlighting the fundamental advantage of this approach. Notably, introduction 

of sodium and methanol into the plasma along with organochlorines significantly enhances 

formation of Cl-. Fundamental investigations of these effects reveal an ionization mechanism 

where sodium introduction into the plasma leads to formation of a gas-phase NaCl intermediate 
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from organochlorine compounds. NaCl then reacts with a reagent ion derived from methanol 

oxidation and sodium, [Na(HCO2)2]
-, to produce [NaClHCO2]

- in the ICP afterglow. This complex 

releases Cl- inside the mass spectrometer upon ion activation.  

NaF is hypothesized to form from fluorinated compounds in a similar fashion. However, 

ionization of this intermediate by [Na(HCO2)2]
- is not thermodynamically favorable to produce F-

. We therefore explore new reaction chemistries for ionization of NaF and demonstrate a 

mechanism for formation of Na2F
+ via highly-favorable Na+ adduction in the plasma afterglow. 

Notably, this approach offers two orders of magnitude improvement in ion formation and detection 

efficiency compared to current ICP-MS/MS methods for F measurement, further underscoring the 

fundamental advantages of chemical ionization in the plasma afterglow for analysis of high-

ionization-potential elements. Finally, matrix tolerance for F detection in this approach is 

demonstrated through quantitation of fluoride in infant formula. 
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Chapter I 

Introduction 

1.1. Scope of Dissertation 

 Elemental quantification has continued to be an active area of research since the invention 

of ICP-MS over thirty years ago [1–6]. However, expanding these capabilities to nonmetals has 

been challenging because these elements suffer from low positive-mode thermal ionization 

efficiencies and isobaric interferences [7], resulting in high detection limits. In this dissertation, 

we address the fundamental ionization limitations of existing methods by developing efficient 

post-plasma chemical ionization for elemental quantification of nonmetals. Accordingly, a brief 

summary of the significance of nonmetal quantification, particularly with respect to nontargeted 

analysis, a succinct background of existing elemental mass spectrometry (ICP-MS) methods, and 

the current state-of-the-art in nonmetal element ionization are provided in the following sections 

to give context to the developments described in the subsequent chapters. 

1.2. Nontargeted Analysis 

 Nontargeted trace analysis, or the search for unknown unknowns at trace level, has gained 

increased attention due to the value of determining the complete chemical composition of samples. 

This type of analysis has found applications in numerous fields ranging from forensics [8, 9] to 

food [10–13], pharmaceutical [14, 15], and environmental analysis [16–18]. Nontargeted analysis 

provides valuable information in two scenarios: (1) when we don’t know what is likely to be in a 

given sample and (2) when we know that a parent compound was likely to be in a sample, but that 

compound was subjected to complex chemical transformations with unknown final products. 

Either of these two scenarios can be found in environmental or food analysis [10–13, 16–18]. An 

example of the first scenario is 3-monochloropropane diol (3-MCPD), a likely carcinogen [19] that 
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was discovered via nontargeted analysis [20], as a byproduct of industrial food processes when 

fats are heated in the presence of salt or acid [21]. Scenario two is the case in the early stages of 

pharmaceutical development, where drug candidates are subjected to metabolism [22–25].  

 Recent developments in high-resolution mass spectrometry have enabled rapid and facile 

identification of unknown compounds through use of exact mass measurements [26–32], which 

when coupled to chromatography has made it the de facto technique for nontargeted analysis. The 

mass spectrometric methods for nontargeted analyses, however, fall short when it comes to 

providing rapid quantitation of detected compounds. Commonly used molecular ion sources, such 

as electrospray ionization (ESI) and atmospheric pressure chemical ionization (APCI), convert 

molecules to gas phase ions with efficiencies that depend on the properties of the specific 

molecules (i.e. gas-phase acidity/basicity for APCI and solution-phase chemistry for ESI) [33]. 

Consequently, response factors, defined as the number of ions detected for a given amount of 

analyte, are analyte-specific in these types of molecular ionization sources. Compound-dependent 

response factors necessarily mean that pure standards of the analytes are needed as a prerequisite 

to quantitation using molecular mass spectrometry. This requirement for compound-specific 

standards has created a significant bottle-neck in quantitative nontargeted analysis workflows [23, 

34]. In other words, compounds of interest in complex samples may be readily detected and 

identified by exact-mass measurements using molecular ionization methods [35–37], whereas it is 

difficult to determine their concentrations without standards. Often, synthesis and purification of 

standards is needed for quantitation, requiring major research efforts and causing a significant lag 

time in between when new compounds are discovered and when they can be quantified [23, 34]. 

Rapid nontargeted quantitative measurements are therefore needed to provide quantitative metrics 

and to enable quantitative hypothesis formulation and testing in nontargeted investigations.  
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1.3. Quantitation without Compound-Specific Standards: Elemental Methods 

Elemental analysis provides a potential solution for nontargeted quantitation. This is 

accomplished by employing instrumental methods that are sensitive to atoms rather than 

molecules. Thus, only one standard is needed for each element in these methods and the analytical 

response depends only on the amount of the element present, not the structure of the compound 

analyzed. Once the elemental concentration of a compound in the sample is determined, the 

molecular concentration may be inferred by considering molecular formulas. 

Since elemental methods do not differentiate between molecules, separation via 

chromatography is needed to obtain concentrations of analytes that share common elements in a 

sample. Notably, common solvents in liquid chromatography such as water, methanol, acetonitrile, 

etc. contain significantly larger quantities of H, C, N, and O than the analytes they carry. Therefore, 

we will not be able to perform quantitation using these elements due to very high backgrounds of 

these elements contributed by the solvents.  

To maximize our ability to detect and quantify compounds, nonmetals that are highly 

prevalent in biomedical and environmental applications are considered in this dissertation. F, Cl, 

P, and S are abundant in such analytes with P and S being the most abundant of them [38]. Notably, 

reasonably sensitive (low ppb range limits of detection) universal quantification methods have 

recently been developed using ICP-MS/MS for S and P [39]. Conspicuously missing from these 

methods however are fluorine and chlorine, due to the fundamental challenges associated with 

detection and quantitation of these elements. 

Fluorine and chlorine are nonetheless important given their abundance in pharmaceuticals 

(30% of the top selling drugs contain F [40]) as well as in environmental pollutants [41–48] and 

food contaminants [21, 49]. Organochlorines are found in water disinfection byproducts, the 
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majority of the persistent organic pollutants (POPs) regulated by the Stockholm Convention [41], 

and nearly half of the compounds monitored by the FDA as pesticide residues [42]. The 

overwhelming prevalence of polyfluoroalkyl substances (PFASs), which are commonly used as 

oil and water repellent coatings [50], food packaging [49, 51], in aqueous film forming foams 

(AFFFs) for fighting fires [52, 53], and a number of other consumer and industrial applications, 

has led to their detection in water supplies [53] as well as in biological serum [54]. Each of these 

classes of compounds is subject to complex transformation pathways either through environmental 

degradation [55–57], biological metabolism [25], or waste-treatment processes [43–45] leading to 

numerous transformation products. Notably, fluorine and chlorine are frequently retained in 

metabolites of drugs [58, 59] and other transformation products. For fluorine this is due in part to 

the high strength of the carbon-fluorine bond [60]. In fact, fluorine is intentionally added to 

pharmaceuticals to make particular metabolic sites less reactive [40].  

In summary, elemental methods provide quantitation using universal standards, but are 

fundamentally challenged for analysis of Cl and F prevalent in many biologically and 

environmentally important compounds. Accordingly, this dissertation focuses on developing 

elemental quantification of chlorine- and fluorine- containing molecules separated with liquid 

chromatography. 

1.4. Elemental Quantification of Chlorine and Fluorine 

1.4.1. Elemental Spectroscopy Methods 

 Extensive work has been done in the field of elemental analysis using optical spectroscopy 

methods. However, fluorine and chlorine measurements are fundamentally difficult in atomic 

emission based spectroscopy due to the high excitation energies of these elements relative to 

metals [61]. There are additional challenges stemming from the most intense emission bands for 
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both fluorine and chlorine lying in the vacuum ultra-violet region (<190 nm), requiring elimination 

of molecular oxygen and water from the beam path of the spectrometer [62–64]. Short wavelengths 

are also more likely to encounter spectral interferences from overlap with molecular species, 

further requiring the use of high-resolution spectrometers [61]. Despite these challenges, 

quantitation can be accomplished for chlorine using inductively coupled plasma (ICP)-atomic 

emission spectroscopy with argon purged optics [62–65]. However, limits of detection are high 

(ppm range) and significant matrix effects exist for these elements, making analysis of real samples 

difficult. Fluorine sensitivity for these methods is exceptionally poor due to high excitation 

potential leading to poor excitation efficiency, which in turn produces low emission intensity [66, 

67]. 

To address the fundamental challenge posed by the high excitation energies of fluorine and 

chlorine and to avoid the issues in measuring emission in the vacuum ultraviolet range, methods 

relying on transient molecular species formed in high temperature environments have been 

developed. These methods work by adding a metal M to a sample to form a M-F or M-Cl molecule 

in a high-temperature reactor for analysis. Examples include AlF, AlCl, MgF, MgCl, GaF, GaCl, 

InCl, CaF, and SrF formed in graphite furnaces and detected by molecular absorption spectroscopy 

[61, 68–75] and SrF, CaCl, and CaF detected via molecular emission in laser induced breakdown 

spectroscopy (LIBS) [76–78]. Matrix effects are still limiting, however, particularly when samples 

contain significant quantities of metals other than the additive metal or of anions other than fluorine 

due to competition effects in the formation of the transient molecules. In addition, the need for a 

graphite furnace or for deposition of a sample on a substrate in the case of LIBS, means that, at 

best, coupling to chromatography must be conducted offline, creating a practical challenge. 

Despite these limitations, continuum source molecular absorption spectroscopy using GaF has 
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been used in conjunction with molecular mass-spectrometry for quantitation of fluorinated 

pharmaceutical metabolites [72, 73], further illustrating the potential and the need for technologies 

capable of quantitation of fluorine and chlorine without compound-specific standards. 

1.4.2. Nuclear Magnetic Resonance (NMR) 

 Quantitative NMR has been proposed as a method for elemental quantitation of fluorinated 

and chlorinated compounds since it offers nondestructive analysis, structural information, and the 

ability to analyze simple mixtures without chromatography. Further, fluorine and chlorine both 

offer 100% total abundance of NMR active nuclei (fluorine is monoisotopic (19F), while both 35Cl 

and 37Cl are NMR active), making them inherently more sensitive than elements like carbon, where 

only 1% of nuclei are NMR active. Fluorine NMR has an additional advantage over chlorine NMR 

in that backgrounds in biological and environmental samples are very low due to the miniscule 

number of naturally occurring fluorine compounds [79, 80]. There are however, practical 

limitations such as long acquisition times (detection limits improve with longer acquisition times 

ranging up to 24 hours) [23, 79–89] and matrix effects that cause line-broadening [79]. This 

complicates analysis of mixtures since long acquisition times mean that coupling to 

chromatography can only be accomplished offline. Consequently, in order to obtain the best 

detection limits, NMR often requires complex sample preparation procedures to remove matrix 

[89], which further limits applications to untargeted screening and quantification since the design 

of sample preparation requires knowledge of the sample to ensure that it is not inadvertently 

removed with the matrix. 

1.4.3. Inductively Coupled Plasma (ICP)-MS



 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Schematic diagram of a typical ICP-MS instrument. Analytes in solution are converted to aerosol by the nebulizer. 

Larger droplets are filtered out by the spray chamber and the smallest droplets are carried through the injector into the plasma torch by 

the nebulizer gas where droplets are vaporized and molecules are broken down to atoms. High temperatures in the ICP cause efficient 

thermal ionization of these atoms for most elements. Ions from the flow of the ICP are sampled directly into the vacuum of the mass 

spectrometer where differential pumping and a series of skimmers are used to maximize sampling of the ions from the flow.
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 The modern state of the art in elemental analysis is inductively coupled plasma mass 

spectrometry (ICP-MS), owing to its superior sensitivity, selectivity, and limits of detection for 

most elements [13]. However, ICP-MS suffers from both fundamental and practical limitations 

with respect to quantification of nonmetal elements, and in particular chlorine and fluorine. To 

clarify these fundamental challenges and to lay out the rational for the approach to address them, 

an overview of the fundamental processes contributing to ion detection in ICP-MS are discussed 

below.  

1.4.3.1. ICP Generation and Properties  

 A schematic of the ICP-MS instrument is shown in Figure 1.1. Inductively coupled plasmas 

are sustained using a cylindrical load coil which supplies radio-frequency (RF) power to a gas flow 

(usually argon) at the downstream end of an ICP torch (composed of three concentric tubes) [7]. 

The oscillating current through the induction coil creates a magnetic field which oscillates rapidly 

along the axis of the ICP torch, causing ions and electrons in the field to accelerate [90, 91]. The 

plasma is ignited by seeding this field with electrons from a tesla spark, which accelerate rapidly 

through the outer annulus of the torch generating a large number of collisions with the neutral gas. 

These collisions cause the temperature to rise, and more electrons and cations are generated by a 

fraction of the collisions, which also begin to accelerate in the oscillating magnetic field. An 

equilibrium is quickly established between ions, electrons, and neutrals at very high temperatures 

and a plasma is sustained.  

In the ICP torch shown in Figure 1.1, the outermost flow is used as a cooling gas to protect 

the quartz walls from the plasma. The middle tube supplies most of the gas that sustains the plasma. 

The center tube is called the injector through which analytes are introduced into the plasma. The 
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sample injection into the center of the plasma creates an annular plasma shape where the outer 

annulus (also known as the induction zone where the RF power is primarily coupled) can reach 

temperatures of ~10,000K, while the central channel where analytes reside typically reaches 5000-

6000K [7]. 

 The high temperatures available in the ICP are the basis for its use as a thermal ion source. 

There is sufficient energy at these temperatures to fully breakdown molecules to atoms even with 

significant solvent loading [7]. In these conditions any given element M exists as an equilibrium 

of M+ ions and neutral M atoms, as described by Reaction 1.1:  

M ⇋ M+ + e−      (𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 1.1) 

The ionization efficiency for a given element can be estimated using the theoretically calculated 

equilibrium constant for the ionization reaction above [7]. Interestingly, a near-complete ionization 

efficiency for most elements is estimated in a typical ICP, in particular elements with ionization 

potentials less than 8 eV (about half that of Ar: 15.76 eV) are ionized with 90-100% efficiency [7]. 

Notably, this characteristic implies that one element may serve as a standard for quantitation of 

other elements [92, 93]. Frequently, a single metal standard is used to calibrate for one or more 

other elements with similar ionization efficiency, usually when simultaneous quantification of 

many elements is needed [93], or when the metal of interest is rare (expensive) or dangerous 

(radioactive) [92].  

1.4.3.2. Sample Introduction 

 Despite the inherent plasma robustness and near 100% ionization efficiency of many atoms 

in an ICP, there are several processes that reduce the total detection efficiency of atoms in a sample 

by ICP-MS. The first step in an analysis is introduction of the sample into the plasma. As 



10 

 

mentioned earlier, the gas flow from the injector carries the analytes through the central channel 

of the plasma in the form of aerosolized droplets. These droplets are typically produced by 

concentric glass nebulizers and pass through a spray chamber to filter out the droplets > ~10 µm 

[94]. The filtration reduces solvent loading in the ICP and minimizes plasma cooling by solvent. 

It has been shown that large or fast moving droplets can actually survive the plasma [95], indicating 

excessive plasma cooling, which can lead to matrix effects and compromised thermal ionization 

efficiency. 

 As a consequence of droplet size filtration, transmission of analytes through the sample 

introduction process is reduced [96, 97] and can result in significant losses of analyte molecules 

before they ever reach the plasma. High efficiency nebulizers [98], direct injection nebulizers [99, 

100], total consumption sample introduction systems [39, 100, 101], and different spray chamber 

designs [100, 102] have been implemented with the aim of bringing sample transmission efficiency 

closer to 100% by making smaller droplets and getting more of them into the plasma. Total 

consumption nebulizers and direct injection nebulizers are in fact able to achieve 100% sample 

introduction efficiencies, but at the cost of significantly limited solution flow rates in both cases 

[99, 101]. 

1.4.3.3. Ion Sampling 

 The second process contributing to losses in atom detection efficiency is sampling of ions 

from the plasma into the mass spectrometer [7]. A diagram of the “three aperture” ion extraction 

interface for ICP-MS employed by modern instruments [103] is shown in Figure 1.1. Gas from the 

plasma is sampled directly into vacuum through a ~1.0-mm orifice in a sampling cone. The cone 

shape is designed to minimize sheath and boundary layer formation upon sampling the flow from 
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the plasma into vacuum [7]. Notably, the large pressure difference between the two sides of the 

sampling orifice creates a choked flow, where the amount of gas sampled from the plasma is 

determined by the geometry of the orifice and the pressure outside the sampling orifice. In these 

conditions, the amount of gas sampled is estimated to be 8.6 x 1020 atoms/s or roughly 1.9 SLPM 

[7]. The aerosol gas sampling efficiency, defined as the fraction of the carrier gas that is sampled 

into the mass spectrometer, is therefore close to 100% because carrier gas flow rates of ~1.0 SLPM 

are typically used in ICP-MS. Deviation from 100% occurs due to efficient diffusion of analytes 

and central channel gas into the outer gasses at the high temperatures observed in the ICP.  

Once the plasma gasses enter the first vacuum stage of the mass spectrometer, the gases 

expand and cool to temperatures of around 150 K, converting random thermal movement into a 

supersonic directed flow that expands into the vacuum. The free expansion into vacuum creates a 

region of low density (known as the zone of silence) forming a directed jet as well as shock waves. 

A skimmer positioned inside the zone of silence samples the gas jet prior to shockwaves that cause 

the ions to scatter [7, 103]. This process represents a significant loss mechanism in ICP-MS since 

approximately 1% of gas that was sampled into the mass spectrometer is transmitted through the 

first skimmer [7]. A second skimmer is sometimes used to further reduce shockwaves, improve 

the ion/gas ratio, and limit the current of the ion beam for improved transmission through ion 

optics.[103]. 

Space charge effects in the directed jet region of the interface (downstream of the first 

skimmer) constitute yet another ion loss mechanism. It is of note that a large current of Ar+ (~1.5 

mA) enters the vacuum along with analytical ions (such as Cl+ or F+). Space-charge effects arise 

when densely packed charges repel each other, defocusing the ion beam. Space-charge effect is 
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especially significant for ions with masses less than that of argon (such as F+ and Cl+), resulting in 

extensive defocusing of these ions and reduced transmission efficiency through the MS.  

1.4.4. Challenges of Fluorine and Chlorine Detection using Conventional ICP-MS Methods 

We now consider the challenges specific to chlorine and fluorine in ICP-MS, based on the 

thermal ionization process and ion loss mechanisms (sample introduction and ion sampling) 

discussed above. As mentioned above, space-charge effects are particularly detrimental to analysis 

of Cl+ and F+. A more impactful fundamental limitation in the analysis of these elements, however, 

is due to their high ionization potentials. The ionization potentials of chlorine and fluorine are 

13eV and 17.4eV [104], respectively, much greater than the 8 eV ionization threshold discussed 

above. This results in very low ionization efficiency for Cl+ and F+ (0.9% and 0.0009% 

respectively) [7].  

Further adding to this challenge are abundant isobaric interferences such as H3O
+ for F+, 

34SH+ and 16O18OH+ for 35Cl+, and 36ArH+ and 36SH+ for 37Cl+. The complexity of the ICP 

interface to enable sampling of a 5000 K plasma with minimal distortion of plasma ion population 

means that instruments must be specifically built for this purpose. Therefore, a dedicated 

instrument is needed for elemental analyses, increasing the barrier for the widespread adoption of 

ICP-MS in untargeted methods. More importantly, the complex interface has limited the progress 

in high-resolution and MS/MS in elemental mass spectrometry for resolving isobaric interferences, 

while advanced ion analysis techniques in molecular mass spectrometers are becoming more 

available as a result of recent advances in mass analyzer designs.  

Despite these challenges, efforts utilizing conventional ICP-MS have been made to enable 

quantification of F and Cl. A portion of these efforts have focused on eliminating isobaric 
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interferences. F+ may be detected directly by ICP-MS if solvents (and therefore isobaric 

interference form H3O
+) are eliminated by replacing sample introduction with an electrothermal 

vaporizer [105]. However, this approach is of limited utility because of difficulties in online 

coupling to LC. Recently developed methods for chlorine quantification have employed collision 

cells or triple quadrupole instruments with O2 or H2 reaction gasses to shift Cl+ to masses free of 

isobaric interferences, leading to improved limits of detection in the ppb range [106–113]. 

Additional methods have coupled sector-field mass spectrometers to ICP, resulting in ppb range 

detection limits for chlorine and making it possible to quantify fluorine using F+ with solvent in 

the plasma [114]. Even with the isobaric interferences resolved, detection limits for fluorine are 

still limited to the ppm range by poor ionization efficiency, indicating that the only potential 

advantage that HR-ICP-MS offers over optical methods is reduced matrix effects due to the high 

specificity of mass spectrometry.  

Introduction of organic solvents (often used in liquid chromatography) into ICP raises 

additional challenges for quantitative detection of elements. Increased organic solvent loading 

cools the plasma, substantially reducing thermal ionization efficiency [115, 116], while increased 

transport efficiency in the sample introduction carries more analyte into the plasma [117, 118]. 

Further, chemical effects of carbon in the plasma produce enhancements in ionization efficiency 

through charge transfer or reduction of oxide formation by carbon species [39, 119, 120]. 

Accordingly, elemental response factors are altered with solvent composition, governed by the 

complex interplay of the aforementioned chemical and physical effects, consequently complicating 

quantitation using gradient chromatography where solvent composition changes during analysis. 

There are two ways of dealing with the solvent effects that allow for quantitation of elements with 
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gradient liquid chromatography. One approach is to utilize a gradient-dependent calibration, as 

demonstrated for quantification of chlorinated pharmaceutical metabolites [106]. The other 

method is to buffer the plasma by adding carbon (e.g. methane) so that chemical and physical 

effects of carbon in the plasma don’t change significantly across the gradient [39].  

Despite the efforts discussed above for F and Cl analysis in ICP-MS, the performance of 

conventional elemental MS instruments remains limited in terms of sensitivity due to the 

fundamental limitations of thermal ionization. Further improvement of these methods therefore 

requires a solution to the fundamental problem. 

1.4.5. Ionization with Alternative Gas Plasmas  

Early efforts to overcome the low thermal ionization efficiencies of F and Cl focused on a 

pure helium ICP [121], a pure helium microwave induced plasma [122], or a mixed gas helium-

argon ICP [123] instead of a pure argon ICP. The basis of this is the higher ionization potential of 

helium (24.58 eV) relative to argon (15.76eV), meaning that a plasma sustained in helium will 

have higher electron temperatures (more energetic electrons), which could result in more extensive 

ionization of F+ and Cl+ [7]. However, helium plasmas had a number of drawbacks because of the 

nonthermal nature of these plasmas where the electron temperature is significantly higher than the 

gas temperature [7]. Low gas temperatures lead to enhanced formation of polyatomic interferences 

and matrix effects. Importantly, excessive quenching of the high-energy species in the plasma is 

observed upon solvent introduction [122, 124, 125], compromising the applicability of these 

plasmas for coupling to LC.  

1.4.6. Negative-Mode ICP-MS 
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Given the inefficiency of thermal ionization in positive mode for F and Cl, negative mode 

ionization has been explored [126–128]. Negative mode ICP-MS experiments showed promising 

sensitivity and detection limits compared to positive mode. However, while these efforts overcame 

the fundamental ionization limits of positive mode ICP, they introduced a different fundamental 

limitation to ionization. Notably, ion kinetic energy measurements in negative mode ICP-MS 

showed that negative ions are not formed inside the plasma; rather, they are formed in the ion 

sampling interface during gas cooling via expansion into vacuum [126, 129]. In fact, this is not a 

surprising conclusion considering that the same thermal energy sufficient to ionize atoms to 

positive ions is enough to completely ionize F- to F atom and Cl- to Cl atom [7] since their electron 

affinities are only 3.4 eV [130] and 3.6 eV [131], respectively, compared to ionization potential of 

5.1eV [104] for sodium which ionizes close to 100%.  

Notably, the ionization reactions in low-pressure region of the MS where negative ions 

form are not efficient due to reduced collisions with electrons at low pressure. Moreover, the limits 

of detection in these efforts were compromised by excessive background from the isobaric 

interference 18OH- for fluorine, and very high chlorine backgrounds [126–128]. 

1.4.7. Thermal Ionization of Fluorine as BaF+ 

A recent effort to address both the fundamental (ionization) limitations and practical 

limitations (isobaric interferences) for fluorine analysis in ICP-MS is to convert fluorine to a 

positive ion that forms more favorably inside a hot plasma than F+. This is accomplished by 

introducing barium through the plasma concurrent with the F-containing analytes and carefully 

tuning plasma conditions for formation of BaF+ [132–136]. BaF+ is then resolved from Ba18OH+ 

using a triple quadrupole MS with oxygen as a reaction gas. Recently it was shown that this method 
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can be implemented on single quadrupole ICP-MS instruments as well, although with increased 

limits of detection due to high backgrounds from isobaric interferences [137].  

Barium is specifically chosen over other metals due to its optimal combination of relatively 

high bond strength of M-F bond, low bond strength of M-O bond and low ionization potential of 

M-F [133, 135]. These three parameters are critical for detection of M-F+ by ICP-MS since 

increased M-O bond strength results in production of more M-OH polyatomic species that interfere 

with fluorine detection, decreasing signal-to-background ratios and increasing limits of detection. 

Increased M-F bond strength obviously improves the likelihood that the M-F polyatomic will 

survive in the hot plasma and lower ionization potential of M-F consequently increases the 

ionization efficiency for formation of M-F+. Experimental trends using various metals have 

supported the hypothesis that optimized analytical performance is achieved when M-O bond 

strength and M-F ionization energy are minimized, and M-F bond strength is maximized [135]. 

This approach creates a fundamental difficulty in the optimization landscape because of 

interplay between formation of BaF and BaO. Ba-F polyatomic formation is favored at lower 

plasma temperatures. However, such temperatures also increase formation of Ba-O and depletion 

of BaF, especially in oxygen-rich plasma environments that result from solvent introduction. 

Accordingly, a very sharp sensitivity optimum is observed for BaF+ relative to typical elemental 

ions. BaF+ sensitivity drops by a factor of approximately 10 at carrier flow rates 0.1 L/min above 

or below the optimum [132, 134], compared with atomic ions like F+, Cl+, Br+, and I+ which lose 

only a factor of 2 in sensitivity for a change of 0.3 L/min above or below the optimum [114].  

Higher carrier gas flow rates cool the central channel and decrease the residence time of analytes 

in the plasma [123]. Notably, the optimum flow for BaF+ detection is observed at a rate of 1.3 
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L/min, which is higher than the typical ~ 1 L/min used for analysis of metals in ICP-MS. Above 

this optimum value, the plasma becomes too cool to break Ba-O and Ba-F formation efficiency is 

lost, while lower flow rates prevent formation of Ba-F bond because of high temperatures. 

Interestingly, an alternate explanation to losses at high carrier flow rates has been proposed based 

on reduction in Ba2+ population [134]. This hypothesis posits that the ionization mechanism for 

BaF+ is an ion/ion reaction between Ba2+ and F-. This would also result in a sharp optimum since 

higher temperatures would neutralize F-, while cooler temperatures would reduce the ionization 

efficiency of Ba2+ on either side of the optimum.  

Regardless of the mechanism, the steep optimization surface and the need for precise 

control of the plasma temperature detract from the robustness of the ionization method, leaving F 

elemental quantitation an unresolved analytical challenge. In fact, matrix effects have been 

reported for BaF+ method when other metals are introduced with the sample [132, 136].  

1.5. Plasma Assisted Reaction Chemical Ionization 

To overcome the fundamental challenges arising from thermal ionization of F and Cl, a 

new method relying on chemical ionization is developed in this dissertation. The new method is 

based on the general strategy of Plasma Assisted Reaction Chemical Ionization (PARCI) [138–

140]. In this strategy a plasma is utilized to breakdown compounds and to convert them to element-

specific gas-phase neutrals which are then ionized using chemical ionization methods in the plasma 

afterglow. The approach provides fundamental improvements offered by tunability of chemical 

ionization and opens a path for resolving isobaric interferences by facile implementation of the 

ionization approach on molecular mass spectrometers with advanced ion manipulation 

capabilities.  
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Recent investigations have demonstrated the effectiveness of the general PARCI approach 

for detection of halogens in gaseous samples. In particular, the Jorabchi group has developed a 

GC-PARCI-MS instrument utilizing a low-pressure helium microwave induced plasma (MIP) for 

breakdown of compounds prior to chemical ionization in negative mode [138–140].  Notably, GC-

MIP-PARCI-MS offers significantly improved sensitivity and limits of detection for chlorine and 

fluorine compared to GC-ICP-MS methods for fluorine and chlorine. There are however, two 

major drawbacks to GC-MIP-PARCI-MS, both stemming from the use of the low-pressure MIP. 

The first is a practical problem: operation at low-pressure makes it difficult to couple to mass 

spectrometers as the MS has to be vented and the low-pressure MIP-PARCI interface installed in 

order to attain the needed pressures. The second is a fundamental problem: due to the relatively 

low power of the helium MIP, this plasma is not able to maintain breakdown efficiency in the 

presence of solvent, compromising its operation when coupled to liquid chromatography. 

Accordingly, this dissertation focuses on developing a PARCI-based method for analysis of liquid 

samples and interfacing with liquid chromatography. This is accomplished by using an inductively 

coupled plasma for breakdown of compounds separated by liquid chromatography with a new 

atmospheric-pressure reaction interface that allows for efficient chemical ionization in the ICP 

afterglow. Novel ionization chemistries are explored to enhance the sensitivity of F and Cl 

elemental analysis. 

1.6. Dissertation Outline 

 Chapter II has been reprinted with permission (See Appendix) from Lesniewski, J.E., 

McMahon, W.P., Zheng, K., Wang, H., Badiei, H., and Jorabchi, K.: Atmospheric pressure plasma 

assisted reaction chemical ionization for analysis of chlorinated compounds separated by liquid 
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chromatography. J. Anal. At. Spectrom. 32, 1757-1765 (2017). Copyright 2017 Royal Society of 

Chemistry. This work provides a framework for the use of an inductively coupled plasma with a 

new interface to carry out post-plasma chemical reactions for chlorine quantitation. 

 Chapter III has been modified, integrated with supplementary information, and reprinted 

with permission (see Appendix) from Lesniewski, J.E., McMahon, W.P., and Jorabchi, K.: 

Mechanistic insights into chloride ion detection from the atmospheric-pressure afterglow of an 

argon inductively coupled plasma. J. Anal. At. Spectrom. 33, 1981-1992 (2018). Copyright 2018 

Royal Society of Chemistry. This work expands on the approach described in chapter II by 

developing methodologies for elucidating mechanisms of ionization and measuring physical 

transport parameters of the atmospheric pressure reaction interface. 

 Chapter IV has been modified, integrated with supplementary information, and reprinted 

with permission (see Appendix) from Lesniewski, J.E., Zheng, K., Lecchi, P., Dain, D., and 

Jorabchi, K.: High-Sensitivity Elemental Mass Spectrometry of Fluorine by Ionization in Plasma 

Afterglow. Anal. Chem. 91, 3773-3777 (2019). Copyright 2019 American Society of Chemistry. 

This work further extends the concepts developed in chapters II and III by introducing new 

ionization reactions allowing for positive mode ionization of nonmetals. These reactions are 

applied to fluorine ionization, and a real-world sample analysis of fluoride in infant formula. 

 Chapter V provides a unified summary of preceding chapters and explores preliminary 

findings in extension of the methods to other nonmetal elements: P and S. Data presented are 

investigated with the aim of eventual development of simultaneous and sensitive compound-

independent quantitation of F, Cl, P, and S using atmospheric pressure post-plasma chemical 

ionization. 
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Chapter II 

Atmospheric Pressure Plasma Assisted Reaction Chemical Ionization for Analysis of 

Chlorinated Compounds Separated by Liquid Chromatography* 

2.1. Introduction 

Inductively coupled plasma mass spectrometry (ICP-MS) has grown to become a robust 

and sensitive analytical method for elemental and isotopic analyses. Much of the success of Ar 

ICP-MS is related to high ionization efficiencies (> 90%) for most elements within the 6000-8000 

K plasma and positive ion extraction into the MS with minimal ion-molecule reactions in the 

sampling process [1]. This ionization and ion sampling approach, however, has encountered 

challenges in detection of non-metals, especially for low mass halogens. High ionization potentials 

of halogens lead to low ionization efficiencies in positive mode (e.g. 0.9% for Cl and 9x10-4% for 

F) [1]. Space charge effects from Ar+ ions also reduce the transmission of low mass halogen ions 

into the MS. Moreover, isobaric interferences abundant at low mass (e.g. 34SH+ and 16O18OH+ for 

35Cl+, and 36ArH+ and 36SH+ for 37Cl+) diminish the ability to detect low concentrations of these 

elements [2].  

Recent technological advances have addressed some of the challenges outlined above. For 

example, reaction cells and triple quadrupole instruments have been utilized to react Cl+ ions with 

hydrogen and oxygen at low pressure, resulting in mass shift to m/z values free from isobaric 

                                                 
*This chapter has been reproduced from Lesniewski, J.E., McMahon, W.P., Zheng, K., Wang, H., Badiei, H., and 

Jorabchi, K.: Atmospheric pressure plasma assisted reaction chemical ionization for analysis of chlorinated 

compounds separated by liquid chromatography. J. Anal. At. Spectrom. 32, 1757-1765 (2017). with permission (see 

Appendix) from The Royal Society of Chemistry. The authors would like to acknowledge that this material is based 

upon work supported by the National Science Foundation (NSF) under CHE-1507304. The authors thank PerkinElmer 

Inc. for the loan of the mass spectrometer and the ICP generator used in these studies. The authors are grateful to Dr. 

Dickson Cheung and Dr. William Fisher of PerkinElmer for their assistance in setting up and maintaining the ICP 

generator.  
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interferences [3–6]. High resolution instruments have also been investigated to resolve the 

interfering ions for Cl isotopic measurements [7]. All of these approaches, however, improve 

signal-to-noise at the expense of absolute ion current and lead to more complex and costly 

instruments. Further, mass shift strategies limit multi-elemental capabilities within a single 

method. Space charge effects have been even more difficult to alleviate. For example, a recent 

implementation of an ion funnel for ICP-MS led to reduced analytical performance [8]. 

Fundamental improvement of the ion formation process holds promise to enhance 

sensitivity for low-mass high-ionization-potential elements. One approach has been development 

of helium plasmas where higher ionization temperatures yield enhanced positive ion formation 

while the low mass of helium reduces space charge effects [9]. However, limited success has been 

obtained in such approaches partly owing to the low gas temperatures of helium plasmas, leading 

to enhanced polyatomic interferences, increased matrix effects, and difficulties in liquid sample 

introduction [10–12]. 

 Negative mode ICP-MS has been explored as a potential solution to the limitations of 

positive mode ionization [13–15]. Experiments and theoretical calculations have established that 

the negative ions observed using the conventional two-aperture ICP-MS ion sampling interface 

originate from ionization processes downstream of the supersonic gas expansion into vacuum [15, 

16]. In other words, cooling of the gas is required for the negative ions to form in appreciable 

concentrations. Despite its promise, negative mode ICP-MS has not received much attention, 

perhaps because of meager improvements observed in early experiments relative to positive mode 

ICP-MS and a lack of commercial instruments with electronics for negative mode ion detection. 
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To fully realize the potential of elemental analysis using negative ions we have recently 

developed an ionization method, termed plasma assisted reaction chemical ionization (PARCI). In 

PARCI, analytes are subjected to plasma reactions, converting them to predictable species such as 

atoms and diatomic molecules [17–20]. The neutrals are then guided into an afterglow reaction 

area where lower temperatures enable formation of negative ions. This approach is in contrast with 

conventional elemental MS methods in which ions are typically sampled directly from the plasma 

and ion-neutral interactions are minimized. We have demonstrated the analytical utility of GC-

PARCI-MS for detection of Br-, Cl-, and F- with detection limits of 10 fg - 1 pg halogen on column 

using a low-pressure helium microwave induced plasma [18, 19].  Further, quantification of carbon 

via the production of CN- as reporter ions has proven to be successful with GC-PARCI-MS [20].  

The low-pressure helium plasma for PARCI, however, has a number of shortcomings when 

coupled with liquid chromatography. Key among them, is the poor desolvation of liquid droplets 

during their residence time in the low-pressure helium plasma. In our earlier investigation, we 

utilized extensive desolvation along with a momentum separator to introduce liquid samples [17]. 

Major differences between response factors for organohalogens were observed because of sample 

introduction biases. Here, we report development of an ICP-based atmospheric pressure PARCI 

as an elemental detector of liquid chromatography. An atmospheric pressure interface is designed 

to couple PARCI with an atmospheric sampling mass spectrometer. We investigate the ion 

formation processes and demonstrate the high sensitivity of LC-PARCI and compound-

independent response factors for Cl detection. We have selected chlorine as our test element 

because of growing interest in elemental chlorine analysis, owing to its presence in an increasing 

number of drugs, pesticides, and environmental contaminants [5, 21, 22]. 
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2.2. Experimental Details 

A schematic diagram of LC-PARCI-MS is shown in Figure 2.1. Liquid samples were 

introduced using a high efficiency nebulizer (HEN-170, Meinhard, Golden, CO) and a cyclonic 

spray chamber (Twister Cyclonic P/N 20-809-0365, Glass Expansion, Pocasset, MA) at a solvent 

flow rate of 50 µL/min supplied by a binary HPLC pump (SCL10AVP controller and dual 

LC10AD pumps, Shimadzu, Colombia, MD). A second nebulizer-cyclonic spray chamber setup 

(AR-30-1-FM01E nebulizer, Twister cyclonic P/N 20-809-0222 spray chamber, Glass Expansion, 

Pocasset, MA) was used for independent introduction of makeup gas and reagents supplied by a 

syringe pump (Model 100, KD Scientific, Holliston, MA). Aerosol from both spray chambers was 

mixed using a tee and directed into the 1.5 mm injector of the ICP torch. A standalone ICP 

generator (NexION 2000, PerkinElmer Inc., Waltham, MA) with a built-in flow control module 

was used for plasma generation.  ICP plasma and auxiliary gas flow rates were set at 14 L/min and 

1.2 L/min respectively. Flow injection analysis and sample loading onto the HPLC column (Luna 

C18 5µm, 1 mm x 250 mm, Phenomenex, Torrance, CA) were conducted using a 20 µL injection 

loop. 

The plasma reaction products were sampled from the central channel of the ICP by a water-

cooled flat aluminum sampler bearing a 2.5 mm orifice. The sampler was located 9 mm 

downstream of the load coil. A 4.8 mm i.d. x 100 mm length stainless steel tube served as the 

afterglow ionization reaction chamber.   
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Figure 2.1. Schematic diagram of the ICP-based PARCI with dual cyclonic spray chambers 

and atmospheric pressure ionization interface coupled to an atmospheric sampling mass 

spectrometer. Note that the schematic is not to scale. 
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For mass spectrometric detection, the electrospray ion source of a single quadrupole MS 

(SQ300, PerkinElmer Inc., Waltham, MA) was removed and the downstream end of the reaction 

tube was placed in line with the inlet of the MS, 9 mm away from the endplate. A 5.00 L/min 

nitrogen counter flow gas sheathing over the inlet of the MS assisted in desolvation of the ions and 

protected the MS inlet from high temperatures of the plasma afterglow. Negative ions were drawn 

into the ion sampling capillary of the MS by applying a potential of 200 V to the endplate, and 600 

V to the entrance of the glass capillary. An ion capillary exit potential of -150 V was used in 

conjunction with -30 V skimmer voltage to decluster the ions and release Cl- for detection by the 

MS. The nozzle-skimmer declustering also eliminated any potential polyatomic isobaric 

interferences such as H2O∙OH-. For experiments involving methanol as solvent, we intentionally 

reduced the ion flux by setting the Q1 offset parameter to zero (normal operation at +2 V) in single 

ion monitoring (SIM) mode to minimize the aging of the detector due to high background counts 

of chlorine. Note that this setting causes ion count reduction by a factor of 4.8 but does not impact 

detection limits because both signal and background are reduced by the same ratio. The 35Cl 

background intensity was still 15000-20000 counts/s in these conditions, ensuring that the 

precision of the background intensity measurements was determined by the ion source stability 

rather than counting statistics. Background spectra were collected by scanning m/z range of 10 to 

100 with a pulse counting time of 1 ms and 10 points per mass in the absence of analyte. 

Optimization and ionization studies were conducted using an integration time of 500 ms per ion in 

SIM mode.  

Analyte solutions of chloramphenicol and sodium chloride (both purchased from Sigma-

Aldrich, St. Louis, MO) were prepared by dissolving in LC-MS grade methanol (Chromasolv, 
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Sigma-Aldrich, St. Louis, MO) at chlorine concentrations of ~40-80 mM, then diluted to final 

concentration in LC-MS grade water (Chromasolv, Sigma-Aldrich, St. Louis, MO). Ionization 

reagent solutions and spiked chloramphenicol solutions were prepared using ACS grade sodium 

acetate (Fisher, Waltham, MA), lithium acetate (GFS Chemicals, Columbus, OH), potassium 

acetate (EM Science, Gibbstown, NJ) and LC-MS grade water, methanol, and acetonitrile. LC-MS 

grade methanol and water were used for HPLC gradients. All chromatograms were extracted as 

.csv files and integrated using OpenChrom software [23] by manually selecting start and end points 

of a peak to define a baseline. The integrated peak areas were divided by a factor of 10 to report 

values in the unit of ion counts because of the 0.1 second time unit used in the OpenChrom 

integration algorithm.  

2.3. Results and Discussion 

2.3.1. Effect of Carrier Gas Flow Rate 

The atmospheric pressure PARCI-MS interface shown in Figure 2.1 is designed to enhance 

electron capture and ion-molecule reactions for improved negative ion formation. Unlike the 

conventional ICP-MS interface where plasma undergoes free expansion into vacuum, the plasma 

sampling in Figure 2.1 occurs at nearly atmospheric pressure on both sides of the plasma sampling 

orifice. Therefore, the carrier gas flow rate supplied to the injector of the ICP torch plays a critical 

role in pushing the plasma reaction products into the afterglow reaction tube. Figure 2.2a 

demonstrates the impact of total carrier gas flow rate on sensitivity for Cl represented by peak 

areas from flow injections of 50 µM sodium chloride in water. In these experiments, the analyte 

nebulizer gas flow rate is held at 1.3 L/min to ensure constant nebulization and analyte aerosol 
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transport efficiency while makeup flow rates of 0-1.3 L/min are added via the second nebulizer 

and spray chamber.  

The red line in Figure 2.2a demonstrates Cl sensitivity in the absence of any reagent 

solution sprayed through the second nebulizer/spray chamber. It is evident that the optimum 

sensitivity is observed at a total carrier gas flow rate of 2.2 L/min, far greater than the typical flow 

rates (0.8-1.2 L/min) used in conventional ICP-MS. In order to gain further insight into the effect 

of carrier gas flow rate on sensitivity, we measured the gas temperature at the end of the stainless-

steel afterglow reaction tube using a J type thermocouple at various gas flow conditions. The 

results shown in Figure 2.2b (black line) demonstrate a correlation between the temperature at the 

end of the reaction tube and the Cl sensitivity. Increasing the total carrier gas flow rate from 1.3 

L/min to 2.2 L/min increased both the temperature and the sensitivity for Cl. This could be 

attributed to penetration of the gas from the plasma central channel through the sampling orifice, 

carrying analyte plasma reaction products for ionization within the tube. Lower temperatures at 

the reaction tube end at gas flow rates above 2.2 L/min suggest excessive plasma cooling in these 

conditions. A loss in sensitivity is also observed at high carrier gas flow rates, likely as a result of 

compromised atomization at cooler central channel temperatures and lower electron number 

densities within the ionization tube. 
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Figure 2.2. Effect of total carrier gas flow rate on a) chlorine sensitivity and b) reaction tube 

end temperature. Peak areas for triplicate flow injections of a 50 µM chlorine sample are used as 

a measure of sensitivity. Each error bar represents one standard deviation from the mean. 

Experimental parameters: analyte nebulizer gas flow rate = 1.3 L/min, reagent nebulizer gas flow 

rate = 0-1.3 L/min, RF power = 1100 W. 
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2.3.2. Effect of Ionization Reagent 

A mechanistically important observation is also highlighted in Figure 2.2a for flow 

injections of 25 µM chloramphenicol in water (equivalent to 50 µM sodium chloride in chlorine 

concentration). Notably, injections of the organochlorine analyte (blue line) yielded significantly 

lower Cl- ion intensities compared to those of sodium chloride (red line). We hypothesized that the 

difference was related to presence of sodium. To test this hypothesis, sodium was added to 

chloramphenicol samples in the form of 50 µM sodium acetate. The green line in Figure 2.2a 

depicts that addition of sodium to the organochlorine analyte solution results in significant 

improvement of Cl- intensity. Moreover, with sodium addition, the dependence of sensitivity on 

carrier gas flow rate for the organochlorine analyte was similar to that recorded using sodium 

chloride. These results indicate an important role for sodium in Cl- ion formation. 

One mechanism for the role of sodium as an easily ionizable element (EIE) is its effects on 

plasma properties such as electron number density [24]. Operation at high nebulizer gas flow rates 

leads to a cooler central channel relative to conventional ICP-MS, lowering the plasma charge 

density. Moreover, plasma cooling is intentionally induced in the afterglow to allow efficient 

formation of negative ions, resulting in further reduction of electron number density by ion-

electron recombination. Addition of EIEs to the plasma can provide a new source of electrons, 

increasing electron number density at lower temperatures and enhancing negative ion formation. 

The results outlined below discuss additional important factors for ionization in PARCI.    

2.3.2.1. Independent Introduction of Ionization Reagent  
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Figure 2.3. Effect of ionization reagent (200 µM sodium acetate) solution flow rate and 

solvent type on chlorine sensitivity. Peak areas for triplicate flow injections of 25 µM 

chloramphenicol (50 µM chlorine) are used as a measure of sensitivity. Each error bar represents 

one standard deviation from the mean. The inset provides a zoomed-in view for the solvents with 

low sensitivity. Experimental parameters: analyte nebulizer gas flow rate = 1.3 L/min, reagent 

nebulizer gas flow rate = 0.9 L/min, RF power = 1100 W. 
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To gain further insights into ionization in PARCI and to improve sensitivity for Cl 

detection, we utilized the second nebulizer/spray chamber to produce sodium-containing aerosol 

for subsequent merging with the analyte aerosol (See Figure 2.1). We refer to the solution used for 

the second spray as the ionization reagent solution. The dual spray chamber configuration allows 

us to experiment with the solvent type and solution flow rate for introduction of reagent aerosols 

without affecting analyte aerosol generation and transport. 

Figure 2.3 shows the effect of reagent solution flow rate and solvent type on Cl sensitivity 

indicated by peak areas for flow injections of 25 µM chloramphenicol in water. Chloramphenicol 

was selected for these studies as a representative of organochlorines and to ensure that the sodium 

introduced into the plasma originated mainly from the ionization reagent.  A reagent solution of 

200 µM sodium acetate was used for these experiments with 0.9 L/min reagent nebulizer gas flow 

rate and 1.3 L/min analyte nebulizer gas flow rate, providing the total optimum carrier gas flow of 

2.2 L/min based on the results in Figure 2.2.   

It is evident from Figure 2.3 that ionization reagent solvent type and flow rate significantly 

impact chlorine sensitivity. An improvement in Cl sensitivity is observed with increased reagent 

solution flow rate for water, methanol, and water:methanol solvents, reaching a plateau at higher 

flow rates. In contrast, the sensitivity decreases with increased flow rate for reagent solvents 

containing acetonitrile. The positive correlation of sensitivity with reagent solution flow rate using 

water and methanol solvents is attributed to increased sodium concentrations in the plasma and 

enhanced ionization. Observation of a plateau for these solvents can have multiple origins. One 

factor is the reduced reagent aerosol transport efficiency through the second spray chamber at 

higher solvent flow rates [11, 25]. A second factor may arise from ionization kinetics; that is an 
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increase in initial charge density at higher sodium concentrations (supplied by higher reagent flow 

rates) may be offset by faster ion-ion recombination within the denser charged cloud traveling 

down the reaction tube. A similar plateau for sensitivity caused by ionization kinetics has been 

reported for dopant flow rate in atmospheric pressure photoionization where a bipolar ion cloud 

induced by photoionization of the dopant is used to ionize analytes [26].  

The effect of ionization reagent solvent type is more complex. Addition of organic solvent 

to the ionization reagent is expected to improve aerosol transport efficiency, leading to larger 

concentrations of sodium in the plasma. However, this effect is unlikely to be a major factor for 

trends in Figure 2.3 because: 1) a drastic improvement in Cl sensitivity (factors of larger than 20) 

is observed for methanol over water across a wide range of solvent flow rates while only 

improvement factors of ~5 in aerosol transport efficiency are reported for methanol compared to 

water [27], 2) our data presented later in section 3.5 demonstrate that only a factor of 2 

improvement in sensitivity is observed between water and 80% methanol in water at an analyte 

solution flow rate of 50 µL/min, and 3) the sensitivity in Figure 2.3 decreases with use of 

acetonitrile while aerosol transport efficiency is expected to increase. These discrepancies indicate 

that the reagent solvent plays a critical role beyond improvement of aerosol transport through the 

reagent spray chamber.  

Considering the drastic impact of methanolic sodium acetate on Cl sensitivity shown in 

Figure 2.3, we investigated the relative contributions of EIEs and methanol by varying the 

concentration and type of EIEs. The results summarized in Table 2.1 indicate that sodium 

concentrations of up to 200 µM in methanol increase the sensitivity by a factor of 1.7 compared to 

neat methanol. Higher concentrations do not appear to offer further enhancement in Cl sensitivity. 
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Moreover, among Li, Na, and K introduced at 200 µM, sodium shows the largest impact followed 

by lithium. This trend does not follow the order of ionization potential for EIEs, suggesting that 

the EIE role is more complex than just providing electrons for ionization in negative mode. 

 

 

 

 The results in Table 2.1 also imply that the drastic effect of methanolic sodium acetate in 

Figure 2.3 is largely related to methanol rather than sodium acetate. However, one must note that 

significant effects (factor of 1.7) are still observed for sodium at low concentrations (< 200 µM 

equivalent to 5.8 ppm in methanol). Considering that sodium is always present, even in neat 

conditions, decoupling of methanol effect from that of sodium is not possible in our experiments. 

In fact, we regularly observe 3-5 million counts/s of sodium in positive mode while operating with 

neat solvents. Collectively, these results suggest a complex and potentially cooperative mechanism 

for enhancement of Cl sensitivity by methanol and EIEs. This observation implies that chemical 

Table 2.1. Effects of easily ionizable elements added to methanol on chlorine 

sensitivity1 

Added Salt 

 

Added Concentration 

(µM) 

 

Normalized Peak Area2 

None (neat 

methanol) 
0 1 ± 0.053 

C2H3O2Na 50 1.24 ± 0.040 

C2H3O2Na 200 1.68 ± 0.055 

C2H3O2Li 200 1.18 ± 0.035 

C2H3O2K 200 0.99 ± 0.035 

C2H3O2Na 400 1.71 ± 0.024 

C2H3O2Na 1000 1.42 ± 0.063 

± refers to one standard deviation 
1 Ionization reagent flow rate of 30 µL/min and flow injection of 25 µM 

chloramphenicol were used for these experiments.  
2 Peak areas are normalized to neat methanol 
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ionization effects beyond electron capture by Cl atoms play significant roles in formation of Cl- 

ions. 

2.3.3. Ionization Mechanism  

In an attempt to decipher chemical ionization effects, we examined the background mass 

spectra in each condition in Figure 2.3. Major ions were identified at m/z values of 26, 42, 45, and 

46 corresponding to CN-, OCN-, CHO2
-, and NO2

-. Note that these structures are reported in the 

most thermodynamically stable configuration because the ions are thermalized to room 

temperature before sampling by the MS. We have reported detection of CN-, OCN-, and NO2
- in 

low pressure PARCI with a microwave induced plasma [19, 20]. These ions result from in-plasma 

formation of radicals followed by electron capture in the afterglow. The sources for nitrogen, 

carbon, and oxygen atoms include solvents and ambient air diffusion into the plasma. The formate 

ion (CHO2
-) is observed in the presence of methanol but not acetonitrile, suggesting that the 

nitrogen-containing ions are thermodynamically favored when a substantial amount of nitrogen is 

present in the plasma as a result of acetonitrile introduction.  

Figure 2.4 illustrates correlations between major background ion intensities and chlorine 

sensitivity based on 25 µM chloramphenicol injections. A number of trends are evident in Figure 

2.4: 1) Both low and high Cl sensitivities are observed in Figure 2.4a at high NO2
- ion intensities, 

implying that NO2
- ion is not a major factor in Cl- formation mechanism. 2) A weak positive 

correlation is observed between formate ion intensity and Cl sensitivity for methanol-containing 

solvents as shown in Figure 2.4b. However, Cl sensitivity reaches a plateau at higher formate ion 

intensities. Accordingly, we infer that the formate ion is unlikely to be a reagent ion for Cl - 

formation. 3) Introduction of acetonitrile leads to significant increase in CN- and OCN- ion 
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intensities while Cl sensitivity is reduced (Figures 2.4c and 2.4d). This is consistent with high 

electron affinity of CN and OCN radicals (3.86 eV and 3.61 eV, respectively) [28] which makes 

them efficient competitors for electrons in the afterglow. Notably, both CN- and OCN- ions have 

higher proton affinities than Cl-. Therefore, the reduced Cl sensitivity at high intensities for CN- 

or OCN- implies that formation of HCl and subsequent proton transfer to these ions is not a major 

pathway for Cl- ion formation. In summary, investigation of background ion intensities indicates 

a competition for electrons in the afterglow, explaining the negative effect of acetonitrile, but the 

observations do not provide evidence for the role of background ions in the formation of Cl- via 

proton or electron transfer reactions.  

It is of note that the detected background ions are the most stable products of the ionization 

reactions within the tube. In other words, any short-lived species that do not survive to the end of 

the tube would not be detected by the MS. Therefore, one explanation for the positive effect of 

methanol on ionization is formation of short-lived species as intermediates for ionization. For 

example, formation of a C-Cl bond in the afterglow followed by dissociative electron capture 

would enhance the intensity of Cl- ions and would be consistent with the observations above. 

Further investigations of chemical ionization effects will be needed to decipher the details of 

ionization in PARCI.  
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Figure 2.4. Correlation plots for major background ions and chlorine sensitivity obtained at 

various reagent solution flow rates and solvent types with experimental conditions of Figure 

2.3. Peak areas for triplicate flow injections of 25 µM chloramphenicol (50 µM chlorine) are used 

as a measure of sensitivity. Data points are coloured according to solvents similar to Figure 2.3. 

Each error bar represents one standard deviation from the mean. Cl sensitivity is not correlated 

with NO2
- ion in panel a while a loose positive correlation is observed between sensitivity and 

HCO2
- in panel b. Panels c and d show that sensitivity is reduced when high intensities of CN- and 

OCN- are detected. 
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Figure 2.5. Effect of plasma RF power on chlorine sensitivity and compound-independent 

response factors. Peak areas for triplicate flow injections of aqueous chlorine samples are used as 

a measure of sensitivity while the ratio of the peak areas for NaCl and chloramphenicol show 

compound-independent response. Each error bar represents one standard deviation from the mean. 

Experimental parameters: analyte nebulizer gas flow rate = 1.3 L/min, reagent nebulizer gas flow 

rate = 0.9 L/min, reagent solution flow rate = 30 µL/min, reagent solution = 200 µM sodium acetate 

in methanol. 
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2.3.4. Effect of Plasma RF Power 

The RF power applied to the plasma has a significant impact on the temperatures within 

the plasma and in the afterglow reaction tube. Variations in temperature could alter atomization 

within the plasma as well as the ionization reactions within the tube. Figure 2.5 depicts the effect 

of RF power on Cl sensitivity and compound-independent response factors. Peak areas from flow 

injections of chloramphenicol in water are used as a measure of sensitivity while the peak area 

ratios for injections of chloramphenicol and sodium chloride with identical chlorine concentrations 

(50 µM Cl) reflect the compound-independent behavior. A peak area ratio of unity is expected for 

an ideal technique with compound-independent response. The two compounds are selected 

because they have drastically different properties, such as vaporization and decomposition 

temperatures and ability to undergo dissociative electron capture, making them suitable for testing 

compound-independent repose.  

Figure 2.5 illustrates that chlorine sensitivity decreases with increasing RF power, in 

contrast to observations in conventional ICP-MS [7]. We attribute this trend to reduced 

transmission of analyte through the sampling orifice into the reaction tube. Higher RF powers lead 

to higher temperatures at the sampling position, reducing the density of the carrier gas entering the 

tube. As a result, a smaller fraction of the total sample passes through the orifice. Figure 2.5 also 

shows that the two compounds provide similar response factors at RF power levels ≥ 900 W. 

However, chloramphenicol provides a higher response factor compared to sodium chloride at 700 

W. This can be explained by a reduction in plasma temperature to a level where complete 

atomization is not achieved. The organochlorine compound requires lower temperatures for its 
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vaporization and breakdown and undergoes dissociative electron capture, leading to enhanced 

response relative to that of sodium chloride at low power levels.  

2.3.5. Effect of Analyte Solvent Composition 

 Most applications of environmental and biological significance utilize reverse phase 

chromatography with solvent gradients from aqueous to high organic content. Accordingly, we 

have investigated the impact of analyte solvent composition on sensitivity and compound-

independent response factors. Our investigations focused on water/methanol gradient because of 

the suppression effect observed with acetonitrile.  

Figure 2.6 illustrates that Cl sensitivity increases with higher methanol fraction in the 

solvent. In the previous section, we established that methanol assists in ionization. However, this 

effect is unlikely to be the origin of the trend in Figure 2.6 because sufficient amount of methanol 

is already supplied by ionization reagent (30 µL/min of 200 µM sodium acetate in methanol). 

Increased amounts of methanol do not lead to higher sensitivities based on the data presented in 

Figure 2.3. Therefore, we conclude that the increase in the sensitivity with the methanol fraction 

in the analyte solvent is likely a result of improved nebulization and analyte aerosol transport 

efficiency through the spray chamber with organic solvents [27]. Moreover, Figure 2.6 shows that 

the response ratio of sodium chloride to chloramphenicol does not change as a function of analyte 

solvent composition, suggesting that the higher methanol load into the plasma has minimal impact 

on atomization efficiency at the solvent flow rates studied in this report.  
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Figure 2.6. Effect of methanol content in analyte solvent on chlorine sensitivity and 

compound-independent response factors. Peak areas for triplicate flow injections of aqueous 

chlorine samples are used as a measure of sensitivity while the ratio of the peak areas for NaCl 

and chloramphenicol show compound-independent response. Peak areas are normalized to that of 

analyte in water. Each error bar represents one standard deviation from the mean. Experimental 

parameters: analyte nebulizer gas flow rate = 1.3 L/min, reagent nebulizer gas flow rate = 0.9 

L/min, reagent solution flow rate = 30 µL/min, reagent solution = 200 µM sodium acetate in 

methanol, RF power = 1100 W. 

  



63 

 

Notably, the positive effect of methanol on Cl sensitivity shown in Figures 2.3 and 2.6 is 

in contrast to the ion suppression observed in ICP-MS with organic solvents for this element [29]. 

While ICP-MS heavily relies on high plasma gas temperature for ion formation, PARCI takes 

advantage of ionization at low temperatures. Therefore, ionization in PARCI is less susceptible to 

cooling effects of organic solvents, particularly for high ionization potential elements.  

2.3.6. Analytical Figures of Merit 

The analytical performance of PARCI was examined at optimized conditions (200 µM 

methanolic sodium acetate as the ionization reagent infused at 30 µL/min, 0.9 L/min ionization 

reagent nebulizer gas flow, 1.3 L/min analyte nebulizer flow, 1100 W RF power) in two modes: 

1) direct infusion and 2) LC mode. The direct infusion was achieved by a 60 µL injection of 5 µM 

chloramphenicol (10 µM Cl) in water at a flow rate of 50 µL/min, providing a flat top peak. 

Notably, the ion flux reduction was not applied for this experiment to investigate the potential of 

PARCI in terms of sensitivity. Table 2.2 shows the ion intensities for 35Cl- and 37Cl- ions at the 

baseline and the flat top portion of the injection. The sensitivities and detection limits based on 

these results are summarized in Table 2.3 and are compared to those of ICP-MS/MS and ICP-high 

resolution MS reported in the literature.  

 

Table 2.2. Chlorine ion intensities from flat-top peak flow injection of chloramphenicol 

in water 

Injected Cl 

Concentration (µM) 
 

Average 35Cl 

Intensity (cps) 
 

Average 37Cl 

Intensity (cps) 
 

35Cl/37Cl Isotope Ratio 

0 84629 ± 1116 26086 ± 568 3.24 ± 0.08 

10 255252 ± 7348 80232 ± 2376 3.1 ± 0.2 

± refers to one standard deviation 
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The results in Table 2.3 indicate that PARCI-MS provides at least two-fold larger detected 

Cl ion intensity (cps per ng/mL) compared to both ICP-MS/MS and ICP-high resolution MS. This 

finding is even more notable considering that the MS used in our experiments is designed for 

molecular mass spectrometry and is not optimized for ion transmission at low mass. Moreover, the 

sensitivity for ICP-MS/MS in the last row of Table 2.3 is reported for methanol as analyte solvent. 

Our results above show that an additional factor of two improvement in PARCI’s sensitivity is 

achieved by using methanol as analyte solvent, further highlighting the potential of PARCI for 

high sensitivity analysis of Cl. The detection limits, however, are slightly higher for PARCI mainly 

because of large Cl background in our experiments evident from background equivalent 

concentration (BEC) of 170 ng/ml. It is of note that the high background in our experiments 

appears to be Cl contamination rather than isobaric interferences evident from similar 35Cl/37Cl 

isotope ratio values for analyte and the background listed in Table 2.2. Reducing the contamination 

and improvements in ionization reagent introduction setup (e.g. concentric versus cross flow 

aerosol mixing) are expected to further improve the detection limits for PARCI.  

For LC mode, chromatography was performed with a gradient of methanol in water starting 

at 5% and ramping to 80% in 8 minutes, holding at 80% for 2 minutes, followed by ramping down 

to 5% over 4 minutes. A 12-cm long 100 µm i.d. fused silica capillary inserted into the solution 

uptake barrel of the HEN was used to deliver the LC eluent into the nebulizer with minimal post-

column dead volume. Figure 2.7 shows chromatographic peak shape and linearity of chlorine 

response for LC-PARCI-MS of chloramphenicol. Full width at half maximum for the 

chloramphenicol peak was 0.15 min while the asymmetry (tailing) factor measured at 5% of the 

maximum height was 1.5. The asymmetry factor is below the threshold of 2.0 established by US 
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FDA for validated methods, demonstrating minimal distortion of peaks by the detector. Better peak 

shapes may be obtained by optimization of the chromatographic method. 

Table 2.3. Comparison of chlorine detection limits and sensitivities 

Instrument  Cl 

Isotope 

 LOD 

(ng/mL) 

 Sensitivity  

(cps per 

ng/mL) 

 BEC  

(ng/mL) 

 35Cl/37Cl 

Isotope 

ratio 

      

PARCI-MS1 35 6.97 481 176 3.1* 

37 11.18 153 171  

      

HR-ICP-MS2 

resolution = 4000 

35 7.01 222 0.17 N/A** 

37 N/A** N/A** N/A**  

      

HR-ICP-MS2 

resolution = 

10,000 

35 3.25 34 0.08 2.6* 

37 4.18 13 0.08  

      

ICP-MS/MS3 35 0.28 176 1.83 N/A 

      

ICP-MS/MS4 35 1 287 52 N/A 

      
* calculated as sensitivity of 35Cl divided by sensitivity of 37Cl 

** values not reported because resolution was not sufficient for baseline separation of isobaric interferents 
1 This work based on data in Table 2.2 
2 Reference [7] 
3 Reference [32] 
4 Reference [5], Note: methanol was used as solvent for direct infusion of analyte 

 

Nearly two orders of magnitude of linear response is also shown in Figure 2.7b for 

chloramphenicol injected at concentrations of 0.05-2.5 µM (0.1-5 µM chlorine) with R2 = 0.9996. 

Calibration points were also obtained at higher concentrations of 10, 20, and 50 µM chlorine, 

however departure from linearity was observed at these concentrations as shown in the inset of 

Figure 2.7b. Deviations from linearity could arise from ionization, ion transfer into the mass 

spectrometer, and ion transmission effects within the mass spectrometer. The exact contributions 

of these factors remain to be investigated.   



66 

 

 

Figure 2.7. a) Gradient chromatographic elution of  2.5 µM chloramphenicol injected onto a 

C18 column and detected by PARCI-MS and b) calibration curve for chlorine (0.1-5 µM) 

based on peak areas from the chromatograms. An extended calibration curve depicting 

departure from lienarity is shown as inset. Experimental parameters: analyte nebulizer gas flow 

rate = 1.3 L/min, reagent nebulizer gas flow rate = 0.9 L/min, reagent solution flow rate = 30 

µL/min, reagent solution = 200 µM sodium acetate in methanol, RF power = 1100 W.  
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The limit of detection (LOD) for chlorine using LC-PARCI-MS was determined to be 

0.029 µM (1 ng/mL, 21 pg on column, 2.3 pg/s) based on three times the standard deviation of the 

baseline prior to the peak obtained for 0.1 µM Cl injection. This corresponds to an LOQ of 0.097 

µM (3.3 ng/mL, 69 pg on column). These values compare favorably to recent investigations using 

HPLC-ICP-MS/MS with hydrogen as the reaction gas. For example, an LOQ of 50 ng/mL (2.5 ng 

on column) is reported for peaks eluted with 85% methanol [5]. However, it must be noted that 

peak-to-peak noise as opposed to standard deviation was used in this study to calculate LOQ. 

Based on the definition used in our investigations, an LOQ of 500 pg on column is estimated for 

HPLC-ICP-MS/MS, about 7 times larger than LOQ reported in our experiments. In other studies, 

a chlorine LOD of 0.29 µM (10.3 ng/mL, 206 pg on column) has also been reported for HPLC-

ICP-MS/MS with isocratic elution using 20% acetonitrile [30], while orders of magnitude inferior 

LOD (128 µM) is obtained for single quadrupole LC-ICP-MS using water as solvent and a high 

temperature column for separation [31]. In summary, LC-PARCI-MS currently offers favorable 

analytical performance for Cl detection, but further improvements in sensitivity are expected with 

optimization of ionization chemistry and interface design. 

2.4. Conclusions 

The studies above demonstrate that an atmospheric pressure PARCI source comprised of 

an Ar-ICP coupled to a post-plasma reaction tube can effectively generate negative ions for 

compound-independent elemental and isotopic analysis of liquid samples. In particular, we have 

established that this ionization strategy offers chlorine detection limits comparable to ICP-MS/MS 

and ICP-high resolution MS but using a single quadrupole MS designed for molecular mass 

spectrometry with no modifications to the MS.  
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Unlike ICP-MS in which ion sampling is conducted with minimal ion-molecule reactions, 

PARCI relies on post-plasma neutral-electron and ion-neutral reactions for ion formation. 

Ionization at low temperatures and low electron number densities within the reaction tube in 

PARCI requires additional electron donors for efficient negative mode ionization. In our previous 

investigations using low-pressure helium plasma, the electron donor was the nitrogen gas 

introduced in the afterglow, leading to Penning ionization by helium metastable atoms. In the 

current study, however, the electrons are provided by introducing a low ionization potential 

element (e.g. sodium) into the Ar ICP.  

The drastically different ionization mechanisms between PARCI-MS and ICP-MS also 

lead to major differences for solvent and RF power effects. The organic solvents and lower RF 

powers generally deteriorate Cl sensitivity in ICP-MS. In contrast, methanol and low RF powers 

lead to significant improvements of sensitivity in PARCI-MS while acetonitrile reduces the 

sensitivity. The suppressive effects of acetonitrile appear to be related to depletion of electrons in 

the afterglow by CN and OCN radicals. But the mechanism for dramatic enhancement of Cl- signal 

by methanol remains unclear. A significant amount of formate ion is detected when methanol is 

introduced into the plasma, however, investigation of various ionization reagent flow rates shows 

that the Cl- sensitivity is only loosely correlated with formate ion intensity. Further, the sensitivity 

enhancement by sodium added to methanol surpasses those observed by addition of lithium and 

potassium. These observations indicate that additional mechanisms beside electron generation may 

be at play for effects of easily ionizable elements, reflecting the complexity of chemical ionization 

in the afterglow. 
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Our results clearly highlight the sensitivity and versatility of atmospheric pressure PARCI-

MS for Cl analysis. Further fundamental and optimization investigations are underway in our 

group to improve the performance of PARCI and to extend its application to other non-metals. The 

compatibility of atmospheric pressure PARCI with molecular MS instruments paves the way for 

integration of elemental methods with molecular MS toward a comprehensive analytical platform. 
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Chapter III 

Mechanistic Insights into Chloride Ion Detection from the Atmospheric-Pressure 

Afterglow of an Argon Inductively Coupled Plasma† 

3.1. Introduction 

Inductively coupled plasma mass spectrometry (ICP-MS) is widely used for high-sensitivity 

elemental analysis. However, the capabilities of this technique are limited where analysis of low-

mass and high-ionization-potential elements is needed. In particular, chlorine detection is hindered 

by low efficiency of Cl+ formation in the argon plasma [1] and by polyatomic isobaric interferences 

such as 16O18OH+. Importantly, organochlorines have emerged as a prominent class of compounds 

with environmental and biological significance. For example, 23 of 28 chemicals adopted by the 

Stockholm Convention for global regulation are chlorinated [2]. Our examination of publicly 

available databases show that about 13% of the nearly 8000 drugs in the DrugBank [3] database 

contain chlorine, and 46% of the 768 compounds measured by the FDA’s Pesticide Residue 

Monitoring Program [4] are chlorinated. Further, characterization of chlorine-containing water 

disinfection byproducts continues to be an active area of investigation [5–7]. Therefore, high-

sensitivity elemental detection and isotopic analysis of chlorine is needed to help elucidate the 

environmental and biological impact of these compounds and their transformation products. 

                                                 
† This chapter has been modified, integrated with supplementary information, and reprinted with permission (see 

Appendix) from Lesniewski, J.E., McMahon, W.P., and Jorabchi, K.: Mechanistic insights into chloride ion detection 

from the atmospheric-pressure afterglow of an argon inductively coupled plasma. J. Anal. At. Spectrom. 33, 1981-

1992 (2018). Copyright 2018 Royal Society of Chemistry. The authors would like to acknowledge that this material 
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PerkinElmer Inc. for the loan of the single quadrupole and time of flight mass spectrometers and the ICP generator 

used in these studies. The authors are grateful to Dr. Hamid Badiei of PerkinElmer for constructive discussions during 

the course of this research. The authors would also like to disclose that Kaveh Jorabchi is an inventor of plasma 

assisted reaction chemical ionization (PARCI) patented under US patent #9,966,243. 
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To address challenges in chlorine elemental analysis, instrumental techniques using ICP-high-

resolution MS and ICP-MS/MS have emerged in recent years, focusing on reduction of isobaric 

interferences [8–15]. On the other hand, we have pursued improved ionization via development of 

plasma-assisted reaction chemical ionization (PARCI) as a chemical strategy to enhance sensitivity 

and to reduce isobaric interferences [16–19]. In particular, we recently reported a PARCI source 

using an argon ICP for detection of Cl- ions from chlorinated compounds [19]. In the ICP-based 

PARCI, analyte aerosols are introduced into an ICP similar to a conventional ICP-MS. However, 

the plasma products in PARCI are sampled into an atmospheric-pressure reaction tube for post-

plasma ion-neutral reactions. This is in contrast to the conventional ICP-MS where ions (plasma 

products) are sampled directly from the plasma into the first vacuum stage of the MS, and ion-

neutral reactions during ion sampling are avoided [1].  

The post-plasma ion-neutral reactions in PARCI extend the ion formation pathways beyond 

thermal ionization in conventional ICP-MS, offering new chemical ionization strategies for 

elemental analysis. Further, the reaction tube situated after the plasma lowers the plasma gas 

temperature, enabling detection of ions using readily available atmospheric-sampling mass 

spectrometers (e.g. LC-MS instruments). This alleviates the need for a dedicated elemental mass 

analyzer and expands the elemental MS capabilities such as negative ion detection currently 

unavailable in commercial ICP-MS instruments. 

Importantly, we have demonstrated that ICP-based PARCI-MS offers higher sensitivity for 

chlorine (detected ions per second per ppb of Cl) via detection of Cl- compared to that achieved 

via Cl+ detection in ICP-MS/MS and ICP-high resolution MS [8, 12, 19]. Notably, we reported 

drastic sensitivity improvement in Cl- detection using PARCI-MS upon concurrent introduction of 
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sodium and methanol into the plasma [19]. We attributed this observation to chemical ionization 

effects in the afterglow, however, an exact mechanism of action for methanol and sodium remained 

to be investigated. In the current report, we characterize the impact of plasma and sampling 

operating parameters on Cl- detection and offer insights into critical ion-neutral reactions in the 

plasma afterglow. These investigations provide insights into the effects of methanol and sodium 

and offer a roadmap for further improvements of PARCI by developing element-specific 

ionization strategies.  

3.2. Experimental Details 

3.2.1. Plasma Assisted Reaction Chemical Ionization (PARCI) 

The ICP-based PARCI-MS setup used in this study has been described previously [19]. An 

updated diagram of the setup is shown in Figure 3.1 showing minor modifications to improve 

sensitivity and provide further control for experiments. Briefly, the analyte solution was introduced 

into a high efficiency nebulizer (HEN-120, Meinhard, Golden, CO) coupled to a cyclonic spray 

chamber (Twister Cyclonic P/N 20-809-0365, Glass Expansion, Pocasset, MA) using a 20-μL 

injection loop at a water flow rate of 200 μL/min supplied by an HPLC pump (SCL10AVP 

controller and LC10AD pump, Shimadzu, Columbia, MD). The nebulizer was operated at a 

constant gas flow rate of 1.25 standard liters per minute (SLPM) measured using a mass flow meter 

(Model 8270, Matheson, Montgomeryville, PA). The analyte aerosol was mixed with ionization 

reagent aerosol (200 μM sodium acetate in methanol) emerging from a second nebulizer (HEN-

170, Meinhard, Golden, CO) and spray chamber (Twister Cyclonic P/N 20-809-0222, Glass 

Expansion, Pocasset, MA) operated at nebulizer gas flow rate of 0.55 SLPM (supplied by the 

internal mass flow controller of the ICP generator) and solution flow rate of 30 µL/min provided 
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by a syringe pump (Model 100, KD Scientific, Holliston, MA). The mixed aerosol was directed 

into a tangential mixer (ML151008N, Meinhard, Golden, CO) where an argon makeup gas of 

varying flow rates (supplied by a mass flow controller, Model 946, MKS, Andover, MA) was 

added. This configuration allowed variation of total aerosol carrier gas flow rate with minimal 

impact on analyte and ionization reagent aerosol production and transport to the ICP. The plasma 

was sustained using a stand-alone ICP generator with a fully shielded torch box (NexION 2000, 

PerkinElmer Inc., Waltham, MA). 

To control the torch box exhaust flow rate, a 4” inline fan (Model GLFANXINLINE4, iPower 

Inc., Industry, CA) was installed on the exhaust manifold of the torch box. The fan velocity was 

controlled by adjusting the input voltage using a variac (model Powerstat 3PN116B, ISE Inc., 

Cleveland, OH). An air velocity sensor (Model f661, Degree Controls Inc., Milford, NH) installed 

at the bottom air intake grid of the ICP torch box was used to monitor the exhaust flow. 

An aluminum cylindrical interface provided plasma sampling for afterglow reactions. The 

interface provided a ¼” channel in its center terminating in a flat sampling orifice (2-mm i.d. and 

1 mm thick).  A stainless-steel reaction tube with a ¼” o.d. and 0.19” i.d. was inserted into the 

channel. Compared to the previous report [19], the reaction tube length was shortened to 50 mm 

and the tube was sealed to the interface using a graphite ferrule (Valco Instrument Co., Houston, 

TX) to minimize air diffusion into the post-plasma reaction region. The aluminum interface was 

threaded onto the water-cooled aluminum plate of the ICP generator. The plate was bolted to the 

front of the ICP torch box and the sampling orifice was aligned with the injector tube orifice. 

Operating parameters for PARCI are summarized in Table 3.1.  
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Figure 3.1. Schematic diagram of ICP-PARCI ion source. Note that diagram is not to scale. 
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Table 3.1. Operating parameters for ICP-based PARCI  

Parameter  Value 

Plasma gas  14 L/min 

Auxiliary gas  1.2 L/min 

RF power  1100W 

Injector tip diameter  1.5 mm 

Analyte nebulizer gas  1.25 SLPM 

Reagent nebulizer gas  0.55 SLPM 

Makeup gas  0-1 SLPM (0.2 SLPM optimum conditions) 

Analyte solution flow rate  200 µL/min LC-MS water 

Reagent solution   200 µM sodium acetate in LC-MS grade methanol 

Reagent solution flow rate  30 µL/min  

Exhaust velocity  3.8, 4.8, 5.8, 6.8 m/s (5.8 m/s optimum conditions) 

Sampler  Flat aluminum orifice, 2 mm id, 1 mm thick 

Sampling depth  9 mm downstream of the load coil 

Reaction tube  50 mm stainless steel tube, ¼” o.d., 0.19” i.d 

 

3.2.2. Mass Spectrometers 

 A single quadrupole mass spectrometer (SQ 300, PerkinElmer Inc., Waltham, MA) was 

used for detection of ions emerging from the reaction tube. The electrospray ionization source 

from the instrument was removed and the PARCI source was placed such that the end of the 

reaction tube was aligned with the inlet of the MS and 5-10 mm away from the end plate. A 

nitrogen counterflow gas of 5 L/min at room temperature was used to limit the introduction of 

neutrals into the MS inlet. Negative ions were drawn into the inlet of the MS by applying potentials 

of +200 V to the end plate and +600 V to the glass capillary entrance. Background scans were 

collected in m/z range of 15 to 350 using 500 µs pulse counting time per point, 10 points per mass, 

and were averaged for 30 seconds. Both high declustering (-150 V capillary exit, -20 V skimmer) 

and low declustering (-30 V capillary exit, -20 V skimmer) conditions were used for background 

ion collections.   
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Cl sensitivity measurements were conducted in selected ion monitoring (SIM) mode at m/z 

values of 35 and 37 using high declustering potentials (see above) to convert all species to Cl-. An 

integration time of 250 ms per ion was applied. Because of the high Cl background the ion optics 

were detuned to reduce the ion flux and to minimize premature aging of the detector. This was 

effected by setting the Q1 offset parameter to zero (normally it is set to +2 V), producing a 

suppression factor of 4.8 for both signal and background. 

For ion identity confirmations, a time-of-flight MS (Axion, PerkinElmer Inc., Waltham, MA) 

was utilized. Because of the detector sensitivity to argon in this instrument, the PARCI source was 

placed off axis and a counterflow gas of 6.5 L/min was used to minimize argon introduction into 

the vacuum chamber. These settings compromised the sensitivity but the exact mass from the TOF 

provided confidence for the identification of the ions. 

3.2.3. Argon Gas Velocity and Temperature Measurements 

Argon gas flow measurements in the reaction tube were based on the velocity and the 

temperature of the gas emerging from the tube outlet. Temperature was measured using a 

thermocouple and velocity was measured by tracking the movement of water droplets entrained in 

the center of the argon flow emerging from the reaction tube. To measure the argon gas velocity 

at the center of the reaction tube, we utilized a particle tracking approach. Water droplets with a 

diameter of ~30 μm were created on demand and were entrained in the gas flow emerging from 

the reaction tube. The on-demand droplet generator consisted of a 0.5 mL polypropylene water 

reservoir connected through a 50-cm fused silica capillary (i.d.: 100 μm, o.d.: 360 μm, Polymicro 

Technologies, Phoenix, AZ, USA) to a borosilicate pulled glass tip (i.d.: 10 μm, ± 20%, WPI, 

Sarasota, FL, USA). The glass tip was encased by a ceramic piezoelectric tube (PI Ceramic, 
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Lederhose, Germany) and was positioned face up and orthogonal to the reaction tube 

approximately 6 mm below the center of the tube. The piezoelectric actuator was driven by a 

trapezoidal pulse (amplitude: 55.6 V, rise time: 35 μs, duration: 80 μs, fall time: 60 μs) created by 

an arbitrary waveform generator (Dataman, Model: 530, Orange City, FL, USA) coupled to an 

amplifier (Trek, Model 2205, Lockport, New York, USA). Droplets were imaged using a triggered 

camera (Model DMK 42BUC03, The Imaging Source, LLC, Charlotte, NC) attached to the 

objective of a stereoscopic microscope. 

Two green LEDs synchronized with the droplet generation were used for illumination and 

droplet tracking. Timing events were controlled using a microprocessor (UNO, Arduino AG, 

Turin, Italy) at 20 Hz cycle time, starting with camera trigger followed by a 350 µs delay (camera 

ready time) before triggering the waveform generator for droplet production. A delayed pulser 

(PM 5715, Philips, Eindhoven, Netherlands) simultaneously triggered with the droplet generator 

provided the illumination and image capture pulses to LEDs (8.2 μs duration, 4 V pulse). The 

droplet trajectory was tracked by varying the delay time of the LED pulser.  

The droplets were ejected orthogonal to the gas flow and droplet entrainment was achieved 2 

mm downstream of the tube evident from horizontal movement of the droplets with the gas flow. 

Once entrained, the droplets were captured at two LED firing times. The time difference between 

the two firings (1-6 ms) was measured using a digital oscilloscope (DS1102E, Rigol, Beaverton, 

OR). Five replicate images were captured for each LED firing time to provide an average location 

of the droplets for each setting. The droplet travel distance between the two LED firings was 

measured using Image J software package in pixels and then converted to mm (3-6 mm) based on 
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calibration using a calibrated microscope slide (model SK2, OptixCam, Roanoke, VA). The 

measurements provided relative standard deviations of 2-9% for the calculated velocity.  

The gas temperature at the end of the reaction tube was measured using a thermocouple 

positioned at the center of the tube.  

3.2.4. Computational Methods 

Reaction thermochemistries were calculated at a theory level of ωB97xD/aug-cc-pVTZ using 

the approximate temperature at the end of the reaction tube in conditions where Cl sensitivity was 

optimized (600K). This level of theory has been successfully used to describe the thermochemical 

properties of halide-neutral adducts [20]. Structures were first optimized using the MMFF94 force 

field in the Avogadro program [21] to generate initial geometries for each species. The geometries 

were then optimized at the final theory level using Gaussian 16 [22]. In cases where more than one 

conformer was possible for a given ion or molecule, the lowest energy conformer was used. 

3.2.5. Sample Preparation and Data Analysis 

 Aqueous solutions of chloramphenicol and sodium chloride with 25 μM chlorine were used 

in experiments. All solvents used were LC-MS grade (Chromasolv, Sigma-Aldrich, St. Louis, 

MO). Chloramphenicol and sodium chloride were purchased from Sigma-Aldrich, St. Louis, MO. 

Analyte solutions were prepared by dissolving in methanol to concentrations of ~40-80 mM 

followed by dilution in water to final concentration of 25 μM chlorine in water. 

Ionization reagent solution was prepared using ACS grade sodium acetate (Fisher, Waltham, 

MA) by dissolving to a concentration of ~ 96 mM in methanol, followed by dilution to 200 μM in 

methanol. All selected ion chromatograms from flow injections were exported as text files, and 

then manually integrated using the trapezoid rule by selecting the beginning and end points of a 



83 

 

baseline for each peak. The background spectra were centroided and extracted as .csv files for 

linear regression analyses of ion intensities.  

3.3. Results and Discussion 

To investigate Cl- formation mechanism in PARCI, three major processes should be 

considered: 1) vaporization and breakdown of chlorinated analytes in the plasma, resulting in 

compound-independent response factors, 2) transfer of plasma products into the reaction tube, and 

3) ion-neutral reactions of plasma products in the reaction tube. These processes are influenced by 

plasma operating parameters and plasma modifiers (e.g. sodium and organic solvents). Among the 

plasma operating parameters, aerosol gas flow rate and RF power exert the largest effects on the 

temperature and chemical composition of the sampling position in the plasma. Another important 

operating parameter is the torch box exhaust flow rate which influences the pressure in the torch 

box. Accordingly, flow of argon from the plasma into the reaction tube is reduced at increased 

exhaust flow rates. Note that this is in contrast to conventional ICP-MS where the effect of exhaust 

flow rate on plasma sampling is minimized because of the large pressure difference on the two 

sides of the sampler cone.  

In the following sections, we examine the influence of aerosol carrier gas flow rate and exhaust 

flow rate on the three processes discussed above. We have used a constant RF power of 1100 W 

to limit the number of variables and to allow detailed exploration of the other parameters. This 

power level was selected based on good analytical performance for Cl- detection in our previous 

investigations [19]. Moreover, all experiments utilized concurrent introduction of 200 μM 

methanolic sodium acetate into the plasma as ionization reagent (plasma modifier) to improve Cl- 
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sensitivity. For the evaluation of exhaust effects, the air velocity at the air intake grid of the torch 

box (see Experimental section) was used as an indicator for exhaust flow rate.  

3.3.1. Analyte Breakdown 

Uniformity of chlorine response factors (detected ions per mole of chlorine in the sample) 

among different compounds offers insights into analyte vaporization and breakdown efficiency. 

We have selected chloramphenicol and sodium chloride as test analytes because they represent 

drastically different chemical properties for Cl. Figure 3.2 shows the impact of total aerosol carrier 

gas flow rate and exhaust velocity setting on the ratio of response factors between the two 

compounds. Ideally, one expects a response factor ratio of unity for compound-independent 

elemental ionization. Ratios of close to unity are observed at total carrier gas flow rates ≤ 2.2 

SLPM. At higher flow rates, significant deviation from unity is observed, indicating extensive 

cooling of the central channel and compromised analyte vaporization and breakdown [1, 23].  

Notably, the exhaust flow rate does not significantly influence response factor ratios in Figure 

3.2 for aerosol flow rates ≤ 2.2 SLPM where compound-independent behaviors is observed. In 

contrast, the exhaust setting drastically impacts the reaction tube temperature as discussed in later 

sections. Accordingly, we infer that efficient analyte breakdown largely occurs in the plasma rather 

than in the reaction tube even at relatively high aerosol carrier gas flow rates used in our 

experiments compared to typical values of ~1 SLPM in conventional ICP-MS. 
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Figure 3.2. Ratio of Cl response factors from flow injections of NaCl and chloramphenicol 

as a function of carrier gas flow rate at various exhaust velocity settings. Error bars reflect one 

standard deviation of the average based on triplicate injections of each compound.  
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3.3.2. Sampling Plasma Products into the Reaction Tube 

Analyte breakdown products are carried by the argon gas from the central channel of the 

plasma into the reaction tube. Therefore, the fraction of the gas flow from the central channel that 

enters the reaction tube reflects the sampling efficiency of the plasma products. The central channel 

gas flow is in turn largely composed of the aerosol carrier gas flow, especially at high carrier gas 

flow rates [23, 24]. Accordingly, one can estimate the sampling efficiency using the ratio of the 

argon flow rate in the reaction tube to total aerosol carrier gas flow rate. Note that flow rates in 

standard conditions must be used for the ratios to account for drastic changes in temperature 

between the gas introduced into the plasma and the gas in reaction tube.  

To determine the argon flow rate in the reaction tube, the gas velocity (v) and the temperature 

of the gas at the tube outlet were monitored as discussed in the Experimental section. Assuming a 

laminar flow with a parabolic profile for an ideal gas, the standard (273 K, and 1 atmosphere) 

volumetric gas flow rate (Fv) is calculated using Equation 3.1: 

𝐹𝑣 =  
𝜋𝑟2𝑣

2
×

273

𝑇
×

𝑃

1
   (eq 3.1) 

where r is the inner radius of the reaction tube, T is the gas temperature at the tube end, and P is 

the lab pressure in atmospheres. The factor 2 in the denominator arises from the relationship 

between average gas velocity and the maximum velocity measured at the center of a laminar flow 

profile. The sampling efficiency is then calculated by Fv/Ft where Ft is the total carrier gas flow 

rate in standard liters per minute (SLPM) supplied by mass flow meters in the sample introduction.  

Figures 3.3a and 3.3b show the effects of the total aerosol carrier gas and exhaust flow rates 

on the gas temperature and gas velocity at the reaction tube outlet. Figure 3.3a depicts that the 

reaction tube gas temperature generally increases with increasing carrier gas flow rate and 
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decreasing exhaust flow rate, illustrated by the diagonal trend from the upper left corner to the 

bottom right corner of Figure 3.3a. At lower exhaust flow rates, a larger flow of argon from the 

plasma is directed into the reaction tube. This provides a greater flow of thermal energy into the 

tube, causing higher temperatures in the reaction tube. The effect of aerosol carrier gas is 

determined by two opposing factors. As the aerosol gas flow rate increases, so does the amount of 

hot argon gas entering the reaction tube (see the sampling efficiency discussion below). This 

results in an increase in the reaction tube gas temperature. However, higher aerosol gas flow rate 

also leads to plasma cooling, counteracting the effect of greater fluid flow rate entering the tube. 

The increasing reaction tube temperatures with aerosol gas flow rates up to 2.4 SLPM in Figure 

3.3a suggest that the greater fluid flow into the tube is the dominant factor in this operating range. 

Interestingly, the tube outlet gas temperature decreases at carrier gas flow rates > 2.4 SLPM for 

all exhaust settings. This indicates significant plasma cooling to the extent that the larger flow of 

argon into the tube does not compensate for the loss of thermal energy due to plasma cooling. This 

observation is also in agreement with deviations from compound-independent response factors at 

aerosol gas flow rates > 2.4 SLPM in Figure 3.2, further confirming the excessive plasma cooling 

at high aerosol flow rates that compromises analyte breakdown. Figure 3.3b illustrates that the 

reaction tube gas velocity also increases in a diagonal manner similar to tube gas temperature. 

However, the impact of the exhaust flow rate on gas velocity is minimized as the carrier gas flow 

rate is increased, evident from near vertical contour lines at aerosol carrier gas flow rates > 2.4 

SLPM in Figure 3.3b.  
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Figure 3.3.  Effect of aerosol carrier gas flow rate and exhaust flow rate at 1100 W on a) 

temperature at reaction tube outlet, b) argon gas velocity flowing out of the reaction tube, c) 

sampling efficiency into the reaction tube calculated from the ratio of measured gas flow rate 

at the end of the reaction tube (Equation 3.1) to the total aerosol carrier gas flow rate, and 

d) Cl- sensitivity measured as the average peak area from triplicate injections of 12.5 μM 

chloramphenicol. Contour plots are utilized to facilitate identification of trends using Delaunay 

triangulation and linear interpolation between the data points to color the contours. Experimental 

values are indicated at the grid points. A nozzle-skimmer potential difference of 130 V was used 

in experiments of Figure 3.3d to improve Cl- detection sensitivity.  
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Figure 3.3c depicts the sampling efficiencies calculated from the data in Figures 3.3a and 3.3b 

using Equation 3.1. An increase in plasma sampling efficiency is observed with increasing aerosol 

gas flow rate and decreasing exhaust flow rate (diagonal trend) similar to Figures 3.3a and 3.3b. 

The effect of exhaust velocity is minimized at aerosol gas flow rates > 2.4 SLPM, indicating the 

dominance of carrier gas flow rate in determining plasma sampling efficiency at high aerosol flow 

rates. Note that such high flow rates do not produce compound-independent response (Figure 3.2), 

thus are less desirable for quantitative elemental analysis. Interestingly, the sampling efficiencies 

are lower than 50% within the analytically preferred region for elemental quantification (aerosol 

gas flow rate < 2.4 SLPM) in Figure 3.3c, indicating that sensitivity improvements could be made 

by modification of the interface to sample a larger fraction of the central channel gas flow.  

3.3.3. Effect of Chemical Reactions  

With the insights gained above for the impact of operating parameters on analyte breakdown 

and plasma sampling efficiencies, we now focus on evaluating effects of chemical reactions on Cl- 

sensitivity. To this end, we examined the effect of aerosol carrier gas flow and exhaust flow rates 

on Cl- sensitivities in operating conditions similar to those in Figures 3.3a-3.3c. The results are 

shown in Figure 3.3d as a contour map for flow injection peak areas of a 12.5 μM chloramphenicol 

sample (25 μM Cl).  

Figure 3.3d illustrates that the highest Cl- sensitivity is observed at total carrier gas flow rate 

of 2.0 SLPM and an exhaust velocity of 5.8 m/s. We expect near-complete vaporization and 

breakdown of analytes in these optimum operating conditions based on the compound-independent 

response shown in Figure 3.2. However, the trends for sensitivity in Figure 3.3d do not coincide 

well with trends for plasma sampling efficiency (Figure 3.3c) within the analytically preferred 
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region for quantitative elemental analysis (aerosol gas flow rate < 2.4 SLPM). In other words, 

plasma operating conditions that increase sampling efficiency do not necessarily lead to improved 

ion detection efficiencies, and the optimum ion signal is observed at a plasma sampling efficiency 

of only 26%. This observation highlights the major influence of complex chemical reactions on 

detected Cl- signals as discussed below. 

Consider the operating conditions of 1.8 SLPM total carrier gas flow rate and exhaust velocity 

of 3.8 m/s (bottom left corner in Figure 3.3c). The sampling efficiency into the reaction tube in 

these conditions (28%) is similar to that of the optimum operating conditions for Cl- sensitivity 

(26% at 2.0 SLPM carrier flow rate and 5.8 m/s exhaust velocity). Further, both reaction tube gas 

temperature and gas velocity in Figures 3.3a and 3.3b are similar between the bottom left corner 

and the optimum operating conditions. Therefore, species sampled into the reaction tube are likely 

to experience equivalent residence time and reaction temperature in the afterglow between the two 

conditions. Nevertheless, sensitivity in the bottom left corner of Figure 3.3d is 55 times lower than 

that at the optimum operating conditions. Such a drastic difference in sensitivity with similar 

plasma sampling and afterglow reaction conditions indicates a drastic change in the chemical 

nature of the species sampled into the reaction tube between the two conditions. The chemical 

transformations of the analytes in the plasma prior to sampling into the reaction tube is controlled 

by aerosol residence time within the plasma which in turn is a function of aerosol gas flow rate. 

Therefore, variations in chemical composition of the plasma sampling point at different aerosol 

gas flow rates are expected. However, one must note that in-plasma reactions of the analytes at 

high aerosol gas flow rates in our experiments are likely more complex than mere atomization, 

and are likely to involve formation of polyatomic species as discussed later in this report.  
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Now consider a total carrier gas flow rate of 2.0 SLPM (optimum value for Cl sensitivity) at 

various exhaust velocities in Figure 3.3. In these conditions, the in-plasma reactions are set by the 

carrier gas flow rate and are expected to be independent of the exhaust flow rate. This expectation 

is further supported by the minimal impact of the exhaust flow rate on the response factor ratios in 

Figure 3.2 at aerosol gas flow rate of 2.0 SLPM. Figure 3.3c shows that at constant carrier gas flow 

rate of 2.0 SLPM, the sampling efficiency increases slightly as the exhaust velocity is reduced 

from the optimum value of 5.8 m/s to 3.8 m/s. In contrast, the sensitivity is reduced by fivefold as 

depicted in Figure 3.3d. Notably, both velocity and temperature of the gas in the reaction tube 

increase as the exhaust velocity is reduced (Figures 3.3a and 3.3b). Therefore, the sampled species 

from the plasma spend less time in the reaction tube and the post-plasma reactions occur at a higher 

temperature. These results suggest that reactions in the tube also play a critical role in the ionization 

of Cl in addition to the in-plasma reactions controlled by the total carrier gas flow.  

In summary, the results indicate that both in-plasma and post-plasma reactions play critical 

roles in Cl- detection. To gain insight into these reactions, we have explored the background ions 

and their relation to Cl-.  

3.3.3.1. Background Ions 

In our previous work on Cl- detection using ICP-based PARCI [19], four major background 

ions were identified as NO2
-, CN-, OCN-, and HCO2

- upon introduction of methanolic sodium 

acetate into the plasma. Among these ions, HCO2
- was specific to methanol introduction, 

suggesting that NO2
-, CN-, OCN- are mainly a result of nitrogen diffusion into the plasma and 

afterglow while the formate ion is a product of methanol introduction. Importantly, we observed a 

loose correlation between Cl- sensitivity and HCO2
- intensity, indicating a potential mechanistic 
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relation. These experiments, however, were conducted at high declustering potentials (nozzle-

skimmer potential difference of 130 V) to improve Cl- ion detection. Such ion transmission 

conditions lead to loss of easily fragmentable species, hampering a comprehensive insight into the 

chemical composition of the ionization environment. In the current report, we collected spectra 

using low declustering potentials achieved at a nozzle-skimmer potential difference of 10 V to 

further the insights into ionization reactions.  

Figure 3.4 compares the background spectra with high and low declustering potentials at 

optimum plasma operating conditions for Cl- detection. It is clear that high-mass ions observed by 

soft ion transmission (low declustering) are fragmented in harsh ion transmission conditions. 

Notably, [Na(HCO2)2]
-, [NaHCO2NO2]

- and [NaHCO2OCN]- are the most prominent ions in the 

spectrum of Figure 3.4 with soft ion transmission. Molecular formulas of these clusters were 

further confirmed by exact mass measurements using a time-of-flight mass spectrometer with mass 

accuracy better than 5 ppm.  

The presence and relative intensities of clusters in Figure 3.4 suggest the existence of NaHCO2 

as a major species in the reaction tube to form first order clusters ([Na(HCO2)2]
-, [NaHCO2NO2]

- 

and [NaHCO2OCN]-) via adduction to HCO2
-, NO2

-, and OCN- as shown in thermodynamically 

favorable Reactions 1-3 in Table 3.2. Higher cluster orders ([Nan(HCO2)n+1]
-, [Nan(HCO2)nNO2]

-, 

and [Nan(HCO2)nOCN]-,  with n > 1)  are formed by the stepwise reaction of sodium formate with 

the first order clusters. Note that the gas temperature in the tube is reduced during the transfer of 

species from the plasma toward the mass spectrometer. Calculations in Table 3.2 are conducted at 

a temperature of 600 K, representing the tube outlet temperature at optimum operating conditions.  

  



93 

 

 

 

 

Figure 3.4. Effect of declustering potential on background ions at optimized ion source 

operating conditions for best Cl- sensitivity (2.0 SLPM carrier flow rate, 5.8 m/s exhaust 

velocity, 1100 W RF power). The inset shows enlarged mass spectrum for the section with m/z > 

170. Methanolic sodium acetate was used as ionization reagent. High declustering refers to 130 V 

potential difference between nozzle and skimmer of the MS while low declustering refers to 10 V 

potential difference. 
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3.3.3.2. Relation of Background Ions to Cl- 

To identify the background ions relevant to Cl- detection, we measured the background spectra 

using soft ion transmission (low declustering) at a range of exhaust and carrier flow rates identical 

to those in Figure 3.3. We then correlated the results with the Cl- sensitivities of Figure 3.3d by 

linear regression of (x,y) points where x is the measured background ion intensity and y is the Cl- 

sensitivity at each operating condition. All background ions in the mass range 15-350 that showed 

intensities ≥ 100,000 cps in at least one operating condition were considered. Figure 3.5 shows the 

r2 of the regressions as a function of the ion m/z. No strong correlation was observed based on 

absolute ion intensities. However, when the ion intensities were normalized to the total ion count 

(TIC) in each spectrum, strong correlations with Cl- sensitivity were observed for m/z 113 (r2 = 

Table 3.2. Reaction thermochemistries calculated at the ωB97xD/aug-cc-pVTZ level 

Number Reaction  
ΔH600K 

(kJ/mol) 
 

ΔG600K 

(kJ/mol) 

1 HCO2
- + NaHCO2  [Na(HCO2)2]

-  -196  -127 

2 NO2
- + NaHCO2  [NaHCO2NO2]

-  -189  -120 

3 OCN- + NaHCO2  [NaHCO2OCN]-  -156  -102 

4 Cl- + NaHCO2  [NaHCO2Cl]-  -178  -128 

5 Cl- + NaNO2  [NaNO2Cl]-  -191  -141 

6 NaCl + HCO2
-  [NaHCO2Cl]-  -226  -157 

7 NaCl + NO2
-  [NaNO2Cl]-  -219  -151 

8 NaCl + HCO2
-  Cl- +NaHCO2  -48  -29 

9 NaCl + NO2
-  Cl- + NaNO2  -27  -10 

10 NaCl + [Na(HCO2)2]
-  [NaHCO2Cl]- + NaHCO2  -30  -30 

11 NaCl + [NaHCO2NO2]
- 
 [NaNO2Cl]- + NaHCO2  -30  -30 

12 NaCl + [NaHCO2NO2]
-
[NaHCO2Cl]- + NaNO2  -17  -17 

13 F- +NaHCO2  NaF + HCO2
-  -41  -57 

14 F- + NaNO2 NaF + NO2
-  -62  -76 

15 NaF + HCO2
-  [NaHCO2F]-  -202  -134 

16 NaF + NO2
-  [NaNO2F]-  -196  -128 

17 NaF + [Na(HCO2)2]
-  [NaHCO2F]- + NaHCO2  -6  -7 

18 NaF + [NaHCO2NO2]
- 
 [NaNO2F]- + NaHCO2  -7  -8 

19 NaF + [NaHCO2NO2]
-
[NaHCO2F]- + NaNO2  +7  +6 
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0.95) and 114 (r2 = 0.86) as shown in Figure 3.6. These m/z values correspond to [Na(HCO2)2]
- 

and [NaHCO2NO2]
- ions. Note that the carbon isotope contribution to m/z 114 from m/z 113 is 

minimal compared to the contribution from [NaHCO2NO2]
- as evident from the relative intensities 

of the two ions in Figure 3.4. Therefore, no isotopic correction is considered in this analysis. The 

correlations create a link between formate, nitrite, sodium and chloride and offer an avenue to 

explore the mechanistic role of sodium and methanol introduced into the plasma for enhanced Cl- 

detection.  

Figure 3.7 depicts contour maps of TIC-normalized and absolute background ion intensities 

for nitrite, formate and their corresponding cluster ions. A clear visual similarity exists between 

[Na(HCO2)2]
- TIC-normalized intensity map in Figure 3.7b and Cl- sensitivity in Figure 3.3d (both 

having maximum values at aerosol gas flow = 2.0 SLPM and exhaust velocity of 5.8 m/s) while a 

lower degree of similarity is observed between [NaHCO2NO2]
- TIC-normalized intensity map 

(Figure 3.7f) and Cl-. These visual correlations are consistent with the results of regression analyses 

in Figure 3.6. Further, the maps for absolute ion intensities in Figure 3.7 do not show similarities 

to the map of Cl- sensitivity consistent with regressions in Figure 3.5. 
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Figure 3.5. Correlation of background ion intensities with Cl- sensitivity indicated by r2 

values for linear regressions. All ions with > 100000 cps intensity were considered in regressions. 
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Figure 3.6. a) r2 values for linear regression of background ions’ normalized intensities 

(collected at low declustering nozzle-skimmer potential) with 35Cl- sensitivity (measured at 

high declustering potential) at carrier gas flow and exhaust flow rates identical to those in 

Figure 3.3. b) Correlation plots of normalized intensities for m/z 113 ([Na(HCO2)2]
-), and c)  m/z 

114 ([NaHCO2NO2]
-). The background ion intensities were normalized to the total ion counts in 

each spectrum. 
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Figure 3.7. a-h) TIC-normalized and, i-p) absolute intensities of formate and nitrite ions and 

their clusters with sodium formate as a function of carrier gas flow rate and exhaust setting. 

The spectra were collected in soft ion sampling conditions using a low nozzle-skimmer 

declustering potential difference of 10 V.  
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The TIC-normalized values quantify the prominence of the ions within the spectra and reflect 

the importance of a particular ionization pathway relative to other reactions. For example, 

[Na(HCO2)2]
- and [NaHCO2NO2]

- show their highest absolute intensities at an exhaust setting of 

3.8 m/s and carrier gas flow rate of 2.4 SLPM in Figures 3.7j and 3.7n. However, the Cl- sensitivity 

in these conditions is 2.7 times lower than that at the optimum operating conditions (Figure 3.3d).  

In contrast, TIC-normalized intensities for [Na(HCO2)2]
- and [NaHCO2NO2]

- are reduced by 

factors of 2 and 2.4 at exhaust setting of 3.8 m/s and carrier gas flow rate of 2.4 SLPM compared 

to the optimum operating conditions (Figures 3.7b and 3.7f). The reduced TIC-normalized 

intensities indicate increased contribution of other ionization reactions relative to the first-order 

cluster formation. Two examples of such reactions are revealed upon examination of the 

background spectrum at exhaust setting of 3.8 m/s and carrier gas flow rate of 2.4 SLPM shown 

in Figure 3.8: 1) new prominent ions compared to Figure 3.4 such as [(HCO2H)NO2]
-, 

[(HCO2H)HCO2]
-, [(HCO2H)OCN]-, [Na(HCO2)2(HCO2H)]-, and [Na(HCO2)NO2(HCO2H)]- 

indicate presence of formic acid (HCO2H) and clustering of ions with this neutral as a major 

ionization pathway, and 2) enhanced intensities of second order clusters ([Na2(HCO2)3]
- and 

[Na2(HCO2)2NO2]
-) relative to first-order clusters ([Na(HCO2)2]

- and [Na(HCO2)NO2]
-) highlight 

a shift in cluster size distribution toward higher orders compared to the optimum conditions shown 

in Figure 3.4. This indicates promoted clustering with NaHCO2. 

In summary, best Cl- sensitivities are observed in conditions that not only produce high 

intensities for [Na(HCO2)2]
- and [Na(HCO2)NO2]

- but also ensure the favorable formation of 

theses first-order clusters over other reactions. 

  



100 

 

 

 

 

 

 

 

 

 
 

Figure 3.8. Background spectrum collected using soft ion sampling conditions (declustering 

potential of 10 V) at carrier gas flow rate of 2.4 SLPM and exhaust flow setting of 3.8 m/s. 

Compared to Figure 3.4, new clusters are detected, indicating formation of HCO2H in these 

conditions. Further, [Nan(HCO2)n+1]
- and [Nan(HCO2)nNO2]

- clusters with n > 1 are enhanced 

relative to clusters with n=1 compared to the data in Figure 3.4, showing a higher extent of 

clustering with HCO2Na. 
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3.3.3.3. Effect of Exhaust Flow and Carrier Gas Flow Rates on Clustering  

The changes in cluster size distribution for [Nan(HCO2)n+1]
- and [Nan(HCO2)nNO2]

-  offer 

insights into the impact of exhaust and carrier gas flow rates on clustering reactions. To examine 

these effects, we investigated the impact of operating parameters on average cluster order (A) for 

each family of cluster ions defined by Equations 3.2 and 3.3: 

𝐴𝐻𝐶𝑂2
− =  

∑ 𝑛×𝐼 [𝑁𝑎𝑛(𝐻𝐶𝑂2)𝑛+1]−3
𝑛=0

∑ 𝐼 [𝑁𝑎𝑛(𝐻𝐶𝑂2)𝑛+1]−3
𝑛=0

  (eq 3.2) 

𝐴𝑁𝑂2
− =  

∑ 𝑛×𝐼[𝑁𝑎𝑛(𝐻𝐶𝑂2)𝑛𝑁𝑂2]−3
𝑛=0  

∑ 𝐼[𝑁𝑎𝑛(𝐻𝐶𝑂2)𝑛𝑁𝑂2]−3
𝑛=0

  (eq 3.3) 

Figure 3.9 depicts the contour maps of the average cluster order. Note that the values at the aerosol 

gas flow rate of 1.8 SLPM in Figure 3.9 should be treated with caution because of the large 

uncertainties caused by low ion intensities at these operating parameters (see Figures 3.7i-p).  

Figures 3.9a and 3.9b demonstrate that average cluster order increases with increasing exhaust 

setting at a constant aerosol gas flow rate of 2.0 SLPM (optimum for Cl- detection). This is in 

agreement with the trends in Figures 3.3a and 3.3b where reaction tube gas temperature and gas 

velocity are reduced with increasing exhaust flow at aerosol gas flow rate of 2.0 SLPM. Lower 

temperatures and longer residence times in the ICP afterglow promote clustering and shift the 

cluster order distribution to higher orders. Interestingly, the change in average cluster order as a 

function of the exhaust flow is minimized at higher aerosol gas flow rates. This trend is also in 

agreement with Figures 3.3a and 3.3b where the effect of exhaust flow on gas temperature and gas 

velocity are reduced at high aerosol gas flow rates.  
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Figure 3.9. Effect of aerosol carrier gas flow and exhaust flow rates on average cluster order 

(n) for a) [Nan(HCO2)n+1]- and b) [Nan(HCO2)nNO2]- ions calculated using Equations 3.2 and 

3.3. 
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Figures 3.9a and 3.9b also depict that the average cluster size generally increases as the aerosol 

gas flow rate is increased from the optimum value of 2.0 SLPM. This result is intriguing at first 

because one expects a lower clustering extent based on higher gas temperature and gas velocity 

within the reaction tube, evident from Figures 3.3a and 3.3b for increasing aerosol gas flow rates. 

However, it must be noted that plasma conditions, upstream of the reaction tube are also impacted 

by higher carrier gas flow rates. Specifically, increased carrier gas flow rates reduce the residence 

time of aerosol in the plasma and decrease the temperature of the central channel. In-plasma 

reactions in such operating conditions are expected to promote the formation of polyatomic 

species, like NaHCO2. The ensuing increase in the concentration of NaHCO2 within the reaction 

tube could ultimately shift the clustering reactions (Reactions 1-3, Table 3.2) to the right, 

compensating for the opposite effects of higher temperature and shorter afterglow reaction times.  

3.3.3.4. Implications for Cl Ionization 

To elucidate the relationship between the prominence of [Na(HCO2)2]
- and [Na(HCO2)NO2]

-  

clusters in the spectra and chloride ion detection, we examined the possibility of detecting similar 

Cl-containing clusters. Accordingly, we monitored ions at m/z values corresponding to Cl-, 

[NaHCO2Cl]-, [NaNO2Cl]-, [Na2(HCO2)2Cl]-, and [Na2HCO2NO2Cl]- using SIM mode upon flow 

injections of chloramphenicol into the plasma with aerosol gas flow rate of 2.0 SLPM, exhaust 

velocity of 5.8 m/s and RF power of 1100 W. These conditions correspond to the highest signal 

for Cl- (Figure 3.3d). However, unlike the experiments for Figure 3.3d, we utilized a low 

declustering potential (10 V) to preserve the clusters.  
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Figure 3.10. Relative sensitivities (flow injection peak areas) of chlorine-containing ions 

detected in soft ion sampling conditions (nozzle-skimmer potential difference of 10 V) upon 

injection of chloramphenicol. Sensitivities are normalized to that of the most intense chlorinated 

ion ([NaHCO2
35Cl]-). Error bars indicate one standard deviation of the average based on triplicate 

injections. 
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Figure 3.10 shows relative intensities for the expected species, confirming their formation. 

Notably, the distribution of Cl-containing species in Figure 3.10 resembles those of 

[Nan(HCO2)n+1]
- and [Nan(HCO2)nNO2]

- clusters (See Figure 3.4) where the first-order clusters are 

the dominant species. The larger abundance of the Cl-containing clusters in Figure 3.10 relative to 

the un-clustered Cl- suggests that the Cl- ions detected in harsh ion transmission (e.g. in Figure 

3.3d) are largely a result of cluster ion breakdown upon ion activation in the nozzle-skimmer area.  

The calculated thermochemistries in Table 3.2 can be used to evaluate the competitive 

fragmentation pathways upon activation of the cluster ions. For example [Na2(HCO2)2Cl]- and 

[Na2HCO2NO2Cl]- may release Cl-, HCO2
-, and NO2

- upon activation. Thermochemistries for 

Reactions 4-7 in Table 3.2 show that the release of Cl- from the first-order clusters requires less 

energy compared to that needed for release of NO2
- and HCO2

-. Therefore, Cl- is predicted to be 

the major fragmentation product of the clusters. 

 Experimental investigation of the fragmentation products require MS/MS experiments. 

Coupling PARCI to an MS/MS instrument is currently under development in our laboratory. 

Fortunately, similar clusters can be generated using electrospray ionization from a solution of 

sodium chloride and sodium formate as shown in Figure 3.11a, obtained using an ESI-triple 

quadrupole MS instrument. Figure 3.11b depicts that activation of [Na(HCO2)Cl]- at a collision 

energy (CE) of 12 eV mainly produces Cl- as predicted above. Release of HCO2
- becomes 

competitive at higher activation energies (CE = 20 eV, Figure 3.11c) where fragmentation channels 

with higher activation barriers are accessed.  
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Figure 3.11. a) MS spectrum of clusters generated by nano-ESI from an aqueous solution of 

sodium chloride and sodium formate, b) MS/MS spectrum of [NaHCO2Cl]- at collision 

energy of 12 eV showing Cl- as a major fragment ion, c) MS/MS spectrum of [NaHCO2Cl]- 

at collision energy of 20 eV, indicating competitive generation of formate and chloride at 

higher collision energies, d) MS/MS spectrum of [Na2(HCO2)2Cl]- at collision energy of 20 

eV, showing loss of NaHCO2 as the major fragmentation pathway from the second order 

cluster, e) MS/MS spectrum of [Na3(HCO2)3Cl]- at collision energy of 20 eV, showing 

successive loss of NaHCO2 as the major fragmentation pathway from the third order cluster. 

Experiments were performed using a Sciex API3000 instrument with a homebuilt nanospray 

source composed of a pulled glass capillary with a tip size of 3 μm. An aqueous solution of 1 mM 

NaHCO2 and 100 μM NaCl was loaded into the capillary. A platinum wire was inserted into the 

capillary to apply -1100 V to the solution while a voltage of -200 V was applied to the curtain plate 

of the instrument using an external power supply. Nitrogen was used as CAD gas at an instrument 

setting of 4. 
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Importantly, the cluster order (n) has a major influence on the efficiency of Cl- release from 

[Nan(HCO2)nCl]- and [Nan(HCO2)n-1NO2Cl]- clusters. As the cluster order grows, more 

fragmentation pathways become available, competing for the energy deposited in the ion during 

activation. This is shown in Figures 3.11d and 3.11e for fragmentation of [Na2(HCO2)2Cl]- and 

[Na3(HCO2)3Cl]- at CE = 20 eV, demonstrating that lower order clusters become the major 

fragmentation products via loss of NaHCO2. The reduced fragmentation efficiency to Cl- for 

cluster orders (n) > 1 is in agreement with the lower Cl- sensitivity observed at operating conditions 

that promote clustering beyond the first-order clusters.  

3.3.3.5. Mechanistic Considerations for Enhancement of Cl- Detection by First-Order 

Clusters 

To understand the role of methanol (responsible for formate generation) and sodium in 

improving Cl- detection from ICP afterglow, we now consider two ionization mechanisms that 

involve formation of first order clusters. In the first mechanism, Cl- ions form in the plasma or in 

the afterglow via electron capture reactions and react with plasma generated neutrals in the reaction 

tube to create the chlorinated clusters. Reactions 4 and 5 in Table 3.2 indicate favorable 

thermochemistry for clustering reactions of Cl-. In this mechanism, improvements in Cl- detection 

upon introduction of sodium and methanol could be explained by preventing Cl- loss upon 

clustering. One possibility for a Cl- loss mechanism is ion-ion recombination in the afterglow. 

Clusters will have lower mobilities compared to the Cl- ion, reducing the ion-ion recombination 

rate. 

The second mechanism is formation of NaCl and subsequent ion-neutral reactions. One can 

consider sodium transfer reactions of NaCl with formate and nitrite, leading to release of Cl- as 
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shown by Reactions 8 and 9 in Table 3.2. Subsequently, the released Cl- could undergo clustering 

reactions as discussed above. Alternatively, clusters can form via adduction of formate and nitrite 

to NaCl (Reactions 6 and 7), or via formate and nitrite transfer from first order clusters of these 

ions (Reactions 10-12) in Table 3.2. Given the prominence of the first order clusters for formate 

and nitrite in our optimum experimental conditions for Cl- sensitivity (Figure 3.4), the formate and 

nitrite ions are likely to react rapidly with sodium formate, depleting the population of these ions 

in the reactive flow. Accordingly, we infer that the nitrite and formate transfer reactions (Reactions 

10-12 in Table 3.2) would play significant roles in formation of [NaHCO2Cl]- and [NaNO2Cl]- 

among the Reactions 6-12 which consider NaCl as an intermediate species in ionization of 

chlorine. 

The major difference between the first and second mechanism is that the first one starts with a 

Cl- ion and solely relies on loss prevention to explain sensitivity improvements by clustering, while 

the second one considers formation of NaCl and subsequent ionization of this neutral as an 

ionization route to improve formation of Cl- ions. Elucidation of relative importance between the 

two mechanisms would require further investigations, however, both mechanisms clearly indicate 

the importance of cluster formation in improving Cl- detection in the ICP afterglow.   

3.3.3.6. Application to Fluorine Detection 

In an effort to evaluate the effectiveness of above ionization reactions for analysis of fluorine, 

we investigated detection of fluoride ion and its clusters. Early studies in negative mode ICP-MS 

have revealed that Cl- and F- ions are observed with similar sensitivities as a result of complete 

atomization in the plasma and subsequent electron capture by the atoms [25–28]. In our 

experimental investigations, however, we have not been able to observe fluoride or fluorine-
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containing clusters upon injection of 500 μM para-fluoro-phenylalanine while chlorine clusters are 

readily observed by injections of 10 μM chloramphenicol and 20 μM NaCl. This observation is 

consistent with both mechanisms discussed above. F- has a large sodium ion affinity and can 

readily undergo sodium ion transfer reaction with sodium formate and sodium nitrite forming NaF 

(Reactions 13 and 14). Accordingly, both mechanisms predict NaF as a plasma product for 

fluorinated compounds. The adduction of nitrite and formate to NaF is favorable (Reactions 15 

and 16) and can be an ionization route for cluster formation. However, formate and nitrite ions are 

rapidly depleted via adduction to NaHCO2 in our experimental conditions as discussed above, 

making the formate and nitrite transfer reactions (17, 18, 19) dominant ion formation pathways. 

Importantly, the thermochemistries indicate that the anion transfer to NaF is not as favorable as 

that for NaCl, likely resulting in establishment of equilibrium for these reactions. Moreover, high 

concentration of NaHCO2 would push the equilibrium left in reactions 17-19, further reducing 

ionization efficiency. In summary, the ionization mechanisms discussed above are consistent with 

the experimental observations for both F and Cl, offering support for the explanation of chloride 

ion enhancement in the presence of methanol and sodium, while fluorine detection as a negative 

ion is hindered in similar experimental conditions. 

3.4. Conclusions 

We have examined the major chloride ion formation steps for elemental analysis of chlorine 

using an Ar-ICP with an atmospheric afterglow reaction region. This configuration is an 

implementation of a general approach described as plasma-assisted reaction chemical ionization. 

Our results indicate that aerosol gas flow rates ≤ 2.2 SLPM using a 1.5-mm i.d. injector and 1100 

W RF power provide sufficient breakdown of analytes for compound-independent Cl response. 
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Unlike conventional ICP-MS, the exhaust flow rate plays a critical role in high-sensitivity 

detection of Cl in plasma-assisted reaction chemical ionization. The effect of exhaust is two-fold: 

1) it controls the sampling efficiency of plasma products into the reaction tube, and 2) it affects 

the temperature and velocity of the gas in the reaction tube, in turn impacting ionization reactions. 

The gas flow measurements in the tube reveal that sampling efficiencies of ~26% are achieved at 

optimum operating conditions for best Cl- sensitivity, indicating that sensitivity enhancements 

could be achieved by improved reaction interface designs with higher plasma sampling 

efficiencies. 

Importantly, key observations have revealed cluster formation as a critical process for detection 

of Cl- using methanolic sodium acetate as an ionization reagent in PARCI. These observations 

include: 1) strong correlation between Cl- sensitivities (measured at high declustering potentials) 

and TIC-normalized intensities of [Na(HCO2)2]
- and [NaHCO2NO2]

- detected with soft ion 

sampling, and 2) observation of [NaHCO2Cl]- and [NaNO2Cl]- as dominant chlorine-containing 

ions detected with soft ion sampling (low declustering potential) upon injection of chlorinated 

analytes. These observations indicate that the improved Cl- detection at high declustering 

potentials is likely a result of cluster fragmentation and release of Cl- from various clusters upon 

ion activation in the nozzle-skimmer area of the MS. The formation of clusters is influenced by 

the aerosol carrier gas flow rate, which determines the in-plasma reaction conditions as well as the 

gas temperature and velocity in the reaction tube. Similarly, the torch box exhaust setting affects 

the cluster formation via its influence on reaction tube gas temperature and gas velocity (reaction 

time). 
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The chlorine-containing clusters may be a result of chloride ion formation and subsequent 

adduction to plasma generated neutrals (such as NaHCO2), preventing chloride ion loss via ion-

ion recombination reactions. Alternatively, the clusters may be generated via formation of NaCl 

and transfer of formate and nitrite from first order clusters of these ions. Both mechanisms are 

viable as indicated by ab-initio calculations, and offer an explanation for improved Cl- detection 

via concurrent introduction of sodium and methanol into the plasma. These two mechanisms are 

summarized in the schematic diagram of Figure 3.12. Note that formate is a product of methanol 

introduction. Both mechanisms are also consistent with the low sensitivity of fluorine detection in 

negative mode PARCI-MS. 

Our studies indicate that effective atmospheric-pressure ion-molecule reactions can be 

utilized to increase sensitivity of elemental ionization for chlorine. In particular, the insights 

gained in these studies provide the grounds for designing a more sensitive ion source for 

detection of Cl and F. Importantly, implementation of the afterglow reactions also creates a low-

temperature buffer between the extremely hot ICP and the mass spectrometer. Accordingly, a 

wide range of commercially available atmospheric-sampling mass spectrometers with high-

resolution and MS/MS capabilities could be used for PARCI-MS to improve analytical 

performance. 
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Figure 3.12. Schematic diagram summarizing the proposed Cl- ionization mechanisms. Droplets containing organochlorine 

analytes, sodium, and methanol are introduced to the plasma where analytes are converted to Cl- directly or to NaCl leading to reactions 

with [Na(HCO2)2]
- or NaHCO2 derived from sodium and methanol. These reactions form [NaHCO2Cl]-, which yields Cl- upon 

activation.
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Chapter IV 

High-Sensitivity Elemental Mass Spectrometry of Fluorine by Ionization in Plasma 

Afterglow‡ 

4.1. Introduction 

Fluorinated compounds have become widely used chemicals. For instance, about 25% of 

agrochemicals, approximately 20% of pharmaceuticals, and 30% of the top selling drugs contain 

F atoms [1, 2]. Further, oil- and water-repellent properties of per- and poly-fluorinated compounds 

have made them attractive components in fire retardant formulations [3], textile coatings [4], and 

food packaging liners [5], resulting in environmental and food contamination. Importantly, 

chemical and metabolic transformations of fluorochemicals play critical roles in determining the 

environmental fate of these compounds [6, 7], and their use as drugs [8]. As such, the need for 

analytical techniques to detect and quantify fluorochemicals and their transformation products has 

risen with time [9]. 

Notably, natural fluorinated compounds are rare, despite the abundance of fluorine on earth 

[10]. Therefore, the fluorine atom offers an intrinsic tag to detect fluorochemicals in complex 

matrices. Elemental mass spectrometry (MS) is an attractive approach for elemental tag detection 

because it provides compound-independent response factors and high matrix tolerance, enabling 

quantitation of compounds without compound-specific standards. This capability is particularly 

useful when standards are not readily available, e.g. in non-targeted approaches where new 

                                                 
‡ This chapter has been modified, integrated with supplementary information, and reprinted with permission (see 

Appendix) from Lesniewski, J.E., Zheng, K., Lecchi, P., Dain, D., and Jorabchi, K.: High-Sensitivity Elemental Mass 

Spectrometry of Fluorine by Ionization in Plasma Afterglow. Anal. Chem. 91, 3773-3777 (2019). Copyright 2019 

American Society of Chemistry. The authors would like to acknowledge that this material is based upon work 
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Inc. for the gift of the aerosol mixer. The authors are grateful to Thermo Fisher Scientific for the loan of the ion 

chromatography unit. The authors would also like to note that Kaveh Jorabchi is an inventor on a US patent for 
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compounds are discovered. Further, elemental detection facilitates discovery of species in complex 

samples by flagging the retention times of analytes containing an element of interest within a 

chromatogram [11]. This attribute is useful in analysis of compounds with mono-isotopic 

heteroatoms (e.g. F) whose detection becomes difficult using molecular MS techniques in the 

absence of defining isotopic patterns. 

Recent development of inductively coupled plasma (ICP)-MS/MS has improved analysis of 

compounds containing Cl, Br, S, and P by reducing isobaric interferences [12, 13]. However, 

elemental detection of fluorinated compounds has remained a major challenge because of 

fundamental ionization limitations in ICP-MS. Formation of F+ occurs with extremely poor 

efficiency in an Ar-ICP, resulting in low sensitivities [14]. Alternative approaches such as F- 

detection [15] and formation of BaF+ in the ICP [16–19] have been investigated to resolve this 

challenge, but have not yielded sensitive and robust ionization methods. Continuum source 

molecular absorption spectroscopy has also been investigated for element-targeted quantitation of 

fluorinated compounds by formation of GaF in a furnace atomizer, however, the approach is not 

compatible with online chromatographic detection [20, 21].  

Here, we report a new ionization method for elemental MS of fluorine, offering compound-

independent response factors and two orders of magnitude improved sensitivity compared to those 

reported for ICP-MS. Our approach is based on plasma assisted reaction chemical ionization 

(PARCI) developed recently using an ICP as the plasma source [22, 23]. Further, we demonstrate 

quantitation of fluoride in infant formula using ion chromatography coupled to the new ionization 

technique as an example for elemental fluorine analysis of samples with complex matrices.  

4.2. Experimental Details 
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Figure 4.1. Schematics of a) ICP-based PARCI-MS, and b) conventional ICP-MS/MS for 

detection of F. 
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Figure 4.1a depicts the major components of the instrumental setup where an Ar ICP operated 

at 1100 W is coupled to a 5-cm atmospheric-pressure reaction tube placed 5-10 mm from the inlet 

of an atmospheric-sampling single-quadrupole mass spectrometer.  

4.2.1. Sample Introduction and PARCI  

Aqueous analytes were introduced by flow injection using a 20 μL injection loop at 250 μL/min 

water supplied by an HPLC pump (LC10AD, Shimadzu, Columbia, MD). The analyte stream was 

then mixed with 80 μL/min 10 mM aqueous NaOH solution supplied by a syringe pump (Model 

100, KD Scientific, Holliston, MA). The mixed stream was then guided into a nebulizer (HEN-

120, Meinhard, Golden, CO) operated at a constant argon flow rate of 1.25 L/min. The aerosols 

passed through a cyclonic spray chamber (Twister Cyclonic, Glass Expansion, Pocasset, MA) and 

were mixed with a makeup gas flow of 0.55-1.25 L/min using a tangential mixer (ML151008N, 

Meinhard, Golden, CO) to provide total aerosol gas flow rates of 1.8-2.5 L/min.  

The total aerosol gas flow was injected via a 1.5-mm injector into an Ar ICP sustained at 1100 

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 exhaust flow adjusted to produce 3.5 m/s air flow 

at the bottom intake of the torch box. Note that exhaust flow has a significant impact in PARCI 

unlike conventional ICP-MS [23]. Analytes underwent vaporization and breakdown within the 

plasma. The plasma products were then guided through a cooled aluminum sampler (2.5 mm 

orifice) into a stainless steel atmospheric-pressure reaction tube (5 cm long, ¼” o.d., 4.8 mm i.d.) 

where ion-molecular reactions led to ionization of plasma products. 

4.2.2. Mass Spectrometer 

The mass spectrometer used for detection of ions was a single quadrupole MS (SQ 300, 

PerkinElmer Inc., Waltham, MA). The electrospray ion source was removed from the instrument 
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and the PARCI source was placed so that the reaction tube was aligned with the inlet, 5-10 mm 

from the MS end plate. Neutrals were restricted from entering the mass spectrometer by a 5.5 

L/min N2 counterflow gas controlled by an external mass flow controller (Model 246B, MKS, 

Andover, MA). Positive ions were pulled in to the MS inlet by applying potentials of -200 V to 

the end plate and -600 V to the glass capillary entrance. Background scans were collected using 

1000 μs pulse counting time per point, 10 points per mass, and were averaged for 30 seconds. A 

nozzle-skimmer declustering potential of 50 V was used for all acquisitions (+70 V capillary exit, 

+20 V skimmer). Na2F
+ sensitivity measurements were conducted in selected ion monitoring 

(SIM) mode at an m/z value of 65 with an integration time of 500 ms. For measurements of LOD, 

an integration time of 1000 ms was utilized. To minimize premature aging of the detector due to 

the high background ion flux, an intentional ion deflection was applied to reduce the ion current 

impinging on the detector. This was accomplished by setting the Q1 offset parameter to zero 

(normally it is set to -2 V). The signal suppression factor was measured using flow injections with 

sequential suppressed and unsuppressed ion flux settings. The ion intensities measured at 

suppressed flux conditions were corrected using the measured factor for all of the values reported 

in this work. 

4.2.3. Sample Preparation and Data Analysis 

All solvents were LC-MS grade (Chromasolv, Sigma-Aldrich, St. Louis, MO). p-fluoro-

phenylalanine (p-F-phe) was purchased from Sigma-Aldrich, St. Louis, MO and sodium fluoride 

was purchased from the JT Baker Chemical Company, Phillipsburg, NJ. Analyte solutions were 

prepared by dissolving solids in 2-mM NaOH in water at concentrations of ~100 mM for NaF and 

~15 mM for p-F-phe followed by dilution in water to final concentrations of 6-500 μM fluorine in 

water. ACS grade sodium hydroxide (VWR, Radnor, PA) and sodium acetate (Fisher, Waltham, 
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MA) were used for post-column sodium addition. Sodium salt solutions were prepared by 

dissolving the solids in water at a concentration of ~2 M, followed by dilution to 10 mM in water. 

All selected ion chromatograms from flow injections were exported as text files, and then manually 

integrated using the trapezoid rule by selecting the beginning and end points of a baseline for each 

peak. Peak heights were calculated as the difference between the top of the peak and the baseline. 

4.2.4. Ab Initio Calculations 

Gaussian 16 [24] was used to calculate reaction thermochemistries at a theory level of 

ωB97xD/aug-cc-pVTZ at 600 K (the approximate temperature at the end of the reaction tube). 

This level of theory has previously been used to describe the thermochemical properties of halide-

neutral adducts [25]. Structures were optimized using the MMFF94 force field in the Avogadro 

program [26] to generate starting geometries for each species prior to optimization at the final 

theory level. For molecules where more than one conformer is possible, the lowest energy 

conformer was used.  

4.2.5. Ion Chromatography 

For measurements of F- in infant formula, an ion chromatography unit (ICS-2000 pump, 300-

uL injection loop, an IonPac AG11-HC 4x50 mm guard column, and IonPac AS-11HC 4x250 mm 

anion exchange column, Thermo Fisher Scientific, Waltham, MA) with NaOH gradient elution 

was utilized. Separations occurred at a flow rate of 1.1 mL/min and the eluent was split after the 

conductivity detector with 250 uL/min mixed with 80 uL/min 10 mM NaOH prior to introduction 

into PARCI-MS. This arrangement allowed simultaneous conductivity and PARCI-MS detection. 

Use of NaOH rather than other sodium salts was preferred to increase the pH of the solution after 

the column and to prevent reactions and loss of F- in transfer to the plasma.  
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PARCI-MS was operated at a total aerosol carrier gas flow rate of 2.2 L/min (1.25 L/min 

nebulizer, 0.95 L/min auxiliary) while other parameters were kept constant as described above. 

Fluoride calibration curve was constructed using injections of NaF standard in 18 MΩ water from 

6.7 to 122 µM of fluoride using a 5 mM NaOH isocratic elution.  

For infant formula analysis, 1.5 g of powder sample (Enfamil, Mead Johnson & Company, 

LLC, Evansville, IN) was dissolved in 12 ml of 18 MΩ water. The sample was subjected to 

centrifugal filtration using 3000 Da filters (Amicon Ultra-15, Millipore Sigma, Burlington, MA) 

to separate the proteins and large fats. Spiked infant formula samples were prepared by adding 15 

and 52 µM fluoride to 10 ml of infant formula sample using a NaF standard solution prior to 

filtration. The filtrate was directly injected into ion chromatography without any further sample 

treatment. Separation of fluoride in infant formula was achieved via a multi-step NaOH gradient 

starting at 0.2 mM for 4 min followed by 5 mM for 16 min. The eluent from the IC was connected 

to PARCI only between elution times of 5 and 10 min for infant formula samples to avoid 

introduction of unretained and strongly retained matrix into PARCI. The column was cleaned 

using 80 mM NaOH for 10 min followed by reconditioning at 0.2 mM NaOH for 10 min prior to 

each injection. 

4.3. Na2F+ as a New Reporter Ion for F 

Analytes are introduced into the ICP where they form element-specific neutral species. The 

neutral species are then guided into the afterglow reaction tube for ionization via reactions with 

plasma-generated ions. For example, we recently demonstrated that concurrent introduction of 

organochlorines and methanolic sodium acetate into the ICP results in formation of NaCl, which 

is then ionized in the afterglow via adduction to formate ion to produce [NaClHCO2]
- [23]. Our 

efforts, however, did not yield detectable ions in negative mode for fluorine analysis. Importantly, 
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we reported that the difficulty in fluorine detection was likely related to the low formate affinity 

of NaF [23]. 

Here, we report a new ionization route to detect F by afterglow ionization of NaF via 

Na+ adduction. Our experiments are conducted using aqueous solutions mixed with 10-mM NaOH 

in an online fashion prior to introduction into the ICP to enhance NaF formation. To investigate 

the available positive mode ionization mechanisms in the ICP afterglow, we examined the 

background ions in our experimental conditions. Figure 4.2 depicts dominance of Na+ and its 

adduct ions (mainly Na2OH+) in the background spectra, highlighting Na+ adduction as the major 

ionization pathway for neutrals in the ICP afterglow. Note that similar background spectra are 

observed using sodium acetate instead of NaOH (Figure 4.3) in pre-ICP mixing, indicating that 

Na2OH+ is a result of plasma reactions rather than NaOH introduction.  

Table 4.1. Reaction thermochemistries (kJ/mol) 

calculated at the ωB97xD/aug-cc-pVTZ level  

 Reaction  ΔH600K   ΔG600K  

1. Na+ + NaF  Na2F
+  -246  -187 

2. Na+ + NaOH  Na2OH+  -235  -179 

3. Na+ + NaO2  [Na2O2]
+  -216  -160 

 

The Na+ adduction mechanism opens the possibility of ionizing NaF into Na2F
+. This 

possibility is further strengthened by ab initio calculations (Table 4.1), revealing higher Na+ 

affinity for NaF relative to NaOH and NaO2 (neutrals for major ions in Figure 4.2). Therefore, NaF 

formed upon injection of fluorinated compounds into the plasma is expected to either adduct 

directly with Na+ or undergo Na+ transfer with background ions in the afterglow, yielding Na2F
+. 

Sequential flow injections of 50 μM p-fluoro-phenylalanine (p-F-phe) and 50 μM NaF with online 

NaOH mixing shown in Figure 4.4 experimentally confirmed the formation of Na2F
+, offering a 

new ionization pathway for elemental detection of F from fluorochemicals.   
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Figure 4.2. Background spectrum of PARCI-MS with 80 μl/min 10-mM aqueous NaOH 

mixed with 250 μL/min HPLC water prior to introduction into the nebulizer. 
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Figure 4.3. Background spectrum of PARCI-MS using aqueous 10 mM sodium acetate for 

post-flow injection (post-column) sodium addition. 
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Figure 4.4. Flow injections of 50 µM NaF (first triplicate) and 50 µM p-F-phe (second 

triplicate) lead to formation of Na2F+ in PARCI-MS. Note that difference in peak heights for 

the two compounds is a result of differences in flow injection peak shapes.  
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The fundamental difference between ionizations in PARCI-MS and conventional ICP-

MS/MS for F detection is evident from the experimental setups depicted in Figure 4.1, even though 

both techniques utilize ICP. In the conventional ICP-MS/MS, BaF+ is formed inside the ICP upon 

concurrent introduction of Ba and fluorinated compounds into the plasma. Reactions of ions with 

oxygen within a collision cell are then used to separate the analytical ion (BaF+) from isobaric 

interferences (e.g. Ba18OH+) [16–19]. In contrast, ion formation in PARCI occurs via afterglow 

ionization of plasma-generated analytical neutrals. This fundamental difference leads to major 

advantages for PARCI as discussed below. 

4.4. Cool Plasma Operation 

Figure 4.5a compares the effect of aerosol gas flow rate on sensitivity (ion current per 

concentration unit of F) in PARCI-MS and conventional ICP-MS/MS. Notably, Na2F
+ sensitivity 

in PARCI-MS optimizes at much higher aerosol gas flow rates compared to that for BaF+ in 

conventional ICP-MS/MS, denoting cool plasma temperatures in PARCI. Further, a relatively 

wide range of aerosol gas flow rates (2.0-2.4 L/min) produce similar Na2F
+ intensities in PARCI-

MS while a much narrower optimum range (1.3-1.35 L/min) is observed for BaF+ signal in ICP-

MS/MS. These observations indicate that a precise control of plasma temperature by the aerosol 

gas flow rate is needed for efficient formation and thermal ionization of BaF at the ion sampling 

point within the ICP. On the other hand, Na2F
+ formation shows less susceptibility to aerosol gas 

flow rate, suggesting resilience to plasma cooling and robustness upon plasma temperature 

fluctuations.  
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Figure 4.5. Effect of aerosol carrier gas flow rate in ICP-MS/MS (BaF+) and PARCI-MS 

(Na2F+) on a) absolute sensitivities and b) signal-to-background ratios corrected to 1000 ppb 

F. Data for BaF+ are taken from reference 19. Error bars for PARCI-MS represent 95% confidence 

intervals based on triplicate flow injections of 50 μM p-F-phe (950 ppb).  
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4.5. Sensitivity  

The overall sensitivity is dependent upon ion formation efficiency as well as the ion sampling 

and ion transmission efficiencies of the MS. Figure 4.5a illustrates that about 2 orders of magnitude 

better sensitivity is observed in PARCI-MS relative to ICP-MS/MS. We have measured 

sensitivities of 180-500 cps/ppb for F using Na2F
+ in PARCI-MS (depending on position of the 

reaction tube relative to the MS inlet) while values of 1.6-3.2 cps/ppb [16, 18, 19] and 0.026 

cps/ppb [14] are reported for BaF+ using ICP-MS/MS and F+ in ICP-HR-MS, respectively. 

Notably, the detected ion intensity in conventional ICP-MS/MS increases as oxygen is introduced 

into the reaction cell because of increased ion transmission via collisional focusing of BaF+ ions 

[16]. This indicates efficient ion transmission through the mass analyzers. Therefore, the 

dramatically higher ion intensity in PARCI-MS is attributed to enhanced ionization and ion 

sampling efficiencies. The large flux of Ar+ ions in conventional ICP-MS severely reduces ion 

transmission from the ion source into the MS [27]. In contrast, cool plasma and atmospheric 

reaction tube in PARCI eliminate Ar+ ions while the high Na+ affinity of NaF ensures efficient 

formation and preservation of analytical ions in the afterglow, en route to the ion sampling point 

by the MS. 

4.6. Signal-to-Background (S/B) Ratio 

The S/B ratios for conventional ICP-MS/MS in Figure 4.5b closely mirror the trend for 

absolute BaF+ signal in Figure 4.5a, revealing wide variations in formation of BaF+ relative to the 

major isobaric interference Ba18OH+. In contrast, the S/B ratio for PARCI in Figure 4.5b remain 

constant, despite variations in absolute Na2F
+ signal intensity, illustrating that signal and 

background are affected similarly at various aerosol gas flow rates. The background at m/z 65 in 

PARCI-MS is mainly composed of two species, 1) Na2F
+ from fluorinated contaminants, and 2) 
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Na2
18OH+. Using isotopic distribution for Na2OH+ species and abundance of Na2

17OH+, we 

estimate that ~70% of the ion signal at m/z 65 is related to Na2
18OH+. This isobaric interference 

tempers the detection of low levels of F despite the high sensitivity in PARCI-MS. To estimate 

detection limit, ten injections of 10 μM NaF were conducted (Figure 4.6) and the LOD was 

calculated using 3×σheight×10/average peak height, yielding an LOD of 2.4 μM (46 ng/g) F in 

aqueous solutions. This is similar to LODs of 20-60 ng/g reported for ICP-MS/MS methods [16, 

18, 19]. However, one must note that the analytical performance of ICP-MS/MS is achieved by 

reduction of isobaric interferences while no such measures have been taken in our studies. 

Importantly, BaF+ is undetectable at 2500 ng/g level in ICP-MS without the use of MS/MS [16], 

further highlighting the fundamental advantage of chemical ionization in our approach. Moreover, 

Na2F
+ ions are thermodynamically stable in low temperature and atmospheric pressure and are 

readily detected by atmospheric-sampling mass spectrometers as shown in our experiments. 

Accordingly, isobaric interferences can be resolved by facile coupling of PARCI to MS/MS and 

high-resolution molecular MS instruments without modification of the MS interface. The 

compatibility of PARCI with existing molecular MS platforms also enhances the accessibility of 

elemental quantitation, while the conventional ICP-MS approaches require dedicated elemental 

analysis instruments.  

4.7. Compound-Independent Response 

The relative peak areas from 50 μM flow injections of NaF and p-F-phe shown in Figure 4.7 

illustrate that F detection is achieved with compound-independent sensitivities across a wide range 

of aerosol gas flow rates (2.0-2.5 L/min). Accordingly, we infer that formation of NaF in the 

plasma occurs in a robust manner over a wide range of plasma properties.  
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Figure 4.6. Ten replicate flow injections of 10 µM NaF used for estimation of limit of 

detection. 
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Figure 4.7. Effect of aerosol carrier gas flow rate on ratio of flow injection peak areas for 50 

μM injections of sodium fluoride and p-F-phe in PARCI-MS. Error bars represent 95% 

confidence intervals based on triplicate flow injections. 
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4.8. Quantitation in Matrix 

To illustrate the applications of PARCI in F analysis, we examined quantitation of fluoride in 

infant formula. The presence of fluoride in infant formula can cause fluorosis of infant teeth [28]. 

Therefore, methods for F- quantitation in infant formula are needed for food quality assurance [29]. 

This is a challenging analytical task because of the complex matrix of infant formula and 

difficulties for separation of fluoride from the matrix. The high matrix tolerance and specificity of 

F-elemental analysis can address this challenge. We examined this potential by coupling ion 

chromatography (IC) to PARCI-MS. The IC eluent was split and mixed with NaOH prior to 

introduction into PARCI-MS. Importantly, sample preparation merely consisted of centrifugal 

filtering of the sample to separate high-molecular weight fats and proteins prior to injection into 

IC-PARCI-MS. Details for operation of IC-PARCI-MS and sample preparation are provided in 

the SI.  

Figure 4.8a shows the Na2F
+ ion signal for blank and 15-μM F- spiked infant formula samples 

as well as a fluoride standard in water, indicating facile detection of fluoride in a complex matrix 

using IC-PARCI-MS. Figure 4.8b depicts results of similar experiments using ion chromatography 

with the conductivity detector. Note that PARCI-MS is placed in series with the conductivity 

detector, resulting in a slight delay between the retention times recorded by the two detectors for 

the same separation.  Importantly, F- in aqueous standards is readily detected using conductivity 

detector (Figure 4.8b), however, matrix in infant formula completely masks the signal for F-, 

rendering this detector unusable in the presence of matrix. Interestingly, the shape of the IC-

PARCI-MS peak for spiked infant formula in Figure 4.8a is similar to that of the matrix in Figure 

4.8b, while F- elutes in a sharp peak for standards prepared in water (Figures 4.8a and 4.8b). This 

indicates that the packing of F- on the IC column is severely impacted by the presence of matrix 
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in addition to its co-elution with the matrix components. Nonetheless, an average recovery of 83% 

and repeatability of 6.3% RSD are achieved for triplicate analysis of the infant formula by IC-

PARCI-MS at a spike level of 15 μM (285 ng/g) using a calibration curve with F- standards 

prepared in water (Figure 4.9). These results highlight the matrix tolerance and quantitative 

advantage of elemental mass spectrometry using PARCI. Notably, the spike level in Figure 4.8a 

is below the quantification limit required by a recent call for fluoride detection methods in infant 

formula (300 ng/g) [29], denoting good sensitivity of this technique. Similar investigation of 52 

μM (988 ng/g) spike level yielded average recovery of 98% and repeatability of 3.5 RSD%.  

In conclusion, we present proof of principles that afterglow Na+ adduction of ICP-generated 

NaF from fluorinated compounds offers an efficient and robust ionization route for elemental F 

detection and quantitation. This approach is in contrast to those used in conventional ICP-MS 

where ionization occurs inside the plasma. Consequently, fundamental challenges in ion formation 

and ion sampling with conventional ICP-MS are circumvented, yielding over two orders of 

magnitude better sensitivity for F. Further, similar response factors from inorganic and organic F-

containing compounds are obtained over a wide range of aerosol gas flow rates, highlighting the 

elemental nature of ionization and offering compound-independent quantitation. We have shown 

the capabilities of this ionization approach in analysis of infant formula as an example of a complex 

sample, demonstrating high matrix tolerance. Notably, afterglow ionization renders this approach 

readily implementable on molecular mass spectrometry platforms where improved performance 

could be obtained by elimination of isobaric interferences via MS/MS and high-resolution MS. 

Overall, the presented technique provides an approach to enhance discovery and quantitation of 

fluorinated compounds of rising importance in pharmaceutical, environmental, and food quality 

analyses.   
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Figure 4.8. Chromatograms for blank and spiked infant formula samples as well as fluoride 

standards in water using a) IC-PARCI-MS and b) IC-conductivity detector. 
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Figure 4.9. Calibration curve for IC-PARCI-MS using NaF standards in water with a linear 

least-squares fit.  
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Chapter V§ 

Summary and Future Directions 

5.1. Summary of Core Findings 

 The findings reported in this dissertation demonstrate the analytical utility and flexibility 

of the plasma-assisted reaction chemical ionization (PARCI) approach for ionization and 

quantitation of nonmetals. Specifically, this approach offers both fundamental and practical 

advantages when compared with the current state-of-the-art elemental analysis method, ICP-MS. 

The use of chemical, rather than thermal ionization allows the fundamental ionization potential 

barriers of nonmetal elements to be overcome. The use of an atmospheric-pressure reaction 

interface permits efficient ion-neutral reactions to occur in the afterglow of an inductively coupled 

plasma and allows for facile coupling to mass spectrometers designed for molecular ionization 

sources. 

 In Chapter II we described a new atmospheric-pressure reaction interface that allows 

plasma gasses to cool for improved chemical ionization of nonmetals, in particular Cl. We 

demonstrated compound-independent response factors and improved sensitivity for chlorine 

analysis. The mechanism of ionization utilized in Chapter II was explored in Chapter III. 

Importantly, the roles of sodium and methanol in chloride ion formation were clarified; 

fundamental investigations revealed the formation of an intermediate species, namely NaCl in gas 

phase. However, the same ionization mechanism was ineffective for F detection due to less 

favorable reaction energetics for NaF. Chapter IV demonstrated a new ionization chemistry to 

overcome this limitation by converting NaF neutrals to the thermodynamically favorable Na2F
+. 

Notably, we observed two-orders-of-magnitude-improved sensitivity for F detection compared to 

                                                 
§ The material in 5.2.1 is based upon work supported by the National Science Foundation (NSF) under CHE-

1507304. We would also like to thank Georgetown University for financial support of the work in 5.2.2. 
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ICP-MS/MS methods while similar detection limits were obtained. Improved sensitivities for 

chlorine and fluorine demonstrate that we have successfully achieved our goal of overcoming the 

fundamental limitations of ICP-MS for ionization of these elements. In the next section of this 

chapter, we will discuss preliminary data and future directions for the development of the work 

presented in this dissertation. 

5.2. Opportunities for Expansion of this Work 

 The general approach described in this dissertation of employing chemical ionization to 

convert neutral plasma products to ions can be applied to other nonmetal elements. Previous 

chapters have outlined the importance of fluorine and chlorine in the environment and 

pharmaceuticals, however phosphorous and sulfur are also of particular interest due to their 

biological relevance [1]. In order to maximize the applicability of PARCI to biological samples, 

analytical ions for both P and S need to be identified.  

Moreover, the tunability of the chemical ionization in PARCI may also help alleviate 

another challenge in ICP-MS: simultaneous quantitation of nonmetals. Simultaneous quantitation 

of multiple nonmetals in ICP-MS is fundamentally limited due to the formation of analytical ions 

for F, Cl, P, and S in different plasma conditions. For example, the use of cool plasma conditions 

in ICP-MS/MS for BaF+ detection is required which would reduce the ionization efficiency of Cl+, 

P+, and S+. Furthermore, the limits of detection for chlorine would be compromised by the use of 

an O2 collision gas that is needed for BaF+ [2–5], P+, and S+ [6–8] detection in place of the H2 

collision gas that is typically used to reduce the isobaric interferences of Cl+ [9].  

In the PARCI methods described in the preceding chapters, chlorine is detected as Cl- while 

Na2F
+ is used for fluorine with different instrument operating parameters. Consequently, in order 

to provide simultaneous quantification of F, Cl, P, and S we will need to identify ions that form 
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efficiently for all four of these elements in similar operating conditions. Preliminary data are 

presented below and briefly examined for the detection of phosphorous and sulfur as well as 

chlorine, offering the possibility of further development toward efficient simultaneous detection 

of all four elements. 

5.2.1. Negative-Mode Phosphorous Detection using PARCI 

 Phosphorous can be detected in negative-mode as PO3
-, as demonstrated in Figure 5.1a. 

Experimental conditions used for the data in Figure 5.1 are summarized in Table 5.1. The 

formation of this polyatomic ion is not completely unexpected given that it has also been reported 

in negative-mode ICP-MS [10, 11]. The formation mechanisms for this ion, however, are currently 

unknown in both systems. A heat-map of PO3
- flow injection peak area for 1 µM Na2HPO4 in H2O 

(as a measure of sensitivity) at carrier gas flow rates between 1.8-2.8 SLPM and exhaust velocities 

from 3.8-6.8 m/s is seen in Figure 5.1b. The carrier gas flow rate appears to have a more significant 

effect than exhaust velocity, suggesting that the plasma temperature is more critical compared to 

reaction tube temperature for formation of this ion.  

Table 5.1. Operating parameters for PO3
- experiments  

Parameter  Value 

Plasma gas  14 L/min 

Auxiliary gas  1.2 L/min 

RF power  1100W (700-1500W for power effect) 

Injector tip diameter  1.5 mm 

Analyte nebulizer gas  1.25 SLPM 

Reagent nebulizer gas  0.55 SLPM 

Makeup gas  0-1 SLPM (0.3 SLPM for power effect) 

Analyte solution flow rate  200 µL/min LC-MS water 

Reagent solution   200 µM sodium acetate in LC-MS grade methanol 

Reagent solution flow rate  30 µL/min  

Exhaust velocity  3.8, 4.8, 5.8, 6.8 m/s (5.8 m/s power effect) 

Sampler  Flat aluminum orifice, 2 mm id, 1 mm thick 

Sampling depth  9 mm downstream of the load coil 

Reaction tube  50 mm stainless steel tube, ¼” o.d., 0.19” i.d 

Injection loop  20 µL stainless steel 
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Figure 5.1. (a) Typical flow injections of 1 µM Na2HPO4 in H2O monitoring PO3
- (m/z 79). 

(b) a heatmap showing PO3
- (m/z 79) peak areas for flow injections of 1 µM Na2HPO4 in H2O as 

a function of carrier flow rate and exhaust velocity. (c) the effect of power on peak areas for flow 

injections of 1 µM Na2HPO4 in H2O. 
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The effect of RF power on sensitivity of PO3
- in the middle of the optimum operating zone 

(5.8 m/s exhaust velocity, 2.1 L/min carrier gas in Figure 5.1b) is detailed in Figure 5.1c. PO3
- 

optimizes at 1100W, highlighting the need for cool plasma conditions for formation of this ion.  

Preliminary sensitivity and limits of detection using 5.8 m/s exhaust velocity and 2.2 L/min 

carrier gas flow rate, are estimated at 5950 cps/ppb and 2 ppb, respectively – inferior to the ppt 

range detection limits reported for positive-mode ICP-MS/MS methods [6–8, 12]. Furthermore, 

detection limits for PO3
- are currently background limited, indicating that our instrument has a 

phosphorous contamination or abundant isobaric interferences. Elimination of the background 

would significantly improve detection limits; however, sensitivity improvements are also needed 

in order to exceed the performance of positive-mode ICP-MS/MS. These analytical figures of 

merit are however, approximately two orders of magnitude better than those reported for the same 

ion (PO3
-) in negative-mode ICP-MS, which offers 0.3 cps/ppb sensitivity with 200 ppb limits of 

detection [10], indicating that this ion likely forms as plasma gasses cool. Importantly, the broad 

sensitivity optimum observed in Figure 5.1b includes typical chlorine operating conditions 

(1100W, 2.0 L/min carrier, 5.8 m/s exhaust), suggesting that simultaneous quantitation of 

phosphorous as PO3
- and chlorine as Cl- is possible. 

5.2.2. Positive-Mode Phosphorous, Sulfur, and Chlorine Detection using PARCI 

 In order to enable simultaneous quantitation of F, Cl, P and S it is preferable to ionize all 

of these elements in a single polarity. Since we were not able to identify stable fluorinated 

analytical ions in negative-mode, we investigated positive mode ions for P, S, and Cl detection. 

Figures 5.2a, 5.3a, and 5.4a show flow injections of phosphorous-, sulfur-, and chlorine-containing 

compounds and their detection as Na3HPO4+, Na3SO4+, and Na2Cl+, respectively in the same 

operating conditions summarized in Table 5.2. Figures 5.2b, 5.3b, and 5.4b show compound-
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independent response for each of these elements, where response factors, defined as the flow 

injection peak area divided by the elemental concentration injected, are normalized to the average 

response factor of all compounds on the given graph. 

Table 5.2. Operating parameters for simultaneous monitoring of P, S, Cl, and F in 

positive-mode  

Parameter  Value 

Plasma gas  14 L/min 

Auxiliary gas  1.2 L/min 

RF power  1100W 

Injector tip diameter  1.5 mm 

Analyte nebulizer gas  1.1 SLPM 

Reagent nebulizer gas  1.0 SLPM 

Makeup gas  0 

Analyte solution flow rate  200 µL/min 50% water:methanol 

Reagent solution   10 mM sodium acetate in 50% water:methanol 

Reagent solution flow rate  80 µL/min  

Exhaust velocity  4.8 m/s 

Sampler  Flat aluminum orifice, 2 mm id, 1 mm thick 

Sampling depth  9 mm downstream of the load coil 

Reaction tube  50 mm stainless steel tube, ¼” o.d., 0.19” i.d 

Injection loop  20 µL stainless steel 

 

Estimated limits of detection and sensitivities for these three ions are described in Table 

5.3. Na2F
+ performance in the same operating conditions is also included as a proof-of-concept for 

simultaneous detection of all four elements using PARCI, a feat that is fundamentally challenging 

using ICP-MS/MS due to ion formation in different operating conditions. Sensitivities and 

detection limits for ICP-MS/MS optimized separately for measurement of each element are given 

in Table 5.4 for comparison. At first glance, sensitivities and detection limits for chlorine using 

Na2Cl+ appear worse than those of Cl+ methods in ICP-MS/MS [9], while Fluorine detection is 

still significantly more sensitive than BaF+ methods on ICP-MS/MS [2–5, 13]. These comparisons 

greatly underestimate the performance of PARCI however, since ICP-MS/MS was optimized for 

best performance for measuring a single element. 
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Figure 5.2. (a) Triplicate flow injections of 1 µM glyphosate in 50% methanol:H2O followed 

by triplicate injections of 1 µM Na2HPO4 in 50% methanol:H2O monitoring Na3HPO4
+ (m/z 

165). (b) Normalized response factor plot showing compound-independent response for 

phosphorous detected as Na3HPO4
+ (m/z 165). 
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Figure 5.3. (a) Triplicate flow injections of 50 µM Na2SO4 and 50 µM methionine in 50% 

methanol:H2O monitoring Na3SO4
+ (m/z 165). (b) Normalized response factor plot showing 

compound-independent response for sulfur detected as Na3SO4
+ (m/z 165). 
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Figure 5.4. (a) Triplicate flow injections of 25 µM chloramphenicol (50 µM in Cl) in H2O and 

50 µM NaCl in H2O monitoring Na2
35Cl+ (m/z 81). (b) Normalized response factor plot showing 

compound-independent response for chlorinated compounds detected as Na2Cl+. 
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Notably, detection of analytical ions for F, Cl, P, and S, denotes the potential of PARCI for 

enhanced simultaneous quantification of the four elements. Further, facile coupling of the 

ionization method to many different types of mass spectrometers help to push the boundaries of 

sensitivity and detection limits for these elements.  
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