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SUMMARY 

 Molecular ionization is owed much of its development from the early 

implementation of electron ionization (EI). Although dramatically increasing the library 

of compounds discovered, an inherent problem with EI was the low abundance of 

molecular ions detected due to high fragmentation leading to the difficult task of the 

correct chemical identification after mass spectrometry (MS). These problems stimulated 

the research into new ionization methods which sought to “soften” the ionization process. 

In the late 1980s the advancements of ionization techniques was thought to have reached 

its pinnacle with both electrospray ionization (ESI) and matrix-assisted laser 

desorption/ionization (MALDI). Both ionization techniques allowed for “soft” ionization 

of large molecular weight and/or labile compounds for intact characterization by MS. 

Albeit pervasive, neither ESI nor MALDI can be viewed as “magic bullet” ionization 

techniques. Both techniques require sample preparation which often included native 

sample destruction, and operation of these techniques took place in sealed enclosures and 

often, reduced pressure conditions.  

 New open-air ionization techniques termed “ambient MS” enable direct analysis 

of samples of various physical states, sizes and shapes. One particular technique named 

Direct Analysis In Real Time (DART) has been steadily growing as one of the ambient 

tools of choice to ionize small molecular weight (< 1000 Da) molecules with a wide 

range of polarities. Although there is a large list of reported applications using DART as 

an ionization source, there have not been many studies investigating the fundamental 

properties of DART desorption and ionization mechanisms. 
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 The work presented in this thesis is aimed to provide in depth findings on the 

physicochemical phenomena during open-air DART desorption and ionization MS and 

current application developments. A review of recent ambient plasma-based 

desorption/ionization techniques for analytical MS is presented in Chapter 1. Chapter 2 

presents the first investigations into the atmospheric pressure ion transport phenomena 

during DART analysis. Chapter 3 provides a comparison on the internal energy 

deposition processes during DART and pneumatically assisted-ESI. Chapter 4 

investigates the complex spatially-dependent sampling sensitivity, dynamic range and ion 

suppression effects present in most DART experiments. New implementations and 

applications with DART are shown in Chapters 5 and 6. In Chapter 5, DART is coupled 

to multiplexed drift tube ion mobility spectrometry as a potential fieldable platform for 

the detection of toxic industrial chemicals and chemical warfare agents simulants. In 

Chapter 6, transmission-mode DART is shown to be an effective method for reproducible 

sampling from materials which allow for gas to flow through it. Also, Chapter 6 provides 

a description of a MS imaging platform coupling infrared laser ablation and DART-like 

phenomena. Finally, in Chapter 7 I will provide perspective on the work completed with 

DART and the tasks and goals that future studies should focus on. 
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CHAPTER 1: PLASMA-BASED AMBIENT 

DESORPTION/IONIZATION TECHNIQUES FOR ANALYTICAL 

MASS SPECTROMETRY 

1.1. Abstract 

This chapter describes some of the latest breakthroughs, developments and 

applications with a new class of emerging ionization techniques called ambient 

desorption/ionization mass spectrometry (“ambient MS” for short). Ambient ionization 

techniques enable the interrogation of a variety of samples in their native state by MS, 

and are rapidly advancing all fields where screening for the presence of various analytes 

in a broadband and/or high-throughput fashion is desirable. Within the past two years 

alone (January 2009 to January 2011), a PubMed and Scifinder Scholar electronic 

database search resulted in over 290 references referring to this field. For the scope of 

this chapter, a brief introduction of the current ambient MS field will be given to clarify 

how the techniques are unique from traditional MS ionization techniques, and how they 

are categorized from each other. Particular focus will be towards the select plasma 

ionization technique described in the subsequent chapters called Direct Analysis In Real 

Time (DART) and the latest fundamental, instrumental and application developments 

within the past two years.  

1.2. Emerging Ionization Techniques: An Introduction to Ambient MS 

The introduction of desorption electrospray ionization (DESI) by Cooks and 

coworkers in late 20041 followed by DART by Cody et al. in early 2005,2 were the 

pivotal milestones in the recent development of a subfield of analytical MS known as 

“ambient MS”, also referred to as “direct ionization MS”.3-13 The ambient MS field is 
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now past its initial hype period and is finding its application niche. It is also becoming 

increasingly clear that, with some important exceptions, the unique aspect about ambient 

MS technology is not necessarily the ionization mechanisms themselves, but the format 

in which the ion sources are designed/configured. Ambient MS techniques make use of 

well-established ionization principles such as electrospray ionization (ESI), chemical 

ionization (CI), photoionization (PI) etc., but in an open air direct ionization format 

which allows unique experiments to be performed on samples previously requiring 

significant sample preparation prior to MS analysis. Non-destructive surface analysis, 

spatially-resolved analyte detection, multi-analyte fingerprinting, matrix-less imaging and 

selective ionization enhancement by means of specific liquid or gas-phase chemical 

reactions are now possible with ambient MS, with most sample preparation needs 

effectively removed. 

 To distinguish ambient ionization MS approaches from atmospheric pressure 

(AP) ionization techniques, a set of basic traits should be present in techniques to be 

included in the ambient MS field. Ambient MS techniques should enable (a) ionization in 

the absence of enclosures such as those typically found in ESI, APPI, APCI, AP matrix-

assisted laser desorption ionization (AP-MALDI) sources. This feature is critical when 

examining samples (“objects”) of unusual shape or size that cannot fit easily inside of an 

ion source enclosure or that would be critically disrupted or damaged when placed under 

vacuum. In other words, the technique should operate in the open air or ambient 

environment. (b) Ambient MS techniques allow direct ionization with minimum sample 

pre-treatment such as preconcentration, extraction, derivatization, dissolution or 

chromatographic or electrophoretic separation. Although this requirement can be relaxed 
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to some extent in challenging applications of ambient MS, it is still one of the end goals 

of research in this field. (c) The techniques should be interfaceable to most types of mass 

spectrometers fitted with differentially pumped atmospheric pressure interfaces, without 

substantial modification to the ion transfer optics or vacuum interface. (d) Finally, ions 

should be generated softly, with amounts of internal energy deposited equal to or lower 

than those in ESI, AP-MALDI, APPI or APCI. 

 The rapid growth of the field of ambient MS has caused some difficulty in 

classification of the techniques due to minor differences in instrumental conditions and 

geometries. Based on their fundamental properties of ionization and desorption 

mechanisms, ambient MS techniques can be classified into the following categories: 1) 

spray and solid-liquid extraction-based techniques which involve ESI or similar 

mechanisms, 2) direct and alternating current (DC and AC) plasma based techniques 

involving CI mechanisms, 3) plasma-based techniques where chemical sputtering-like 

desorption steps are followed by CI, 4) multimode techniques involving two of the 

principles discussed in previous sections, 5) laser desorption/ablation methods, 6) 

acoustic desorption methods, and 7) other techniques that do not fit into previous 

categories. The majority of the research presented in this dissertation pertains to a DC 

plasma based techniques called DART. In the sections that follow, an introduction to 

DART will be presented.  

1.3. Overview of Plasma-Based Techniques 

Plasma based techniques comprise DART, flowing atmospheric-pressure 

afterglow (FAPA), low temperature plasma (LTP), dielectric barrier discharge ionization 

(DBDI), desorption atmospheric pressure chemical ionization (DAPCI), direct corona 
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beam ionization (DCBI) and microplasmas (Figure 1.1). They involve the generation of a 

DC or radiofrequency electrical discharge between a pair of electrodes in contact with a 

flowing gas such as nitrogen or helium, generating a stream of ionized molecules, 

radicals, excited state neutrals and electrons. Some or all the plasma species are directed 

towards the sample, with optional secondary heating of the plasma gas stream to enhance 

desorption. Plasma ambient sampling/ionization techniques have the advantages of 

simple instrumentation, rugged construction, no need for solvents and generation of 

singly charged analyte species that are more easily identifiable than for spray-based 

techniques, which also generate adducts and multimers. Their use is mainly limited to 

analytes in a reduced mass range, usually below 800-1000 Da.   

Differences between plasma techniques are sometimes not obvious, as not all 

experimental conditions are sufficiently well described to understand similarities and 

differences. The main differences usually reside in one of the following points: (a) if the 

plasma species are or not removed from the flowing gas (nitrogen, helium or air) stream 

previous to interaction with the sample, (b) if the plasma gas stream is heated or not, and 

if the heating is performed by a supplementary heating element, or by Joule heating 

induced by the discharge current itself, (c) if the discharge is operated in DC, AC pulsed 

mode etc., (d) the regime in the current-voltage curve (i-V) where the discharge is 

operated, (e) if the discharge is in the point-to-plane or annular configuration, and (f) if 

the plasma is established within a macro (several mm or more) or micron-sized gap. Of 

the five techniques included in this subgroup, only DART is currently commercially 

available explaining its growing popularity. 
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Figure 1.1: An overview of DC and radiofrequency electrical discharge ambient 
desorption techniques. 
 

1.4. Direct Analysis In Real Time (DART) 

1.4.1. Fundamentals 

DART is a plasma-based ambient chemical ionization source encompassing an 

enclosed point-to-plane glow discharge physically separated from the ionization region. 

Atomic metastables (nitrogen or most commonly helium) produced in this discharge are 

heated and directed towards the sample held in between the ion source outlet and the 

mass spectrometer atmospheric pressure interface inlet. Cody et al. have suggested a 

mechanism where the heated gas stream of excited state helium metastables (He* 3S1, 

19.8 eV) induces Penning ionization of atmospheric water molecules upon exiting into 

the environment, generating protonated water clusters (eq. 1.1).2  

MS
±V1

Discharge 
gas

Heater

DART (75)

•Corona‐glow discharge generates metastables. 
Ions   from discharge are removed.
•Resistively heated gas stream thermally 
desorbs analyte.
•Metastables react with analyte directly or 
through proton transfer or charge exchange 
reactions. Sample placed in “glancing” or 
“transmission” geometry.

MS
±V

Discharge 
gas

ground
±V2 ±V3

•Glow‐arc discharge generates metastables. 
•Gas stream is heated in discharge.
•Metastables and ions react with analyte 
directly or through proton transfer or charge 
exchange reactions. Sample placed in 
“glancing” geometry.

FAPA (7)

MS

RF

Discharge 
gas

LTP (14)
DBDI (2)

•Dielectric barrier discharge generates 
metastables. 
•Metastables and ions react with analyte 
directly or through proton transfer or charge 
exchange reactions inducing desorption and 
ionization. Sample placed in “glancing” 
geometry.

Discharge 
gas

MS

•Micro‐hollow cathode discharge generates 
metastables. 
•Metastables and ions react with analyte 
directly or through proton transfer or charge 
exchange reactions. Sample placed in 
“glancing” geometry.

Microplasma (1)

±V

MS

DAPCI (4)
DCBI (2)•Corona discharge is established 

between two electrodes.
•Liquid “reactant” can be added to 
heated corona region. Reactant is 
vaporized generating reactive species.
•Plasma‐desorbed neutrals ionize by 
various mechanisms

±V

Reactant 
solution

Heater



Harris, G. A.   6

)()()()()()( 122
* gOHgHOHgHegOnHgHe n

−+
− ++→+  (eq. 1.1) 

These clusters are believed to be the predominant reactant species in positive 

mode ionization of basic molecules,2 as evidenced by the abundant [M+H]+ ions 

observed in experimental mass spectra, and the array of protonated water clusters (n = 1-

14) observed in the background.2  

The mechanisms for analyte volatilization and interaction with reactant ions 

possibly involves thermal desorption (eq. 1.2) followed by proton transfer reactions with 

reactant ions leading to protonated analyte molecules according with Kebarle’s water 

displacement mechanism.14 This is followed by declustering during travel within the first 

differentially pumped stage of the mass spectrometer (eq. 1.3). 

)()( gABsAB heat⎯⎯→⎯   (eq. 1.2) 

)()()()()()()( 2)1(
2122 gABHgOHgHOHABgABgHOH OHm

mm
+−−+

−
+ ⎯⎯⎯ →⎯+⎯→⎯+  

 (eq. 1.3) 

For low vapor pressure species, an alternate ionization mechanism resembling 

chemical sputtering15 by reactive surface collisions with protonated water clusters has 

also been suggested (eq. 1.4). For example, N,N-diisopropylaminoethyl 

methylphosphonothioic acid (EA2192), a strong ionic salt could still be ionized by 

DART, despite its negligible vapor pressure under normal conditions.2 This type of 

chemical sputtering mechanism has also been proposed for other plasma based ambient 

ionization methods such as surface desorption atmospheric pressure chemical 

ionization.16  

)()()()()()()( 2)1(
2122 gABHgOHgHOHABsABgHOH OHm

mm
+−−+

−
+ ⎯⎯⎯ →⎯+⎯→⎯+  

 (eq. 1.4) 
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The DART proton transfer mechanism is not universal. Direct Penning ionization 

producing electron impact-like spectra (eq. 1.5) and charge exchange reactions with 

oxygen molecular ions (eq. 1.6 and 1.7) have also been reported.17 The importance of 

these alternate ionization mechanisms is affected by the ionization potential and gas-

phase basicity of AB, and by the ion source-to-mass spectrometer distance, which alters 

the reaction chemistry in the DART sampling region. 

−+ ++→+ egABgHegABgHe )()()()( .*   (eq. 1.5) 

−+ +++⎯→⎯+ eHeOgHegOgHe .
22

* )()()(   (eq. 1.6) 

.
2

.
2 )()( ++ +⎯→⎯+ ABOgABgO   (eq. 1.7) 

 Comparison of finite element computational simulations with matching 

experiments carried out by our group have demonstrated that gas velocity and 

temperature gradients play a central role in successfully transmitting ions generated 

within the DART ionization region into the atmospheric pressure interface of the mass 

spectrometer (Chapter 2).18 It was observed that optimum sample placement was a fine 

balance between adequate and rapid sample heating to induce efficient thermal 

desorption and an abundant population of neutrals, and the losses that may occur when 

the gas trajectory lines are disturbed by the presence of a macroscopic sample placed 

between the DART ion source outlet and the mass spectrometer inlet. An important 

limitation of these simulations was that, due to computational limitations, suction from 

the mass spectrometer interface was not included in the models. However, the 

experimental results seem to qualitatively agree well with predictions from particle 

tracing simulations. It was also observed that due to heat losses to the environment, the 

effective gas temperature measured at different points within the ionization region was 
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consistently lower than the DART gas temperature set through the software, an important 

point when considering the choice of experimental parameters, and for internal energy 

deposition studies described below. 

 DART in-source fragmentation of labile molecules is a phenomenon that has been 

known for a number of years19 and has recently led to the discovery of unusual decay 

products of nucleotides an nucleosides.20 It is well known that metastable gas temperature 

has a critical role in the appearance of fragment ions. For example, systematic studies 

with the antifungal voriconazole, demonstrated the increase in the relative abundance of 

fragment ions when DART gas temperatures were ramped from 50 to 500 °C.21 The 

presence of these fragments may make peak assignment difficult, including false 

negatives and positives. To further investigate these processes, our group recently 

completed a comprehensive study that used ion thermometry and computational fluid 

dynamics to attempt to identify the main sources of internal energy deposition in DART 

under standard operation conditions, and compare the amount of internal energy 

deposited by this technique relative to benchmark softer techniques (Chapter 3). The 

internal energy distributions of a series of p-substituted benzylpyridinium ions generated 

by both DART and ESI were compared using the "survival yield" method. DART mean 

internal energy values at glow discharge gas flow rates of 2, 4 and 6 L min-1, and at set 

temperatures of 175, 250 and 325 ºC were in the 1.92-2.21 eV range. ESI mean internal 

energy at identical temperatures in aqueous and 50 % methanol solutions ranged between 

1.71-1.96 eV and 1.53-1.63 eV, respectively. The results indicated that ESI is a “softer” 

ionization technique than DART, but that there was a certain degree of overlap between 

the two techniques for the particular time of flight mass (TOF) spectrometer used in this 
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work. As a whole, when helium was used to sustain the glow discharge, there was an 

increase in DART internal energy with increasing gas temperatures and flow rates, 

indicating thermal ion activation and increased in-source activation within the first 

differentially pumped region of the mass spectrometer. There was no evidence of internal 

energy deposition pathways from metastable-stimulated desorption or excess energy 

released from large differences in proton affinities, but fragmentation induced by high-

energy helium metastables was observed at the highest glow discharge gas flow rates and 

effective gas temperatures. 

 In atmospheric pressure ion sources, ionization does not occur by a single, clearly 

defined mechanism as with vacuum techniques such as electron ionization (EI). For 

example, fundamental studies by Cody have shown that, although positive ions in DART 

are generally formed by proton transfer, molecular ions can be produced as well by 

charge exchange mechanisms under very specific experimental conditions.22 DART 

shares some similarities with APPI in the sense that molecular ions are involved in the 

very first steps, which further react to produce charge or proton transfer products. The 

abundance of odd electron ions from a given analyte was found to correlate directly with 

the abundance of O2
+., which was favored by small (3 mm or less) source-to-inlet 

distances, absence of excess moisture and high (650 °C) set gas temperatures. Another 

interesting shared characteristic between DART and APPI is that dopants can be used to 

selectively enhance the production of odd electron species. For example, fluorobenzene, a 

typical APPI dopant with an ionization potential of 9.2 eV, can be added as a vapor 

during DART ionization of non-polar analytes such as cholesterol. Under standard DART 

conditions (where O2
+• is not abundant), cholesterol predominantly forms the dehydration 
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product [M-H2O + H]+. However, if fluorobenzene is added, a molecular ion is observed, 

in a similar fashion to that seen under conditions that maximize the abundance of O2
+•. 

 Bartmess, Song et al. have published a series of interesting papers23, 24 

investigating positive and negative ion generation mechanisms in DART beyond those 

proposed by Cody. A "transient microenvironment" effect consisting of nine gas-phase 

reactions accompanied by the respective thermochemical data was proposed to address 

matrix effects in positive mode DART ionization. It was observed that mixtures 

containing 1 μg ml-1 naphthalene, 1,2,4,5-tetramethylbenzene, decanoic acid, 1-naphtol, 

anthracene, 1,3-dimethoxybenzene, 9-methylantracene, 12-Crown-4, N,N-

dimethylaniline, and tributylamine in solvents such as methanol, toluene, hexane and 

chloroform produced very different DART mass spectra depending on the solvent 

chosen. The proposed 9-step transient microenvironment mechanism suggests that 

analyte ionization, rather than proceeding by proton transfer from protonated water 

clusters, occurs by proton transfer from protonated microenvironment solvent clusters. 

Solvent molecular ions can also react with analyte molecules to produce both protonated 

analyte molecules and analyte molecular ions. This theory would also support the results 

described above regarding the use of fluorobenzene as a dopant, which would be part of 

the microenvironment of nascent DART ions. Negative ion formation mechanisms were 

also studied by Bartmess, Song et al., which compared DART with APPI, finding that the 

ionic products formed were similar, leading to four ionization mechanisms including 

electron capture, dissociative electron capture, proton transfer and anion attachment.24 
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1.4.2. Instrumentation 

Recognizing that sample introduction plays a critical role in DART, many reports 

presenting alternative ways of exposing analytes to the metastable stream have been 

published. An automated linear rail auto sampler was used to map chemical plumes 

produced by accidental or intentional release of potentially toxic compounds using water-

soaked cotton-swab wipe samples.25 Another swabbing technique, this time involving 

foam swabs, was recently developed to detect 132 multiclass pesticides on the surface of 

grapes, apples and oranges entering the United States.26 In this application, a transmission 

mode (TM) DART ionization approach was coupled to high-resolution non-targeted mass 

analysis using an Orbitrap mass spectrometer, mitigating the loss in peak capacity caused 

by the lack of chromatographic separation. Detection was achieved consistently for 86% 

of the analytes at levels ranging 2-10 ng g-1. Partial separation was achieved by thermally 

ramping the DART gas temperature from 100-350 °C over 3 minutes. This thermal 

dependent release of volatiles has also been employed in various DART applications such 

as detection of compounds from eucalyptus,27 and to resolve ions produced by the 

chemical warfare agent sarin from isobaric interferences.28  TM DART analysis was first 

implemented to detect and quantify insecticides directly from insecticide treated bed nets, 

showing great promise due to increased ion transmission and reproducibility, as 

suggested by fluid dynamic simulations.29 Because millions of insecticide treated bed 

nets are deployed worldwide for malaria prevention, detection of counterfeit products and 

assessment of the remaining amount of insecticide after prolonged environmental 

exposure are two applications that can gain from the high-throughput characteristics of 

DART ionization. TM operation is highly advantageous in the case of bed net samples, as 
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these can be “sandwiched” between two inert spacers and placed directly in between the 

ion source and the mass spectrometer inlet, allowing the DART plasma gas stream to 

interact with the sample in a flow-through fashion, therefore maximizing interaction with 

ionizing species. 

Direct DART desorption/ionization from solid-phase extraction materials has 

been reported in both stir bar30 and syringe formats.31 Both of these approaches are highly 

appealing as they remove some of the manual steps and potential elution losses involved 

in any pre-concentration approach. DART coupled to stir bar sorptive microextraction 

was used to analyze environmental waters contaminated with UV filters. Semi-

quantitation was possible from polydimethylsiloxane-coated bars with repeatabilities in 

the 5-30 %, and detection limits lower than 40 ng L-1. DART results were in good 

agreement with thermal desorption gas chromatography (GC) MS, suggesting that this 

approach has the potential to be routinely used in environmental analysis. 

A modification to a DART ion source that incorporates a micropyrolyzer stage to 

study primary vapors and char products of poplar biomass in a step-wise fashion has been 

recently implemented.32 In this device, the stream of volatiles produced by the pyrolyzer 

was intersected with the DART metastable gas stream, enabling a direct 

decomposition/desorption/analysis experiment without sample preparation. In addition to 

DART MS analysis, the sample surface was also monitored at various pyrolysis stages 

using Fourier transform infrared photoacoustic spectroscopy. The importance of this 

application cannot be underestimated, as the analysis of complex biomass is of critical 

relevance to address increasing demands in the energy and fuels field.  
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DART has also been proposed as an ionization interface for liquid 

chromatography (LC) MS.33 Although most applications covered in this review are 

directed at avoiding any sort of chromatographic or electrophoretic separation, this work 

is still of potential importance. The coupling of LC to MS via DART was achieved via a 

simple interface consisting of a stainless steel or fused silica capillary directing the LC 

eluent into close proximity to the ion source exit grid electrode. It was found that DART 

was highly tolerant to phosphate buffer concentrations up to 120 mM in the mobile phase 

at typical flow rates of 1 ml min-1. Minimal contamination of the ion source or ion 

suppression was reported. Mixtures of parabenes and pyrazine derivatives were tested by 

LC-DART MS with good linearity and limits of detection in the µg L-1 to mg L-1 range. 

One of the keys to the versatility of DART and other ambient ionization/sampling 

techniques has been the ability to be used on a variety of commercial mass spectrometers. 

DART was initially designed to work with cone/orifice atmospheric pressure inlets with 

no modification. However, many capillary inlet instruments could not handle the gas 

loads (especially of helium). As a result, a gas-ion separator tube assembly (GIST, a.k.a. 

VapurTM tube) was designed to allow for the coupling of DART to these instruments. The 

GIST unit adds a small reduced-pressure region in front of the mass spectrometer 

capillary inlet to further reduce the vacuum load. The first demonstration of the GIST 

interface targeted improved quantitation of drugs in biological matrixes using automated 

sample delivery.34 A coefficient of variance of 3.1 % was demonstrated with nine 

repeated injections of rat plasma containing 1 μM benzoylecgonine. In cases where the 

biological matrix suppressed the ion signal, as in the case of testosterone in raw rat 

plasma, a simple protein precipitation method was used to remove many of the 
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interferents. Additionally, pharmacokinetic experiments involving the oral administration 

of 25 mg kg-1 of a proprietary compound to mice were used as a test bed for investigating 

differences observed between LC MS/MS and DART MS/MS results. Plasma samples 

taken over seven time points in three animals revealed the mean difference of 

concentrations between the methods ranged from 4.7-16.4 %.  

 With the exception of the Orbitrap,26 DART has been primarily coupled to mass 

analyzers of low to medium resolving power such as quadrupoles and TOF. Powell et al. 

described the first coupling of a custom-built DART ion source to two different (4.7 and 

9.4 T) FT-ICR mass spectrometers. DART FT-ICR MS was successfully applied to the 

detection with baseline resolution of mixtures of theophylline and diisopropyl 

methylphosphonate separated by only 27 mDa. Analysis of two simple food products 

(grapefruit flesh and habanero pepper) and a crude oil sample (NIST Heavy Sweet crude 

oil) demonstrated that the combined rapid screening capabilities of DART and the ultra-

high resolving power offered by FT-ICR MS result in an extremely powerful tool for 

rapid characterization of complex mixtures. 

1.4.3. Applications 

DART has been used for a multitude of applications due to both its ease of use, 

versatility and commercial availability. The major driving force behind its widespread 

use was to develop alternatives to traditional GC and LC MS methods. DART methods 

may not yield reproducibility as high as conventional GC and LC MS, but the time and 

cost savings may ultimately balance out. Furthermore, DART accurate mass 

measurements can be rapidly obtained since external mass scale calibration is quasi-

instantaneously performed through direct analysis of various calibrant compounds, and 
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because DART was initially preferentially marketed as a companion for orthogonal TOF-

MS instrumentation. The most common DART calibrant in positive ion mode is diluted 

PEG 600, which provides good coverage over the typically acquired mass range (50-800 

Da) and can be sampled easily after dipping a melting point capillary tube in the calibrant 

solution. 

 DART has been identified in the homeland security field as a promising technique 

for surface and volatile analysis of explosives,35 biotoxins,36 and chemical warfare 

agents.37 For these applications, the ability to nondestructively sample from various 

surfaces and substrate materials allows for a quick first screening tool while more time 

consuming, but complementary investigations can be pursued in parallel. In an extensive 

study investigating the analysis of explosives (ethylene glycol dinitrate (EGDN), 

propylene glycol dinitrate (PGDN), Tetryl, pentaerythritol tetranitrate (PETN), 

mononitroglycerin (MNG), dinitroglycerin (DNG), trinitroglycerin (TNG), HMX, RDX, 

dinitrotoluene (DNT), amino-DNT, TNT, dinitrobenzene (DNB), trinitrobenzene (TNB) 

and picric acid) sampled from surfaces (glass, polyurethane foam, steel, wood and asphalt 

shingle) and liquids (diesel fuel, creek water and sea water), DART was shown to 

produce informative and simple spectra of the targeted analyte.35 The explosives were 

rubbed onto the substrates after deposition and drying on aluminum foil (<2 μg) to 

simulate how explosive residues might be found on materials after an explosion. For 

liquids, the explosives were diluted to 100 ng mL-1. The DART source was run in 

negative ion mode with dichloromethane as a dopant to produce mainly the chlorinated 

adducts or molecular anions with little background. Without the dopant, small amounts of 

nitrite and nitrate adduct anions were observed. The explosives were also simultaneously 
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detected on the five surfaces in mixtures containing DNB, DNT, amino-DNT, TNB and 

TNT, although no quantitation was attempted.   

 A quantitative biotoxin activity assay for ricin was developed as a means to 

eliminate timely multistep analysis of ricin activity.36 Ricin is a large (>60 kDa) enzyme 

so direct analysis is not possible with DART. However, one can monitor the secondary 

processes that ricin invokes on eukaryotic cells, in particular, the release of adenine from 

the nucleic acid. Herring sperm DNA was used as a model substrate for ricin exposure, 

with uracil as an internal standard. Linearity for adenine was in the 2.9-740 μM range 

with the lowest concentration of adenine (2.9 μM) detected well above the limit of 

detection (SNR > 350). Time-dependent ricin activity was observed for 50 h showing 

linearity in adenine production for the first 4 h at 53 ± 2 pmol adenine pmol-1 ricin h-1.  

 Quantitative analysis of chemical warfare agents showed similar promising 

results.37 Linear calibration curves over 3 orders of magnitude for nerve agents (tabun, 

sarin and VX) and a blister agent (sulfur mustard) were demonstrated. VX was detected 

as the protonated molecule and tabun and sarin as the ammonium adducts. Interestingly, 

the hydroxyl adduct cation was the base peak ion for sulfur mustard. This is an odd 

species to observe with DART. For confirmation of this species, negative mode analysis 

of sulfur mustard revealed the chlorinated adduct. For all compounds linearity exceeded 

R2 > 0.99 and quantitative percent errors often averaging no worse than 3 %.  

 Food and beverage testing has seen its share of DART-related applications for 

both quality control and forensic purposes. Gamma-hydroxybutyric acid (GHB, “date 

rape drug”) was detected from 50 drink matrices such as juices, sodas, wines and liquors, 

and proposed as a more reliable test than colorimetric assays.38 A lower limit of detection 
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was set at 0.05 mg mL-1 which was lower than typically encountered GHB concentrations 

in real life samples (1.7-21.1 mg mL-1). Similar analytical merits were seen for fungal 

mycotoxins in cereals using either matrix-matched standards or 13C-labeled internal 

standards.39 A variety of mycotoxin standards (n = 24) were tested in both positive and 

negative modes. Not all mycotoxins were detected (DON-3-Glc, OTA, FB1, FB2, 

ergocornine, ergocristine and ergosine), and it was believed that low volatility could be 

the cause since these compounds were heavier than other successfully analyzed 

mycotoxins (400-700 Da). Derivatization or alternative desorption methods could remedy 

this issue in future studies. Common anions and cations observed were the chlorinated 

(ADON, DON, Deepoxy-DON, FUS-X, NIV, ZEA, altenuene, alternariol and alternariol-

met) and deprotonated (ZEA, altenuene, alternariol and alternariol-met) adducts and 

protonated (DAS, AFB1, AFB2, AFG1, AFG2 and sterigmatocystin) and ammonium 

(HT-2, T-2 and DAS) adducts, respectively. Comparative analysis of certified reference 

materials of DON or ZEA mycotoxins in maize flour, wheat flour, and ground millet by 

DART MS and UPLC MS showed that DART offered comparable results. For example, 

the mean amount of the mycotoxin DON in maize flour measured via external calibration 

and isotope dilution with DART was 459 and 486 μg kg-1 with relative standard 

deviations of 9.0 and 5.9 %, respectively. Compared to the mean value (500 μg kg-1 

maize flour) and relative standard deviation (4.1 %) obtained by UPLC, the results 

obtained with DART are certainly similar. 

 Food packaging was tested for additives like plasticizers, anti-oxidants, colorants, 

grease-proofers and ultraviolet light stabilizers.40 Attention should be drawn to the 

detection of some high molecular weight (~1000 Da) compounds in this study. For 
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instance, a plasticizer (epoxidized soybean oil) and an antioxidant (Irganox 1010) were 

both detected as the protonated water adducts (m/z 992.8 and 1196, respectively). The 

epoxidized soybean oil contained a mixture of epoxidized triglycerides, diglycerides and 

fatty acids with the base peak belonging to the epoxidized triglyceride of linoleic acid. 

The protonated water peak for Irganox 1010 was also accompanied with a less intense 

protonated molecule peak (m/z 1177.7). 

 DART has also been applied to the detection of melamine contamination in milk 

powder. In one study, melamine and cyanuric acid were detected from powdered milk 

samples.41 Limits of detection for melamine and cyanuric acid were 170 and 450 μg kg-1, 

respectively. Isotopically-labeled standards (13C3-melamine and 13C3-cyanuric acid) were 

used for quantitation. Instant H/D exchange occurred with deuterated melamine 

analogues (melamine-d6). The limit of quantitation was 450 and 1200 μg kg-1 for 

melamine and cyanuric acid, respectively, with relative standard deviation in the 5-7 % 

range for standard mixtures. In real life samples of dried milk, condensed milk and dried 

cheeses, good agreement was seen amongst DART and LC MS/MS methods with poorer 

results seen for an ELISA assay comparable to both MS metrics. The DART MS and LC 

MS/MS results for condensed milk analysis showed comparable mean values (4140 and 

3958 μg kg-1) and relative standard deviations (6.2 and 2.8 %). 

 Differentiation between 5-hydroxymethylfurfural (5-HMF) and melamine can be 

difficult without tandem MS or high resolution MS capabilities since they share the same 

nominal m/z (127). In a clever experiment, Dane and Cody42 operated DART with argon 

as the discharge gas, and acetylacetone and pyridine reagent “dopant” gases to selectively 

ionize melamine. The metastable energy states of argon (11.55 eV 3P2 and 11.72 3P0) are 
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lower than the ionization energy of water (12.6 eV), therefore no Penning ionization of 

water occurred. Direct Penning ionization of either compound was not observed so a 

multistep reaction sequence involving dopant gases introduced into the ionization region 

was used to selectively protonate melamine. First, metastable argon Penning-ionized 

acetylacetone. This molecular ion then reacted with a neutral acetylacetone molecule 

protonating it. The proton affinity of the acetylacetone molecule was lower than pyridine 

(873.5 vs. 930 kJ mol-1), and pyridine thus captured the proton. Finally, the protonated 

pyridine transferred the proton to melamine. Although no literature values were found for 

the proton affinity of melamine and 5-HMF, these results demonstrate that melamine 

must have a proton affinity greater than pyridine, and both have affinities greater the 5-

HMF. As noted earlier, this study utilized argon as the metastable gas and has been the 

first and only reference to date that uses this DART approach. 

 An unique investigation of the release kinetics of a chewing gum flavor agent 

(WS-3, cyclohexanecarboxamide) in saliva was pursued with DART and compared to LC 

MS.43 A custom sample probe was made to reproducibly hold the sample in the gas 

stream. The probe consisted of a 0.12 mm diameter metal (nickel chromium) wire 

wrapped around a 0.80 x 0.80 mm disposable syringe needle with a sealed hole. This 

probe could be rapidly made and reproducibly placed with the help of a custom assembly 

attached to the DART source. The sample probe provided a medium that conduced heat 

efficiently, provided surface “roughness” for liquid to adhere, and was small so that the 

reactive gas dynamics were not severely disturbed. Compared to conventional melting 

point capillary probes, maximum signal intensity was higher for the new probe, and the 

relative standard deviation was improved 3-fold over 4-decades of concentration range 
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(0.1-1000 ng mL-1). In regards to the release kinetics of WS-3, four subjects gave 10 

saliva samples over an hour of both free and encapsulated WS-3 in an extruded 

carbohydrate carrier. The levels of free WS-3 started low (1 μg g-1 saliva) and seemed to 

stay constant or gradually increase after 10 minutes of chewing (maximum level of 10 μg 

g-1 saliva shown in one subject). Conversely in encapsulated form, WS-3 levels spiked 

within the first 3 minutes to levels of 5-25 μg g-1 saliva. A sudden decrease in levels was 

then observed in the next few minutes until stabilization after 10 minutes near 3-10 μg g-1 

saliva. These results reflect the differences in saliva secretion between the subjects and 

the release of flavor quickly in encapsulated forms. 

 Polymers and additives have been also investigated by DART since most low-

molecular weight polymer subunits, side chains and initiators contain functional groups 

that readily protonate. Additive stabilizing agents such as those from the Irganox, Irgafos 

and Tinuvin types, amongst others, were investigated in both toluene extracts and directly 

from polypropylene polymer samples.44 For these stabilizers, common observed ions 

were the deprotonated anions and the protonated molecules. Positive mode ionization 

provided the best sensitivity with limits of detection below 1 mg L-1 except for one of the 

21 tested samples (Tinuvin 328, 50 mg L-1). Intact polymer samples (0.5 x 0.5 cm pieces) 

with multiple additives were all successfully investigated. For example, the additives 

Tinuvin 770, Tinuvin 234, Irgafos 38 and Chimassorb 81 at concentrations of 10 mg per 

5 g base polymer (polypropylene) were successfully detected as the protonated molecules 

at m/z 481.4017, 448.2373, 515.3637 and 327.1931, respectively. 

 Additives in poly(vinyl chloride) lid gaskets were targeted for detection since 

their introduction into food products is regulated.45 Toluene extracts of gaskets were used 
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to identify numerous compounds such as phthalates, fatty acid amides, tributyl O-

acetylcitrate, dibutyl sebacate, bis(2-ethylhexyl) adipate, 1,2-diisononyl 1,2-cyclohexane-

dicarboxylate, acetylated mono- and diacylglycerides, epoxidised soybean oil and 

polyadipates. Similarly, phthalic acid esters were detected from poly(vinyl chloride) 

toys.46 Phthalic acid esters are under safety scrutiny for potential toxic effects against the 

health of children. Limits of detection for benzyl butyl phthalate, bis(2-ethylhexyl) 

phthalate and diisononyl phthalate were 0.05 %. Other additives such as dibutyl 

phthalate, di-n-octyl phthalate and diisodecyl phthalate had a slightly higher limit of 

detection of 0.1 %. Both studies were able to demonstrate that the detection of additives 

could be conducted from intact polymer samples or liquid extracts which required 

minimal time for preparation. Compared to traditional verification techniques which may 

exceed 16 h for preparation alone, complete analysis with DART took only 8 min. 

 Environmental contaminants such as polycyclic aromatic hydrocarbons (PAH) are 

insoluble and incompatible with many typical analysis methods. DART was able to 

quickly (3-5 s sample-1) screen for pure PAHs off of melting point capillary tubes.47 The 

protonated molecules of 1,2,5,6-tetrabromocorannulene (m/z 566.7236), 

diacenaphtho[1,2-a:1’,2’-g]-corannulene (m/z 499.1484), diphenanthro[9,10-a:9’,10’-g]-

corannulene (m/z 551.1797), tetraindenocorannulene (m/z 547.1502), 

decachlorocorannulene (m/z 594.6904), 1,3,5,7,9-pentachlorocorannulene (m/z 421.8809) 

and peri-bis-dibenzo[a,g]corannulene (m/z 697.1947) were detected with mass accuracies 

better than 3 ppm. Protonated molecules and molecular ions were also detected from 

headspace vapor from organometallic compounds containing As, Fe, Hg, Pb, Se and Sn.48 

Additionally, protonated metal ions for some of the compounds were observed. For 
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example, tetraethyllead sampled in helium showed the protonated lead ion (m/z 209) in 

addition to the molecular ion of ethyllead (m/z 237), protonated diethyllead (m/z 267), the 

molecular ion of triethyllead (m/z 295) and the water adduct of the protonated molecule 

(m/z 343). Sulfur containing species in drywall products were detected in negative ion 

mode.49 S2
- (m/z 64), SO3

- (m/z 80) and S3
- (m/z 96), amongst others, were only detected 

from samples of drywall made in China. 

 The high-throughput surface sampling qualities of DART have been exploited for 

forensic pharmaceutical drug screening. The detection of counterfeit antimalarials with 

DART has also been performed and briefly reviewed previously in the DESI applications 

section.50 In a validation analysis of illegal drugs,51 limits of detection for target 

compounds (heroin, alprazolam, cocaine, testosterone propionate and trazodone) were 

determined to be 0.05 mg mL-1. Then, 553 case specimens were tested by DART and 

compared to GC MS. For identification/screening purposes the results for all but one 

sample were identical. The one sample exception contained heroin and the unusual 

cutting additive yohimbine ([M+H]+, m/z 355.2001). Although this ion does not interfere 

with the detection of heroin ([M+H]+, m/z 370.1654) per se, the isotopic (13C) peak of an 

unidentified concomitant species at m/z 369.2147 positively interfered. 

 The pharmaceutical industry has utilized DART in preclinical trials and for the 

quantitation of drugs in biological fluids. For example, photo degradation analysis of 

encapsulated photosensitive active ingredients was completed with DART.52 Although 

the active ingredient was not identified in the text by name, the corresponding protonated 

molecule and dimer were detected in control (not exposed to UV light) and exposed in 

different capsule colors (white, orange and green, increasing in UV protection). A 
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degradation product was detected in UV-exposed capsules with relative increases in 

intensity corresponding to the lowest protective colors (white and orange) compared to 

the green colored capsule where the degradation product ion was detected in very low 

levels. Similar experiments would take hours with LC-UV analysis. The same study also 

demonstrated that a similar improvement in throughput could be achieved for the 

determination of specific activity of radio labeled compounds used in drug metabolism 

studies. Four isotopically labeled active ingredients showed very similar specific 

activities in both LC MS and DART. Less than a 5 % error was observed amongst the 

four samples with DART analysis. Additionally, DART did not require the addition of a 

solvent modifier for efficient ionization like in ESI. As a result, there was almost no 

radioactive waste to be concerned with after DART experiments. 

 Metabolite screening has been targeted by DART for rapid investigation of 

volatile and non-volatile compounds. An insect hormonal regulator in insects, juvenile 

hormone III and its corresponding terpene precursors farnesol, farnesoic acid and methyl 

farnesoate were detected to create a quick screening method for insect terpenoids.53 

Careful optimization of DART conditions resulted in detection limits ranging from 

femtomole to sub-picomole levels with accurate mass determination below 5 ppm. These 

merits would allow for detection of the compounds from the endogenous production in 

most insects. In-source collision-induced dissociation (CID) was used to distinguish 

between two farnesol isomers, an important merit since only one isomer is biologically 

active. When orifice one voltages were set between 40-80 V, the breakdown curves 

revealed that the fragmentation efficiency of the EE-farnesol isomer was greater than the 
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ZZ-farnesol isomer. The differences in fragmentation highlight the different 

configurations of the carbon-carbon double bond at C-2 of farnesol.  

 Traditional metabolomics screening methods using LC MS and GC MS require 

significant time to conduct the analysis. Alternative rapid techniques may allow for larger 

sample sets and replicates to be screened if the sample prep steps can be parallelized. In 

this context, DART human serum metabolomic fingerprinting was first developed and 

optimized54 before implementation in a broader ovarian cancer detection study.55 

Optimized DART runs required as little as 1.2 min, however it should be noted that the 

method still required derivatization to increase the volatility of sample constituents. 

Throughout DART runs, more than 1500 different spectral features could be detected. 

These spectral features do not individually represent separate metabolites as some are 

most likely fragment and various adduct ion species. However, the quantity and the 

resultant detected overall peak patterns can all be used in building metabolite screening 

databases. Most importantly, a 4.1-4.5 % repeatability was obtaining using a custom built 

sampling arm to introduce samples for DART ionization. 

 In a pilot study, DART metabolomic fingerprinting of blood serum samples from 

44 patients diagnosed with serous papillary ovarian cancer (stages I-IV) and 50 healthy 

patients with or without benign conditions were differentiated.55 Samples were subject to 

protein precipitation and derivatized by silanization prior to analysis. The predictive 

performance of the DART mass spectra was evaluated through a 64-30 split validation 

with and without different feature selection methods and with leave-one-out cross 

validation. Modified support vector machine models were used to obtain predictive rules. 

One hundred and fifty three estimated elemental formulae were obtained by accurate 
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mass measurements which were tentatively mapped to 25 metabolic pathways. The 

method was able to distinguish between cancer and control groups with 99-100 % 

accuracy. This study demonstrated the potential powerful role that DART screening can 

have as a diagnostic tool, but more samples are required to further validate these findings 

and to translate this approach into a routine clinical tool. 

1.5. Conclusion 

 The extensive list of newly developed ambient MS ionization techniques has 

sparked significant interest and new applications in the field of analytical MS. One 

technique in particular, DART, offers not only the advantages of speed and ease-of-use, 

but may be instrumental in the continuing growth of specific fields such as rapid 

quantitative screening. Further, it is expected that DART will continue to contribute to 

established fields like environmental monitoring, homeland security and food safety 

along with emerging fields such as metabolomics. Nevertheless, much remains to be 

learned about the fundamental mechanisms and properties of DART which should allow 

for the discovery of new applications and the optimization of existing methods. 

 

 

 

 



Harris, G. A.   26

CHAPTER 2. SIMULATIONS AND EXPERIMENTAL 

INVESTIGATION OF ATMOSPHERIC TRANSPORT IN AN 

AMBIENT METASTABLE-INDUCED CHEMICAL IONIZATION 

SOURCE 

2.1. Abstract 

 A prototype metastable-induced chemical ionization source (MICI) was designed 

and constructed to perform some of the first fundamental experiments investigating 

DART. Specifically, atmospheric transport of desorbed molecules and ions was probed in 

a strictly designed manner and compared to static finite element method fluid and thermal 

dynamic and SIMION ion trajectory simulations. The complex coupled fluid dynamics, 

heat transfer, and electrostatic phenomena within the sampling region all contribute to the 

variability in ion transmission efficiencies and ultimately, the overall sensitivity of 

analysis. Particle tracing plots mapping neutral particles on the outer perimeter of the 

simulated tablet in different positions and orientations yielded insight into optimal sample 

placement and evidence for sweet spots conducive to better ion transport. Experiments in 

a wide range of electric field conditions were performed revealing that under optimum 

sample placement, sensitivity could be improved if ion mobility contributions were 

minimized. 

2.2. An Introduction to Direct Analysis In Real Time 

2.2.1. Physicochemical Properties of DART 

Generally absent from the discussion of DART ionization are the phenomena 

affecting ion transport within the ionization region and their influence on sensitivity and 
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reproducibility. Heat dissipation from the helium gas stream and from the ion source 

itself should result in marked temperature gradients. These gradients not only can affect 

the energy transfer rates that surface-bound analytes are exposed to, but also produce 

convective currents which are superimposed to the forced gas flow from the ion source 

outlet. From the practical point of view, two sources of signal variance are tightly 

coupled to these transport phenomena: (a) the sample orientation and relative position 

with respect to the convective gas flow lines and (b) the sample proximity to the ion 

source inlet resulting in different placements within the thermal gradients and variable 

heating.  Commercial and home-built sample introduction devices have been 

implemented to aid in reproducible sample positioning within the ionization region 

maintaining these sources of variability constant,17, 19, 56-61 but no rationale yet exists as to 

which sample placement and orientation are preferable in terms of analytical 

performance. 

In addition to convective gas fluid dynamics and thermal gradients, ions within 

the DART ionization region are exposed to the electric field created between the exit grid 

electrode and the mass spectrometer inlet. Under atmospheric pressure, this field 

impinges an additional electric force onto the ions, which is balanced by drag forces 

generated while traveling in and colliding with gas molecules in the fluid media.62  

Although the electric fields are mild compared to those used in other atmospheric 

pressure techniques such as electrospray ionization, the extent to which these contribute 

to atmospheric ion transport also remains unexplored. This is partly because the 

combined contribution of electric mobility, diffusion and convection makes modeling ion 

motion under atmospheric pressure conditions computationally intensive and more 
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cumbersome than in vacuum.63 Recent advances in this field include the modeling of ion 

transport in atmospheric pressure drift cells64 and ion mobility spectrometers65 using 

advanced SIMION66 ion optics simulations. 

2.3. Experimental 

2.3.1. Instrumentation 

 A DART-type metastable-induced chemical ionization ion source was built in 

house so the physical dimensions and gas flows were accurately known and could be 

modeled by finite element simulations. This ion source consists of three regions (Figure 

2.1, top panel): (i) gas inlet and corona discharge, (ii) gas heating, and (iii) grid 

electrode/ion source exit. The gas inlet (5 cm o.d., 1 cm i.d.) and ion source exit (3.5 cm 

o.d., 0.7 cm i.d.) regions were constructed out of Macor (Astro Met Inc., Cincinnati, OH). 

The glow discharge (4.5 cm o.d., 2.5 cm i.d.) and plasma heating (1.5 cm o.d., 1.25 cm 

i.d.) regions were constructed out of stainless steel (McMaster-Carr, Atlanta, GA). A 

tungsten corona discharge needle (2.8 cm long, 0.1 cm o.d., sharpened to a tip) was 

secured internally within the glow discharge region.  
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Figure 2.1: Top panel: Photograph of the uninsulated ambient metastable-induced 
chemical ionization source. Device regions: (i) gas inlet and corona discharge (7.5 cm 
long); (ii) plasma heating (2.0 cm); (iii) grid electrode/plasma exit (3.5 cm). Bottom 
panel: Two-dimensional representation of the ion source depicting: (a) temperature 
gradients of both the ion source and environment (ºC), and (b) gas velocity contour map 
(m s-1). The purple to light blue lines correspond to the gas velocity contour map, while 
red lines represent simulated gas streamlines denoting directional flow of the exiting gas. 
 

 The discharge was established between a 1.2 cm gap separating the needle and the 

grounded stainless steel chamber housing it. A single steel grid electrode (0.6 cm o.d., 

McMaster-Carr, Atlanta, GA), necessary for filtering ionic species produced in the 

corona discharge was held between the two Macor plates in the exit region. Glow 

a) 

i ii iii 
b)
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discharge and grid electrode voltages were supplied via model 10R and 03R high voltage 

power supplies, respectively (Bertran Associates, Inc., Hicksville, NY). A 1.0 MΩ ballast 

resistor was placed in series with the corona discharge high voltage power supply. A rope 

heater wrapped around region (ii) (not pictured, Omega Engineering, Inc., Stamford, CT) 

was connected to a Thermoworks temperature controller (Cole Palmer Co., Vernon Hills, 

IL) while a RTD temperature sensor element (Omega Engineering, Inc., Stamford, CT) 

monitored the temperature for consistent heating. Aluminum-lined fiberglass insulation 

was tightly wrapped around the ion source to minimize heat losses. Focusing of the 

heated gas stream was facilitated via a male-to-male straight type brass tube fitting 

(Swagelok, Solon, OH) attached to the front Macor plate of the exit region. The helium 

gas flow was controlled with a Scienware Riteflow® 150 mm Flowmaster flow controller 

(Bel-Art, Pequannock, NJ). 

2.3.2. Computer Simulations 

 Schematics of the metastable-induced chemical ionization source were translated 

into a two-dimensional cross sectional geometry file in the computer aided design 

program within the COMSOL Multiphysics® (COMSOL, Inc., Burlington, MA) finite 

element analysis environment. This geometry file was imported into the heat transfer 

convection-conduction and the incompressible fluid dynamics Navier-Stokes steady-state 

models within COMSOL. Material properties of the ion source components were selected 

from a predefined built-in materials database. Modeled flow rate and temperature settings 

were those used in routine DART experiments performed in our lab using a commercial 

DART ion source (IonSense Inc., Saugus, MA) as detailed below. All models were built 

in the absence of electric fields as discussed in the results section. Virtual pharmaceutical 
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tablets were placed at various positions and orientations with respect to the ion source gas 

outlet. Particle tracing plots were generated from twenty particles randomly placed on the 

external perimeter of the virtual tablet surface by the finite element modeling software. 

The temperature of the simulated surrounding environment was fixed to 23.6º C. The 

influence of the reduced pressure transport originating at the inlet of the mass 

spectrometer was neglected. 

Electric field electrostatic modeling was performed in SIMION 7.0 (SIS, Ringoes, 

NJ). The SIMION geometry file modeled both the circular grid electrode and the 

atmospheric pressure MS inlet cone to the best possible exactness. The only irregularity 

to the simulated geometry was the exclusion of the small orifice of the inlet cone.  

Electric field values were obtained along a simulated ion flight path from the center point 

of the gas exit of the ion source to the tip of the inlet orifice. The reduced ion mobility 

constants (K0) for protonated acetaminophen species used to calculate the electric field-

dependent ion velocities were obtained from the literature.67  

2.3.3. Procedure 

 Time-of-flight mass spectrometric analysis was performed with a JMS-100TLC 

(AccuTOF™) orthogonal mass spectrometer (JEOL, USA, Peabody, MA). The 

metastable-induced chemical ionization source was aligned with the MS orifice to match 

the latitudinal and longitudinal geometry spacing from the reference COMSOL computer 

model. All experiments were performed in positive ion mode. Ion optics settings were as 

follows: inlet orifice voltage: 30 V (unless stated otherwise), ring electrode voltage: 5 V, 

orifice 2: 5 V, ion guide bias voltage: 29 V, ion guide peaks voltage: 300 V. The detector 

voltage was set to 2650 V. The DART-type ion source settings were as follows: helium 
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gas (7.1 L min-1), heater temperature: 270º C, glow discharge needle voltage: 1000 V, 

grid electrode voltage: 250 V (unless stated otherwise), distance between ion source and 

the spectrometer inlet: 3 cm. Mass calibration was performed by placing a 1.5 mm o.d. x 

90 mm long glass capillary dipped in PEG in front of the helium stream for 60 s, and 

obtaining a reference mass spectrum. Glass capillaries inserted into the acetaminophen 

tablets were used to hold them manually in place, increasing the stability and 

reproducibility of sample positioning. Tablets were held into the sampling region for 60 

s. The last 10 s of data following signal stabilization were averaged and used for all 

steady-state sensitivity studies. Mass spectral data processing, calibration, and 

background subtraction were performed using the built-in mass spectrometer software 

(MassCenter, v. 1.3). The voltages on both the exit grid electrode and orifice 1 plate were 

measured against ground. The temperature gradient within the sampling region was 

determined with an 80BK temperature probe connected to a multimeter (Fluke 179-True 

RMS, Everett, WA). 

2.4.  Finite Element Analysis of the Ionization Source 

Finite element analysis is a widely used simulation approach in engineering. It is 

based on a numerical technique known as the finite element method (FEM), which 

evolved over several decades and was introduced in its present form in the late 1950’s. 

Since then, it has been implemented as a robust mathematical modeling procedure to 

solve multivariate problems in a wide variety of disciplines.68 Briefly, a system is 

“discretized” into many subdomains of an unstructured grid. Partial differential equations 

termed shape functions relating to the variable of interest are solved for each grid element 

in an iterative manner to determine the solution of the non-linear equation system. FEM 
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accuracy can be increased by refining the model mesh, at the cost of increased computing 

requirements. Detailed explanations of FEM can be found elsewhere.69-71 Software 

packages which combine FEM with computer-aided design have streamlined FEM 

analysis, enabling the simulation of heat transfer and fluid dynamics phenomena 

simultaneously, yielding insightful computer-generated graphics that facilitate the 

intuitive understanding of complex coupled systems. 

Steady state FEM simulations provided a framework to investigate the gas flow 

velocity field (Figure 2.1a) and temperature gradients (Figure 2.1b) both within the ion 

source, and the ionization region between the gas outlet and spectrometer inlet cone. The 

heater temperature in the model was set to 270 ºC to correspond with the settings used in 

the experiments, and the fiberglass insulation cover was included in the simulation with a 

thermal conductivity value of 0.04 W m-1 K-1. The maximum simulated temperature 

reached within the insulated model was 269.959 ºC suggesting negligible heat loss at the 

core of the ion source body, leading to efficient heating of the gas in the internal cavity of 

the ion source (Figure 2.1b). The highest temperature regions of the ion source were 

those closest to the heaters, and the temperature gradient was fairly uniform throughout 

the ion source body until these parts contacted the non-insulated ceramic ends in the gas 

inlet and outlet regions. There, heat losses and convective cooling due to the forced 

helium flow were observed. Although low thermal conductivity (1.46 W m-1 K-1) 

machinable ceramic was used in the fabrication of the gas outlet region, FEM models 

showed that the non-insulated portion of the ion source still dissipated a certain amount 

of heat into the surrounding environment. The gas temperature within the ionization 
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region was much lower than the setting chosen for region (ii), and pronounced 

temperature gradients were observed in this region.  

 The velocity contour map describes the gas flow through the ion source (blue and 

purple lines, Figure 2.1a). As expected, the flow through the ion source was at a higher 

velocity through geometrically narrower passages (purple lines) as opposed to lower 

velocity regions that were unobstructed and open (light blue lines). The magnitude of the 

gas velocity at the ion source exit was computed to be 1.05 m s-1. Simulations also 

indicated that gas streamlines (red lines) flowing upwards were more numerous. The 

most logical explanation pertains to the generation of a lower gas density region as a 

result of the heated helium gas and the dissipated heat from the ion source, resulting in a 

pocket of higher-velocity upward gas flow above the ion source sampling region. 

2.5. Combined Fluid-Thermal Dynamic and Electrostatic Simulations 

With Experimental Validation of the Spatial Variations Within the 

DART Ionization Region 

 In order to ascertain the combined role of temperature gradients and convective 

gas currents on ion transport, virtual pharmaceutical tablet samples were positioned along 

the ion source exit-spectrometer inlet axis. Qualitative particle tracing simulations were 

first generated for a tablet placed upright and 0.6 mm below the ion source exit-

spectrometer inlet axis (Figure 2.2, top panel).  Three cases were considered: (x) near the 

ion source exit, (y) half way between the ion source and inlet orifice, and (z) in close 

proximity of the inlet orifice (Figure 2.2, bottom). Simulated particles were initially 

placed on the tablet surface and allowed to be carried by the ionizing gas, flowing in the 

local environment in a path determined by the gas velocity field. The particles were 
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chosen to have negligible mass since it was assumed that the species leaving the sample 

surface are either ions produced by chemical sputtering or neutrals produced by thermal 

desorption. Particle tracing plots display path lines of particles that are visualized 

trajectories of particles in a fluid dynamic field. The motion of the particles in the 

simulation does not affect the modeled fluid dynamic flow field. 

z.

0 cm 1.5 cm 3.0 cm

x. y.

y. z.x.x.

 

Figure 2.2: Zoomed image of the ionization region. Tablet positions correspond to the 
“upright-below” position at different distances between the ion source and inlet orifice: 
(x) adjacent to the ion source (0 cm); (y) between the ion source and the inlet orifice (1.5 
cm); and (y) adjacent to the inlet orifice (3 cm). Legends on left show the temperature 
scale (above) and the particle velocity scale (m s-1) (below). 

 

Simulations showed that particle flow towards the inlet was the greatest when the 

sample was held in position x, compared to the positions y and z (Figure 2.2, bottom 

panels). Position x not only was conducive to the most efficient particle transport, but 

also exposed the tablet to the highest temperatures from the heat radiating off the ion 

source and the gas plume. This temperature was experimentally determined to be in the 
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124.2 - 116.9°C range measured on the left to right ends of the tablet, a finding that was 

also supported by the modeled thermal gradient (Figure 2.3). Particle flow simulations for 

position y showed a disadvantageous downwards particle flow, and exposure to lower 

temperatures (106.1 - 99.9°C, Figure 2.3), which may experimentally translate into 

reduced sensitivity. When the tablet was placed in position z, minimal particle flow 

towards the inlet orifice was predicted.  This effect is attributed to the downwards 

streamline gas flow beneath the orifice depicted in Figure 2.1 (bottom panel). In addition, 

even less pronounced sample heating would be expected (94 - 90.1°C, Figure 2.3). The 

combined effect of these two phenomena should result in the lowest signal intensities. It 

was observed that some particles appeared to travel inside the virtual tablets. This is a 

mathematical artifact caused by the finite tolerance of the differential equation solver at 

the boundaries of the curved tablet surface. Lowering the tolerance factor decreased the 

apparent flow through the tablet. The lowest tolerance factor was used, but particle flow 

through the virtual tablets could not be completely eliminated, the power of our 

computing hardware being the limiting factor. Other limitations of these simulations 

include lack of three-dimensional information, and neglecting the suction from the 

spectrometer inlet. Despite these limitations, comparison of simulations and experiments 

showed the former to qualitatively describe ambient ion transport in the ionization region, 

as described below. 
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Figure 2.3: Simulated (black circles) and measured (red triangles) temperatures along the 
“below” sampling line. 
 

The above simulations did not account from the forces exerted by the electric 

field formed between the perforated grid electrode and inlet orifice. Traditionally, a 

potential has been applied to the grid electrode to prevent ion-ion recombination, and to 

filter ionic species formed in the corona discharge.2 As a first step to investigate the 

magnitude of the electric field repelling effect, SIMION simulations were utilized to 

model the electric field gradients of a system with a geometry corresponding to that of 

our setup. Figures 2.4 (a-f) depict the average electric field in the sampling region defined 

along the ion source-inlet axis. The calculated average values along this axis ranged from 

0.0288 V cm-1 for a grid electrode voltage of 50 V to 18.6 V cm-1 for a grid voltage of 

300 V.  Based on these results, ion velocity magnitudes induced solely by the electric 

field were calculated using the literature value for the protonated acetaminophen ion 

reduced ion mobility (1.70 cm2 V-1 s-1), a laboratory atmospheric pressure (P) of 732.8 
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Torr, and temperatures (T) calculated at various points along the sampling region. The 

reduced ion mobility is directly related to the ion velocity (v) by: 

T
P

E
vK 273

7600 ××=   (eq. 2.1) 

where  

t
dv =   (eq. 2.2) 

and d is the distance traveled by the ion, E is the average electric field in a given point in 

space calculated by SIMION (Figure 2.4), and t is the time required to travel such a 

distance.  
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Figure 2.4: SIMION simulated electric field values on the straight line linking the center 
of the ion source gas exit and the orifice inlet cone at various grid potentials of (a) 50 V, 
(b) 100 V, (c) 150 V, (d) 200 V, (e) 250 V and (f) 300 V. In each case, these calculations 
were repeated for orifice potentials between 20 and 40 V. 
 

 The calculated ion velocity magnitudes under various conditions are shown in 

Figures 2.5 (a-e). Velocities ranged from 6.95·10-3 m s-1 to 4.74·10-1 m s-1, and were 

greatest at the highest grid electrode potential and closest to the ion source exit or 
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spectrometer inlet.  Under higher field conditions (grid voltages of 250 V – 300 V), the 

field-induced ionic mobility could be expected to be deleterious for sensitivity, as due to 

the conical shape of the inlet electrode, ions would be directed in trajectories not 

converging towards the orifice. If the sample is placed in an optimum position, it would 

be expected that lower field conditions (grid voltages of 50 V – 100 V) could result in 

improved ion transport driven mostly by fluid dynamics, and that this effect should be 

more marked for smaller ions, with higher K0 values. 
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Figure 2.5: Calculated ion velocities in the ambient sampling region of a straight line 
between the center of the ion source gas exit and the spectrometer orifice inlet determined 
from the reduced ion mobility constant of the protonated acetaminophen molecule 
[M+H]+ and SIMION-simulated electric field values at defined grid potentials, and at 
specified orifice potentials of (a) 20 V, (b) 25 V, (c) 30 V, (d) 35 V and (e) 40 V.
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 The overall contribution of the grid and orifice electrode potentials to the 

sensitivity for both the protonated acetaminophen molecule (Figure 2.6a) and dimer 

(Figure 2.6b) was experimentally explored for all electric field values previously 

modeled. Tablets were manually held in the “upright-below” position matching FEM 

simulations (Figure 2.2, bottom panel, x). Experimental results confirmed that sensitivity 

was greatly improved at lower grid and orifice voltages, both for the protonated monomer 

and dimer ions. These findings support the hypothesis of a decreased amount of focusing 

towards the orifice inlet when greater electrostatic forces are present. 
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Figure 2.6: Experimentally determined intensities of the (a) protonated acetaminophen 
molecule [M+H]+ and (b) protonated dimer [2M+H]+ at specified grid and orifice 
potentials (n = 5). Fragment ions were not detected in any of the assayed conditions. 
 

The sensitivity as a function of distance from the ion source under normal (grid 

250 V, orifice 30 V) and low field (grid 50 V orifice 20 V) ion source settings is depicted 

in Figure 2.7 a and b, respectively. Sensitivity decreased with respect to increased 

distance from the ion source outlet, and at the higher grid and orifice electrode potential 

settings. The sensitivity in the upright tablet orientation of the acetaminophen protonated 
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molecule in the x, y, and z positions was improved under the low-field settings by 128%, 

220% and 160%, respectively. The overall distance-dependent drop off in sensitivities 

under both normal and low-field settings can be attributed to both the decrease in net 

particle flow towards the inlet (Figure 2.2) and the decrease in the overall temperature in 

the sampling region (Figure 2.3). 

 

Figure 2.7: Distance-dependent sensitivity of the upright tablet orientation of both the 
acetaminophen protonated molecule [M+H]+ and dimer [2M+H]+ under (a) normal (grid 
250 V orifice 30 V) and (b) low electric field (grid 50 V orifice 20 V) conditions for 5 
measurement replicates. 
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2.6. The Role of Sample Geometry In Space On the Observed 

Experimental Sensitivities With DART 

 The previous findings confirmed that marked spatial variations in the local 

sampling environment exist within the ionization region. Different sample orientations 

within this region should also result in variable ion transport efficiencies. FEM models of 

a circular virtual tablet exposed to the helium stream emanating from the ion source were 

generated in multiple orientations and positions to further investigate this hypothesis 

(Figure 2.8). Three tablet orientations (left column: sideways, center column: flat, right 

column: upright), in three different heights respect to the ion source (above, inline, 

below) were modeled to reflect several possible sample placements in space. The 

“sideways” and “flat” sample geometries were represented by rectangles since this was 

the projected shape of a cylindrical tablet visualized from the side. The effect of the tablet 

curvature from this perspective can not be simulated in two dimensional models, and is a 

limitation of these simulations. 
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Figure 2.8: (a) Particle tracing simulations of circular tablets showing simulated particle 
velocities (m s-1) and (b) temperatures (ºC). The temperature scale is shown in b). Top 
row: Above position for sideways (i), flat (ii) and upright (iii) orientations; middle row: 
inline position for sideways (iv), flat (v), and upright (vi) orientations; bottom row: below 
position for sideways (vii), flat (viii) and upright (ix) orientations. 
 

Top row images depict the various sample orientations above the central sampling 

axis (Figure 2.8 i-iii). All three simulations portray no particles flowing towards the inlet 

orifice. Instead, particle flow was longitudinally upwards, as supported by the more 

numerous gas streamlines and gas velocity contour map previously described (Figure 

2.1b). Low sensitivity is predicted for experiments with a sample placed in such 

positions. The middle row images have the samples directly in line with the gas outlet 

and inlet orifice (Figure 2.8 iv-vi). Particle flow again shows desorbed particles flowing 
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longitudinally upwards, similarly to the “above” sample position. Although tablet heating 

rate should be improved in this “inline” position due to the placement within higher-

temperature areas, it should also result in little to no signal since the tablet was blocking 

most, if not all, helium gas flow towards the inlet orifice. The bottom row images 

represent sampling below the central line (Figure 2.8 vii-ix). Here, the greatest particle 

flow towards the mass spectrometer was observed. Simulation ix show particles traveling 

directly onto the mass spectrometer orifice, and simulations vii and viii have significant 

latitudinal (left to right) flow towards the inlet. There was also reduced upward particle 

flow, with many particles flowing longitudinally downwards. These models seem to 

suggest that a sweet spot exists where the position of the sample placed in the “below” 

position can be slightly adjusted to find a balance between the latitudinal and longitudinal 

flows, directing a greater percentage of particles into the mass spectrometer.  In addition, 

the spiraling of particles in all the “below” sample positions may contribute to increased 

ion yield since particles are shown to recycle back into the ionization region by gas 

whirlpools, increasing their residence time, and the probability of reactive collisions with 

ionizing species. In summary, these simulations suggest the “below” position reflects the 

optimum situation for tablet sampling in terms of sensitivity. 

Experimental validation of the previously described simulations was 

accomplished using acetaminophen tablets with identical dimensions as those utilized in 

the FEM models. Using normal (high field) ion source settings (Figure 2.9a and b), 

experimental results for five repeat measurements indicated that signal intensity was 

greatest in the “below” (3) position for both the protonated acetaminophen molecule 

(Figure 2.9a) and dimer (Figure 2.9b), in comparison to the above (1) and inline (2) 
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positions. Again, low field settings demonstrated a significant increase in sensitivity for 

both the protonated molecule (Figure 2.9c) and dimer (Figure 2.9d). An increase in 

sensitivity with the low field settings compared to normal settings at the various tablet 

positions and orientations occurs for both protonated molecule and dimer ions, 

respectively: i) 173% and 1853%, ii) 43% and 561%, iii) 150% and 367%, iv) 75% and 

475%, v) 0% and 0%, vi) 59% and 88%, vii) 94% and 150%, viii) 23% and 45%, and ix) 

128% and 7%.  

 

Figure 2.9: Average signal intensities of (a, c) acetaminophen protonated molecule (m/z 
152.07) and (b, d) proton-bound dimer (m/z 303.14) for the flat (black), sideways (red), 
and upright (green) orientations in the above (1), inline (2), and below (3) positions under 
high (grid 250 V orifice 30 V, left panels) and low field (grid 50 V orifice 20 V, right 
panels) conditions.  Error bars indicate the standard deviation of replicate measurements 
(n=5). 
 

 As the experiments and simulations demonstrate, orientation ix results in the 

greatest overall signal intensity, while any “upright” orientation results in greater signal 

P osition

1 2 3

A
vg

. I
nt

en
si

ty
 (m

/z 
15

2.
07

)

0

10000

20000

30000

40000

50000

60000

70000

avg fla t in t 
avg s ideways in t 
avg upright in t 

P os ition
1 2 3

A
vg

. I
nt

en
si

ty
 (m

/z 
15

2.
07

)

0 .0

2.0e+4

4.0e+4

6.0e+4

8.0e+4

1.0e+5

1.2e+5

1.4e+5

1.6e+5

1.8e+5

avg fla t in t
avg  s idew ays in t
avg  upright in t

P osition

1 2 3

A
vg

. I
nt

en
si

ty
 (m

/z 
30

3.
14

)

0

5000

10000

15000

20000

25000

30000

avg fla t in t 
avg s ideways in t 
avg upright in t 

P osition
1 2 3

A
vg

. I
nt

en
si

ty
 (m

/z 
30

3.
14

)

0

5000

10000

15000

20000

25000

30000

avg fla t in t
avg s ideways in t
avg uprigh t in t

a) 

c) 

b)

d)



Harris, G. A.   49

intensity for any given tablet position. This effect may be attributed to buoyancy of the 

hot gas flowing off the surface of the tablet affording the sample surface to be subjected 

to the gas plume in a position that facilitates maximum particle flow towards the mass 

spectrometer inlet orifice, while not being placed directly inline with the gas causing 

blockage and/or deflection of desorbed particles, or having desorbed species travel out of 

the ionization region. 

2.7. Conclusion 

 The FEM simulations and validation experiments presented here provide a first 

insight into the complex coupled fluid dynamics, heat transfer, and electrostatic 

phenomena within the ionization region of an ambient metastable-induced chemical 

ionization ion source. These result in variable transmission efficiencies affecting the 

overall sensitivity. For the circular tablet geometry used in this study, we have found that 

placement close to the ion source outlet, in an upright position, and slightly below the 

centerline of the gas plume is most favorable for sampling. We have also confirmed, both 

theoretically and through direct experimental measurements, the presence of steep 

thermal gradients and electric fields within the ionization source region which could 

partially contribute to the lower ion yields at several positions along the axis linking the 

ion source outlet and the mass spectrometer inlet. Our simulations also suggest that there 

is still much room for improvement in terms of ion transmission for this type of ambient 

ion sources, which will certainly benefit from advances in ion focusing technologies 

effective under atmospheric pressure conditions. 
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CHAPTER 3. COMPARISON OF THE INTERNAL ENERGY 

DEPOSITION OF DIRECT ANALYSIS IN REAL TIME AND 

ELECTROSPRAY IONIZATION TIME-OF-FLIGHT MASS 

SPECTROMETRY 

3.1. Abstract 

This study aimed to improve the performance of DART by probing the energy 

transfer processes during ionization leading the fragmentation via “ion 

thermometry” experiments. The internal energy (Eint) distributions of a population 

of p-substituted benzylpyridinium ions generated by both DART and pneumatically-

assisted ESI were compared using the survival yield (SY) method. As a whole, there 

was an increase in Eint with increasing gas temperature for both ESI and DART 

indicating thermal fragmentation of ions. Three-dimensional time resolved 

computational fluid dynamic simulations in combination with direct temperature 

measurements of the DART ionization region revealed complex inversely related 

fluid-thermal gradients which may affect ion Eint values during atmospheric 

transport. There was no evidence of Eint deposition pathways from metastable-

stimulated desorption, but fragmentation induced by high-energy helium 

metastables was observed at the highest gas flow rates and temperatures. 

3.2. Internal Energy Deposition 

3.2.1. Internal Energy Deposition During Ionization 

 Uncontrolled ion activation within the ion source leads to an increase in the ions' 

Eint.72 Defined by Vékey as the “amount of energy an ion contains above the ground 
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electronic, vibrational, and rotational states”.73 Eint is a significant factor in determining 

ion fragmentation yields.74 The areas where ions receive unwanted Eint the most readily is 

during ion generation and the transmission from atmospheric pressure to the reduced 

pressure regions within the mass spectrometer through the atmospheric pressure inlet. It 

should be noted, that although ions can receive additional Eint within the mass analyzer 

portion of the instrument, this is usually a controlled process and does not affect the 

initial Eint of the ions. Therefore, it is beyond the scope of this chapter and will not be 

included. 

 When concerned with just the initial Eint deposition, the factors that must be taken 

into consideration are: 1) the Eint of the molecule before ionization, 2) the number of 

degrees of freedom of the molecule, and 3) the amount of energy deposited into the 

molecule during ionization and transmission. A hard ionization technique is one which 

deposits an excess of energy resulting in a spectra of extensive fragment ions from the 

precursor ion. Conversely, a soft ionization technique produces low Eint ions which are 

typically detected intact with little to no fragmentation. Soft ionization is typically 

desired for fragile organic and biological compounds including non-covalent complexes. 

Figure 3.1 a and b shows two spectra of reserpine when it is ionized by electron 

ionization (70 eV, hard ionization) and pneumatically-assisted ESI (soft ionization), 

respectively. It is clear with this example how the ESI spectrum is dominated by the 

intact protonated molecule whereas the electron ionization spectrum is filled with 

fragments which would make the identification of an unknown very difficult. 
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Figure 3.1. (a) electron ionization mass spectrum of reserpine showing M+. and 
significant fragmentation (reproduced from the NIST database). (b) ESI-quadrupole ion 
trap mass spectrum of 1 μM reserpine in 50:49.9:0.1 (v:v:v) methanol:water:acetic acid 
showing [M+H]+ and fragments at m/z 196 and 396 (10 μL min-1, 5000 VDC). 

 
3.3. Experimental Determination of the Internal Energy Deposition 

3.3.1. Synthesis and Preparation of Para-Substituted Benzylpyridinium Salts 

The p-substituted methyl- (CH3), chloro- (Cl), cyano- (CN), and nitro (NO2) 

benzylpyridinium compounds were synthesized by condensation of the p-substituted 

benzyl halide with pyridine followed by recrystalization from diethyl ether as described 

by Katritzky et al..75 Pyridine, nitromethane, anhydrous diethyl ether, anhydrous ethanol, 

and the benzyl halide starting reagents were all used without further purification (Sigma- 

Aldrich, St. Louis, MO, USA). The methoxy- (OCH3) substituted compound was 

purchased (Arkat USA, Inc. Gainesville, FL, USA). All samples were stored in a -80 °C 

freezer when not in use to minimize degradation. For DART experiments, an equimolar 

thermometer ion mixture (100 μM) was prepared in nanopure water (Barnstead 

International, Dubuque, IA, USA), while for ESI experiments, a 1 μM mixture was 
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prepared in either a nanopure water or 50% methanol (Sigma-Aldrich, St. Louis, MO, 

USA) solution. 

3.3.2. DART-MS Sampling, Instrumentation and Data Acquisition 

DART samples were prepared by pipetting 5 μL aliquots of the sample mixture 

onto the tips of Dip-it™ sample capillaries (IonSense, Inc. Saugus, MA, USA) and 

allowing the drops to dry for 30 minutes. Sample deposition was repeated eight times so 

that a total of 4 nanomoles of each compound was deposited on the capillary. Capillaries 

were affixed to an in-house built sample holder attached to a hinged right-angle sample 

arm (Thorlabs, Newton, NJ, USA) for reproducible sample placement during all 

experiments. 

MS analysis was performed with a commercial DART ionization source 

(IonSense, Inc. Saugus, MA, USA) and a JMS-100TLC (AccuTOF™) orthogonal 

acceleration TOF mass spectrometer (JEOL, USA, Peabody, MA). All experiments were 

performed in positive ion mode. Ion optics settings were as follows: inlet (orifice 1) 

temperature: 80 ºC, orifice 1 voltage: 20 V, ring electrode voltage: 10 V, orifice 2 

voltage: 5 V, ion guide bias voltage: 27 V, ion guide peaks voltage: 300 V. The detector 

voltage was set to 2750 V. A lower orifice 1 voltage was required for DART than for 

ESI, since it improved sensitivity.18 Preliminary experiments with DART at higher orifice 

1 voltages (40 V and 60 V) resulted in overall low sensitivity, with the higher Eo ions 

remaining undetected, thus withholding the ability to conduct reliable Eint statistical 

calculations. 

DART ion source settings were as follows: discharge needle voltage: 3600 V, 

discharge electrode voltage: 150 V, grid electrode voltage: 100 V, distance between ion 
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source and spectrometer inlet: 1.5 cm, distance of sample capillary to MS orifice: 0.60 

cm, capillary depth below MS orifice: 0.16 cm, and capillary distance to the center of the 

DART gas nozzle: 0.74 cm (Figure 3.2). The rate of helium gas flow through the DART 

was 2, 4 or 6 L min-1, and the set heater temperature was 175, 250 or 325 ºC.  

i

ii

iii

MS inlet
DART Gas 

Nozzle

i

ii

iii

MS inlet
DART Gas 

Nozzle

 
Figure 3.2: Sample placement for DART-TOF MS analysis of thermometer compounds. 
Samples were applied to Dip-it™ (diameter 0.16 cm) sample capillaries affixed to a 
stable sampling arm. Sample positioning distances: (i) center of MS orifice to capillary, 
0.60 cm, (ii) capillary depth below center of MS orifice, 0.16 cm and (iii) capillary to 
center of gas outlet distance, 0.74 cm. 

 

A solution of polyethylene glycol 600 (PEG, Sigma Aldrich, St. Louis, MO) 

prepared in 50% methanol was used as the mass calibration standard. A sample capillary 

dipped in the PEG solution was placed in front of the helium stream for 60 s, and a 

reference mass spectrum was obtained. Ultra high purity helium (99.999 %, Airgas, 

Atlanta, GA) was used in all DART experiments. Sample capillaries were held in the 

ionization region for 60 s. Mass spectral data processing, calibration, and background 

subtraction were performed using the built-in mass spectrometer software (MassCenter, 

v. 1.3). The temperature at the tip of the Dip-it™ capillary was determined with an 80BK 

temperature probe connected to a digital multimeter (Fluke 179-True RMS, Everett, 

WA). Ultra high purity nitrogen (99.995 %. Airgas, Atlanta, GA) was used following the 
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exact procedure as helium experiments, but only the low dissociation energy compounds 

(p-OCH3, p-CH3, and p-Cl) were detected in this case. This result made Eint calculations 

impossible due to the lack of data points on the fitted survival yield curves (see below). 

The lower vibronic metastable energy level of nitrogen, and its lower thermal 

conductivity are believed to be the primary responsible factor for the low sensitivity.2  

3.3.3. ESI-MS Experiments, Instrumentation and Data Acquisition 

For ESI-TOF MS experiments, the DART ion source mounted onto the TOF mass 

spectrometer was replaced by the a pneumatically-assisted micro-ESI source (JEOL, 

USA, Peabody, MA). In this source, the nebulizing gas flows orthogonally (pointing 

downwards) to the MS inlet orifice, while the drying (desolvating) gas is applied 

coaxially to the ESI needle assembly passing through a heated metal block (Figure 3.3) to 

enhance desolvation. All mass spectrometer settings were identical to those used for 

DART-TOF MS experiments, with the exception that the orifice 1 voltage was set to 50 

V for ESI, the minimum setting that produced sufficient sensitivity. A 1 μM solution 

containing all five p-substituted benzylpyridinium compounds prepared in either 

nanopure water or 50% methanol was delivered to the ion source with a liquid handling 

pump (Valco Instruments Co., VICI M6, Houston, TX). For the 50% methanol solution, 

the flow rate used was 200 μL min-1. Due to the difficulty of desolvating aqueous 

droplets, however, a lower flow rate (150 μL min-1) was required to produce a stable 

spray from the aqueous solution. A 1:10 000 dilution of the PEG solution was used as the 

mass calibration standard. Ion source settings were as follows: desolvation and nebulizing 

gas: nitrogen (99.995%, Airgas, Atlanta, GA), desolvation gas flow rate: 1 L min-1, 

nebulizing gas flow rate: 2.5 L min-1, desolvating chamber temperature: 175, 250 or 325 
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ºC, and needle voltage: 2500 V. Mass spectral data acquisition, processing, and 

calibration settings were identical to those used in DART-TOF MS experiments. 

 
Figure 3.3: Schematic of pneumatically-assisted ESI source used in this work: a) cross-
section view of the ionization source enclosure, and b) zoomed region of the desolvation 
chamber depicting the i. heating block, ii. electrospray needle with nebulizing gas, and iii. 
cross flow drying gas.  
 

3.3.4. Survival Yield Method and Data Analysis 

Because of the heterogeneity of the processes occurring in atmospheric pressure 

and ambient ionization, the extent of ion activation is better described by P(E), the 

normalized probability distribution that an ion has a given Eint.
73, 74 Many methods have 

been developed to determine P(E) including the “thermometer molecule” method,76 the 

“deconvolution method,”77 and the method used in this study, the “survival yield” (SY) 

method.78, 79 The SY method assumes that: (1) all ions with Eint below a critical energy, 

Eo, do not dissociate and appear as intact ionic species, and (2) all ions with Eint above Eo 

will dissociate into fragment ions.74, 80 Experiments are performed with a series of p-

substituted benzylpyridinium salts with well characterized thermodynamic properties and 

a similar number of degrees of freedom. The prevailing fragmentation pathway 
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commonly observed for these salts is dissociation forming pyridine and a p-substituted 

benzyl cation at a known Eo (Scheme 3.1).  

 

Para-substituted benzylpyridinium 
cation

PyridinePara-substituted
benzyl cation  

Scheme 3.1: p-Substituted benzylpyridinium cation structure and fragmentation pathway. 

 
Following ionization, the ratio of the precursor (Iprec) and fragment (Ifrag) ion 

intensities is calculated (eq. 3.1).78, 79 
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SY values are then plotted against their respective Eo and two points 

corresponding to a SY value of 0 at 0 eV (indicating that no precursor ions would survive 

if the associated critical energy was 0 eV) and a SY value of 1 at 3.5 eV (indicating that 

at high critical energies, no fragment ions would be observed) are added prior to fitting 

the curve to a sigmoidal function (eq. 3.2). 
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The SYFitted curve parameters, a, b, and x0, are experimentally fitted variables. The 

Eint distribution is determined by taking the first derivative of the sigmoid curve, 

generating the P(E) curve. The mean Eint, <Eo>, is then calculated by determining the 

centroid of P(E) (eq. 3.3). 
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 For data analysis, spectra were averaged for one minute using the built-in mass 

spectrometer software (MassCenter, v. 1.3) and exported into Excel (Microsoft, Auburn, 

WA, USA). After manually selecting peak maxima for the ions of interest, and 

calculating survival yields of each (eq. 3.1), the data were treated with an in-house 

programmed macro in SigmaPlot (Systat Software Inc., San Jose, CA, USA) to fit the 

survival yields to a sigmoid curve and to calculate the residual error of the fit, Eint 

distribution, mean Eint, and the full width half-maximum of the distribution. 

3.3.5. Computational Fluid Dynamic Simulations 

A three-dimensional design geometry file was created depicting the accurate 

dimensions of the DART gas exit nozzle, sample capillary and MS inlet orifice with the 

computer-aided design program within the COMSOL Multiphysics® (COMSOL, Inc., 

Burlington, MA, USA) finite element analysis environment. The modeled flow rate 

settings matched those used in the DART experiments. All models were built in the 

absence of electric fields and without regard to the influence of reduced pressure 

transport originating at the inlet of the mass spectrometer. The relative spacing between 

the ion source gas outlet, sample capillary, and MS orifice used during DART analysis 

were incorporated into the model. Particle tracing plots were generated from forty 

particles randomly placed on the external perimeter of the bottom capillary tip by the 

finite element modeling software. Time-resolved simulations of the first 100 ms of 

sampling were performed on a dual Intel Xeon quad core (2.66 GHz) computer with 8 

GB memory and 1.5 GB video memory. Simulations required between 0.5 and 18 hours 
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to complete depending on the chosen conditions, with higher flow rates requiring longer 

due to the increased complexity of the fluid dynamics. Due to the mechanical complexity 

of the ESI source, it was not possible to accommodate the computational demand 

necessary to generate equivalent simulations. 

3.4. Determination of the Internal Energy Deposition of DART 

Compared to ESI 

Various energy-depositing processes occur during DART ionization. For the 

thermometer compounds tested here, potential energy deposition pathways begin with the 

thermal desorption of the solid neutral salt into the gaseous phase (Scheme 3.2i). The 

neutral salt undergoes charge splitting to form the halide anion and the precursor cation 

via atmospheric pressure thermal desorption ionization (APTDI),81 and/or the effect of 

the electric field established between the needle electrode, grid electrode, and the mass 

spectrometer inlet orifice (Scheme 3.2ii). Further activation of the precursor cation 

proceeds through additional heating (Scheme 3.2iii), reactive collisions with metastable 

He species (He*) (Scheme 3.2iv), and/or deposition of excess energy released during 

proton transfer from protonated water clusters (Scheme 3.2v). 
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Scheme 3.2: Proposed energy deposition pathways for the compounds analyzed by 
DART-TOF MS. 
 

At the lowest assayed helium gas heater (DART) or desolvating chamber (ESI) 

temperature set point (175 ºC), both aqueous and 50% methanol solutions probed by ESI 

had lower <Eo> values (1.71 eV and 1.53 eV, respectively) compared to DART at all 

three gas flow rates tested (2 L min-1: 1.92 eV, 4 L min-1: 2.02 eV, and 6 L min-1: 2.08 

eV) (Figure 3.4a). In comparison to the softest ESI conditions with a 50% methanol 

solution, at 175 ºC, DART <Eo> values were higher by 25%, 32% and 36% at 2, 4 and 6 

L min-1, respectively. The same trend followed at 250 ºC (Figure 3.4b), corresponding to 

DART <Eo> values that were higher than 50% methanol ESI values by 30%, 34% and 
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L min-1: 2.09 eV, 4 L min-1: 2.18 eV, and 6 L min-1: 2.21 eV) were higher than the 

comparable experiments for the 50% methanol ESI values by 28%, 33% and 35% at 2, 4 

and 6 L min-1, respectively (Figure 3.4c). The shape of the Eint distributions displayed no 

asymmetric tailing at all temperatures tested.82 These <Eo> values indicated that under 

the tested conditions, ESI is a "softer" ionization technique compared to DART.   
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Figure 3.4: Mean Eint (<Eo>) distributions for DART and ESI with helium gas heater 
(DART) or desolvation chamber (ESI) temperature set points of a) 175 ºC, b) 250 ºC and 
c) 325 ºC. 
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The aqueous solution analyzed by ESI had higher <Eo> values in comparison to 

the 50% methanol solutions by 12%, 13% and 20% at 175, 250 and 325 ºC, respectively. 

Due to the higher vapor pressure of methanol, droplets produced from a 50% methanol 

solution desolvate faster than aqueous droplets and cool more rapidly. The differences in 

Eint deposition observed between ESI experiments were consistent with prior 

investigations showing that P(E) could be altered by varying the solvent system vapor 

pressure, greatly affecting thermal and kinetic energy contributions.78 Sprayed droplets 

acquire thermal energy by in-source heat conversion and friction with gas molecules to 

an extent that depends on droplet sizes.78, 80, 83, 84 Kinetic energy from electric field-driven 

acceleration of charged droplets and ions can also be deposited into Eint modes, both in 

the atmospheric pressure region and within the various reduced pressure regions of the 

mass spectrometer interface.74, 80, 85 

3.5. Thermal Activation Pathways of Internal Energy Deposition 

 In ESI, heated gas serves the role of improving charged droplet desolvation before 

entering the ion transfer optics region.86, 87 This differs from the role of the heated gas 

used in DART experiments, which is to evaporate residual solvent and thermally desorb 

the analytes. If set high enough, high DART and ESI gas temperatures induce unwanted 

fragmentation of labile species. It is quite important to distinguish between the DART 

temperature set by software, and the actual temperature within the ionization region. 

Measured gas temperatures at the bottom of the sample capillaries rapidly decreased upon 

increasing the flow rate setting as a result of rapid convective cooling of the ionization 

source environment. Direct temperature measurements (Figure 3.5) indicated that the 

actual gas temperature was consistently lower than the set value, and that the difference 
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between the two increased with increasing flow rates. When the heater was set at 175 ºC 

(Figure 3.5a), the average steady-state gas temperatures at 2, 4 and 6 L min-1 were 163 

ºC, 145 ºC and 136 ºC, respectively. This downward trend was the same for set 

temperatures of 250 ºC (2 L min-1: 227 ºC, 4 L min-1: 200 ºC, and 6 L min-1: 187 ºC) 

(Figure 3.5b) and 325 ºC (2 L min-1: 283 ºC, 4 L min-1: 252 ºC, and 6 L min-1: 236 ºC) 

(Figure 3.5c). 
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Figure 3.5: Measured gas temperature at the bottom of the sample capillary in the DART 
ionization region at experimental set temperatures of a) 175 ºC, b) 250 ºC and c) 325 ºC. 
Time t = 0 sec corresponds to the instant the gas flow is turned on in the preheated DART 
source. 
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The measured “effective” temperatures strongly influenced the extent of Eint 

deposition. Ions generated at a high flow rate (4 and 6 L min-1) at any set gas temperature 

were created in a thermally cooler environment compared to those created at low flow 

rates (2 L min-1). Ion formation in a locally cooler environment is expected to lead to a 

decrease in thermal-induced fragmentation.82, 88, 89 Contour maps for the data in Figure 

3.4 were created to assist in understanding the Eint deposition trends observed 

experimentally (Figure 3.6). The Eint contour map for ESI indicates a decrease in Eint 

deposition with increasing concentrations of methanol at lower temperatures (Figure 

3.6a) as previously reported in similar work78 and discussed above. The DART map 

shows that the least amount of energy was deposited at lower gas flow rates and 

temperatures (blue on the color scale), whereas the highest energy deposition occurred at 

high flow rates and set temperatures (orange and red color scale, Figure 3.6b). Because 

lower measured gas temperatures were found at higher flow rates, thermal ion activation 

could not account for the increase in Eint observed under those conditions.  

 
Figure 3.6: Mean Eint surface contour maps for a) ESI and b) DART. Temperatures 
plotted on the x-axis correspond to set temperature in the ion source control software. 
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 Increase in <Eo> may also result from the excess energy released during 

dissociative proton transfer reactions with protonated water clusters (Scheme 3.2v).90  An 

increase in the intensities of protonated water cluster ions when increasing the set gas 

temperature was observed at all flow rates (Figure 3.7). At 175 °C (Figure 3.7a), 250 °C 

(Figure 3.7b) and 325 °C (Figure 3.7c), clusters with n ≤ 6 were the most abundant.  This 

suggests that the pathways shown in Scheme 3.2iii and 3.2v, may act concurrently. The 

abundance of clusters with n ≥ 8 was observed to increase at low flow rates. This is to be 

expected, due to the increased hydrate thermodynamic stability at higher temperatures.14 

The trend was less clear for smaller hydrates. As a whole, however, the increase observed 

in protonated water cluster intensities as flow rate was decreased did not explain the 

changes in internal energy deposition.  
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Figure 3.7: Observed absolute abundances of protonated water clusters with “n” water 
molecules ((H2O)nH+) at set DART temperatures of a) 175 °C, b) 250 °C and c) 325 °C 
and different glow discharge gas flow rates. The electrical current on the discharge needle 
monitored from the DART controller software remained constant throughout these 
experiments. 
 

 This suggests that additional collisional activation during transit through the ion 

optics or other pathways, such as that shown in Scheme 3.2iv, may play a significant role 

in further determining <Eo>. This alternative activation pathway involves direct Penning 

ionization of thermometer ions with He* producing pyridine molecular ions (Py+.). This 

ionization pathway is not expected to be prevalent at low exit grid voltages and high 

ambient humidities (45%).88 When DART mass spectra were examined in detail, Py+. 
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was detected in low abundance (Figure 3.8). As expected, protonation of the pyridine 

molecule was favored significantly over the formation of Py+. at all tested flow rates and 

temperatures with a net increase in Py+. abundance at higher effective temperatures. The 

relatively low abundance of Py+. (0.61 % on average) suggests that under the present 

conditions, the pathway depicted in Scheme 3.2iv should not be considered a major 

contributor to changes in <Eo>. 
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Figure 3.8: Normalized Py+• to (Py+• + [Py+H]+) intensities observed during Eint DART-
MS experiments at various flow rates and set temperatures. 
 

3.6. Collisional Activation Effects of Internal Energy Deposition 

 In-source CID is generally performed by increasing the acceleration voltages 

applied to orifices and skimmers in the first stage of a differentially-pumped mass 

spectrometric system. Higher potential differences in the first differentially pumped 

regions produce more energetic collisions with gaseous molecules, inducing higher 

fragmentation yields during ion transport towards the mass analyzer. In-source CID 

yields can also be influenced by the gas pressure in the spectrometer’s interface.14 As 

pressure in this region increases, the mean free path (λ) decreases (λ α 1/P) leading to a 

decrease in the collisional energy transfer.91 Ultimately, this manifests into a reduction in 
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ion fragmentation and a decrease in the Eint deposition.82 To investigate the existence of 

this type of effect, the pressure of the first differentially-pumped region was monitored 

via a Pirani gauge for all DART and ESI experiments (Table 3.1). A decrease in pressure 

was observed when both the DART ion source temperature and flow rate settings were 

increased. No changes were observed for ESI.  It is thus highly likely that the increase in 

pressure in the first differentially pumped region as the DART gas flow rates were 

decreased is responsible for the lower Eint deposition observed a given set DART gas 

temperature. 

Table 3.1: Pirani gauge pressure for first TOF differentially-pumped chamber under 
various experimental blank DART and ESI conditions. 

 
Temperature Set Points 175 ºC 250 ºC 325 ºC 

DART: 2 L min-1 260 Pa 240 Pa 230 Pa 

DART: 4 L min-1 240 Pa 230 Pa 200 Pa 

DART: 6 L min-1 230 Pa 220 Pa 190 Pa 

ESI: Aqueous blank 210 Pa 210 Pa 210 Pa 

ESI: 50% methanol blank 210 Pa 210 Pa 210 Pa 
 

3.7. Influence of Fluid Dynamics of Internal Energy Deposition 

 Previous ESI energy deposition studies have shown a correlation between the ion 

source design, and the mean value and width of the Eint distribution.78 Using the DART 

ion source, design and experimental variables such as sample positioning, gas 

temperature and gas flow rates determine neutral and charged particle trajectories within 

the ionization region. Previous studies from our group have suggested that particle 

circulation may occur in some sampling geometries, decreasing experimental 

sensitivity.18 In the present context, particle circulation may also lead to longer residence 
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times in elevated temperature regions and/or cause more collisions with energetic 

metastables, reactive ions, and neutral molecules. 

Particle tracing plots (Figures 3.9) were generated to model the gas behavior in a 

commercial DART ion source. Simulated particle trajectories derived from these 

simulations showed that particles originating from the bottom surface of the sample 

capillary did not follow re-circulating trajectories, and thus Eint differences over various 

DART conditions are likely unrelated to differences in ion trajectories in the particular 

ion source geometry investigated here. 

 
Figure 3.9: Particle tracing plots showing simulated trajectories of neutral particles 
originating on the bottom surface of the sample capillary at helium gas flow rates of 
a) 2 L min-1, b) 4 L min-1 and c) 6 L min-1. 
 

3.8. Metastable-Stimulated Desorption Effects On the Internal Energy 

Deposition 

 Cody et al. have suggested that desorption in DART may include both thermal 

and non-thermal processes, such as bombardment of the sample surface by metastables or 

ions.2 According to the results presented thus far, the former can be considered as being a 

predominant pathway for energy deposition. Example of the latter include reactive 

chemical sputtering,15 and metastable-stimulated desorption (MSD). In MSD metastable 

rare gas atoms are directed at a surface in-vacuo and collide with the outermost surface of 

a)a) b)b) c)c)a) b) c) 
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the sample creating an electron hole via Auger de-excitation of the metastable.92, 93 This 

process can create a repulsive potential between the surface and analyte stimulating 

desorption. To investigate the presence of these non-thermal desorption processes, 

survival yield experiments were attempted using ambient temperature helium 

metastables. Benzylpyridinium ions were not detected from either slurries, liquid 

solutions, or from completely dried salts under any of the conditions previously tested 

suggesting the absence of Eint deposition pathways involving non-thermal desorption 

processes. 

3.9. Conclusion 

 Utilizing the “survival yield” method, the Eint distributions of a series of p-

substituted benzylpyridinium ions was compared between ESI and DART-TOF MS. 

Although differences in some experimental settings were unavoidable to produce high 

quality data, ESI was the “softer” of the two ionization techniques with some overlap in 

energy distributions with DART. Thermal ion activation was a major contributor to Eint 

deposition in DART. Additionally, in-source CID in the first pumped region of the mass 

spectrometer contributed to DART Eint deposition as gas flow rates and temperatures 

increased. 
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CHAPTER 4. ION YIELD “HOT SPOTS” AND SUPPRESSION 

EFFECTS IN DIRECT ANALYSIS IN REAL TIME MASS 

SPECTROMETRY OF NERVE AGENT SIMULANTS 

4.1. Abstract 

 Presented here are findings describing the spatially dependent levels of sensitivity 

and ion suppression with DART. Continuous liquid infusion of dimethyl methyl 

phosphonate (DMMP) revealed that ion yield “hot spots” did not always correspond with 

the highest temperature regions in space. For instance, at lower concentrations (50 and 

100 μM) the highest sensitivities were in the middle of the ionization region where there 

was a shorter atmospheric pressure ion transport distance. Conversely, at higher DMMP 

concentrations (500 μM) the highest ion yield was directly in front of the DART source 

where it was exposed to the highest temperatures for thermal desorption. In 

corresponding experiments, differential analyte volatility played a smaller role in ion 

suppression than differences in proton affinity and the relative sampling positions of 

analytes. At equimolar concentrations sampled at the same position, suppression was as 

high as 26x between the average intensity of isoquinoline (proton affinity 952 kJ mol-1, 

boiling point 242 °C) to p-anisidine (proton affinity 900 kJ mol-1, boiling point 243 °C ). 

This effect was exacerbated when sampling positions of the two analytes differed, 

reaching levels of suppression as high as 4543.0x ± 1406.0. To mitigate this level of ion 

suppression, sampling positions and molar ratios of the analytes were changed creating 

conditions in which almost no suppression was observed. 
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4.2. Physicochemical Effects In the DART Ionization Region 

 Despite the wide adoption of DART as a high-throughput screening tool for 

pharmaceuticals,94-96 homeland security,97-100 metabolomics101, 102 and polymer 

analysis,103, 104 the fundamental variables that effect DART analysis capabilities are still 

under investigation. The ionization region in DART-MS is a dynamic environment 

involving complex fluid dynamics, steep temperature gradients and weak electrostatic 

fields that are a result of the ion source geometry, sample position and orientation, and 

instrumental settings.18 In situations where only qualitative information is required, 

spatial effects can be largely ignored. However, when highly reproducible and/or 

quantitative experiments are desired, sample positioning becomes critical to ensure 

homogeneity of the ionization conditions.  

 Ionization may proceed through several atmospheric pressure reaction pathways 

involving the primary reactive species formed by DART (metastables) and secondary 

reactive species such as protonated species from atmospheric gases. The factors that 

affect the prevailing ionization pathway depend on the presence and type of sample 

matrix, solvents and contaminants, the DART gas composition and the chemical 

properties of the analyte.88 Even with optimized parameters, there is some evidence that 

DART may sometimes succumb to deleterious matrix effects involving ion 

suppression.105 Ion suppression is present to some extent in all ion generation 

approaches, and affects the sensitivity and dynamic range of the experiment by 

preferentially decreasing a selected analyte signal. The major DART conditions to 

consider when mitigating ion suppression include the rates of neutral desorption 

(related to the temperature and flow rate of the DART gas and analyte boiling point, 
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BP), ionization efficiency (proton affinity, PA) and molar ratios of the analytes of 

interest respect to interfering species. These properties are compounded depending on 

the sampling position and orientation in space.  

 From our past experience, we believe that there may be differential levels of ion 

suppression in the ionization region. For instance, when a depletion point of reactive 

species has been reached, there will be competition amongst the analytes for charge.106 

To study what physicochemical processes and DART conditions contribute to 

sensitivity, ionization efficiency, ion suppression and dynamic range, a series of steady-

state spatially-resolved experiments were devised to study these effects in more detail. 

4.3. Experimental Set-Up of Continuous DART Sampling 

4.3.1. Chemicals and Gases 

All reagents were analytical grade (Sigma-Aldrich, St. Louis, MO, USA) and 

used without further purification. Solutions of dimethyl methylphosphonate (DMMP, 97 

%), p-anisidine (99 %), and isoquinoline (97 %) were prepared in nanopure water 

(Barnstead International, Dubuque, IA, USA). High purity helium (99.999 % Airgas, 

Atlanta, GA) was used for the DART glow discharge gas. 

4.3.2. DART-MS Instrumentation 

 MS analysis was performed with a commercial DART ionization source 

(IonSense, Inc. Saugus, MA, USA) coupled to a quadrupole-time of flight (Q-TOF) mass 

spectrometer (Bruker micrOTOF-Q I, Bremen, Germany). The Q-TOF mass spectrometer 

interface was modified to accommodate for the gas flow of the DART source through the 

addition of a custom gas-ion separator tube (GIST; IonSense, Inc. Saugus, MA, USA) 

connected to a Vacuubrand 2C diaphragm pump (Vacuubrand, Wertheim, Germany). The 
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DART source was operated with helium at 1 L min-1 at a gas temperature of 100–400 °C, 

discharge voltage of 3500 V and a grid electrode voltage of 50 V. The mass spectrometer 

settings were as follows: end plate offset -500V, capillary -2000V, dry gas (nitrogen) 2 L 

min-1, dry gas temperature 150 °C, spectra acquired at 1 Hz in the 50-1000 m/z range. 

4.3.3. DART-MS of Continuous Liquid Samples 

 DART-MS sensitivity, dynamic range and ion suppression experiments were 

performed via continuous liquid sampling to ensure a stable DART ion signal. A custom 

nylon sample holder was machined to ensure sampling reproducibility in discrete 

positions (Figure 4.1).  

 

Figure 4.1: DART-MS ionization region depicting the DART gas nozzle, GIST sampling 
tube to the MS inlet, and the sample grid matrix with the sampling probe in the B2 
position. 
 

 The sample holder contained 9 sampling holes in a 3 x 3 matrix separated from 

the center of each hole in row 1, 2 and 3 by 6.5 mm and across columns A, B and C by 

4.5 mm. The sample matrix was set so that column B was in direct alignment with the 
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DART gas nozzle and the GIST. Each spot in space was probed by introducing a 

continuous flow (600 μL min-1) of sample through a stainless steel capillary (o.d. 450 μm, 

i.d. 305 μm) inserted through the bottom of the sample holder. To prevent the stainless 

steel capillary from oscillating in the DART gas stream, a glass capillary protected the 

outside of the sampling line by providing a rigid base for support. The stainless steel 

sample line extended 1 mm above the glass capillary and was aligned with the center of 

the DART gas nozzle outlet. Steady-state experiments were recorded for all 

measurements. For each experiment, data was collected in a single day to ensure 

reproducibility except in the case of the sensitivity-in-space and dynamic range trials. 

Due to the length of time needed to conduct these experiment, day-to-day quality control 

runs were collected at set concentrations and positions to ensure a minimum ±10 % 

reproducibility (Figure 4.2). In all experiments, the average signal (protonated molecule 

in all cases) was acquired for five one-minute segments at each specified DART 

condition and spot-in-space. The average of all five acquired segments was reported in all 

cases below. Whenever sample concentrations were changed, the stainless steel capillary 

was thoroughly rinsed with pure methanol, 50/50 methanol-water and pure water three 

times. The line was reattached with pure water running through the line and the DART 

source on to insure no sample carryover was observed. Temperature mapping of the 

ionization region was determined with an 80 BK temperature probe connected to a digital 

multimeter (Fluke 179-True RMS; Everett, WA, USA). All data was processed using 

Sigma Plot 10.0 (Systat Software Inc., San Jose, CA, USA).  
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Figure 4.2: Day-to-day quality control runs for sensitivity-in-space (Figure 3) and 
dynamic range DART-MS experiments. 
  

4.4. Sampling Region Temperature Gradients 

 Previous observations have shown that there is a steep temperature gradient along 

the line connecting the DART gas nozzle to the mass spectrometer inlet.18, 107 However, 

given that sample surface areas may extend beyond the center-line of the ionization 

region and that peripheral sampling spots were machined in the sample holder (columns 

A and C, Figure 4.1), the temperature of the entire ionization region was now mapped to 

better understand the experimental conditions chosen for spatially mapping of relative 

sensitivities (Figure 4.3). For all DART temperature settings the hottest region was in the 

center-line (column B) aligned with the DART gas nozzle. The extent of temperature 

drop-off between this nozzle (sample spot B1) and the GIST MS inlet (sample spot B3) 

varied ranging from 30 °C (195 to 165 °C) with a software set temperature of 200 °C, 35 

°C (285 to 250 °C) with a software temperature setting of 300 °C and 50 °C (365 to 315 

°C) with a software temperature setting of 400 °C (Figure 4.3 a, b and c, respectively). In 
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the lateral sampling regions (columns A and C) the temperature decrease was less than at 

the center (column B), but overall temperatures were much lower. When the software 

temperature setting was 200 °C, the temperature drop-off was only 11 °C (56 to 45 °C) 

for column A and 12 °C (56 to 44 °C) for column C (Figure 4.3 a). The temperature drop-

off was 16 °C (92 to 76 °C) for column A and 15 °C (91 to 76 °C) for column C when the 

temperature setting was set to 300 °C (Figure 4.3 b). When the temperature setting was 

400 °C, the temperature drop-off was 20 °C (135 to 115 °C) for column A and 18 °C 

(134 to 116 °C) for column C (Figure 4.3 c). Although the overall temperatures in the 

lateral columns are much lower than in the central column B, the recorded temperature 

ranges in columns A and C were fairly identical. This result indicates a symmetric 

temperature contour map of the ionization region where little to no difference in thermal 

desorption efficiency should be observed between columns A and C. 
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Figure 4.3: Direct probe temperature maps of the DART ionization region at gas 
temperatures of a) 200 °C, b) 300 °C and c) 400 °C. 
  

a) 

b) 

c) 
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4.5. Spatial Sensitivity and Dynamic Range 

 The symmetric temperature field observed in previous experiments supports the 

measured spatial sensitivity changes with respect to analyte (DMMP) concentration 

(Figure 4.4). Overall, the regions in space that yielded the highest ion intensity were 

mostly located in column B where the highest temperatures and therefore, the most 

effective thermal desorption was present.  

 
Figure 4.4: Sensitivity-in-space maps at different DART gas temperatures and 
concentrations of DMMP: maps a) 50 μM, b) 100 μM, and c) 500 μM were tested l at 200 
°C, maps d) 50 μM, e) 100 μM, and f) 500 μM were tested at 300 °C, and maps g) 50 
μM, h) 100 μM, and i) 500 μM were tested at 400 °C. All averaged (n = 5) intensities 
were normalized to the B2 (center) position. 
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 At lower concentrations (50 and 100 μM), the most sensitive spot in space to 

sample from was B2 regardless of set DART gas temperature (Figure 4.4 a, b, d, e, g and 

h). Interestingly, this spot does not correspond to the highest observed temperature 

(Figure 4.3). B1, the hottest spot, had a 40-60 % lower relative intensity compared to B2 

at lower DMMP concentrations. This suggests that at lower concentrations it may be 

beneficial to sample in the middle of the ionization region to also enhance ion transport. 

As noted in previous studies,18 the high DART gas velocity in the ionization region may 

potentially result in sample being transported away from the mass spectrometer inlet, 

decreasing the concentration of neutrals in the ionization region. If sampling near the gas 

nozzle at B1, the analyte will be in the region of highest temperature but also of highest 

gas velocity. At this position, even if more total analyte is desorbed and ionized than B2, 

the higher gas velocity may blow neutrals and ions away from the inlet. Following this 

logic it may seem best to sample at B3 directly in front of the GIST MS inlet. However, 

B3 presented the lowest sensitivity by ~80 % compared to B2 and 40 % compared to B1. 

Row 3 was the region that suffered from the lowest measured temperature across any 

sampling column translating to the lowest amount of thermally desorbed neutrals. 

Coupled to this effect was the suction from the GIST MS inlet. Although inlet suction 

offsets neutral dilution by the DART gas, the rapid transit inside of the GIST MS inlet 

likely reduced the time for proton-transfer ionization reactions resulting in lower 

sensitivity. 

 The map of sensitivity differed at higher sampled concentrations (500 μM) with 

the highest sensitivity measured at position B1 (Figure 4.4 c, f and i). This sensitivity 

map corresponds well with the observed temperature gradients (Figure 4.3) and suggests 
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that dilution from the DART gas was not as significant of an effect. At such high 

concentration levels, the desorbed analyte was in excess to reactive species in the 

ionization region, and sensitivity will follow the relative rates of thermal desorption 

throughout the sampling grid. This was more pronounced at lower temperatures where 

the increase in relative intensity at B1 compared to B2 was 80 % and 100 % for DART 

gas temperatures of 200 and 300 °C, respectively (Figure 4.4 c and f). At these two 

temperature settings the relative drop-off of temperature from the software control to the 

actual measured temperature was the lowest. At a temperature setting of 400 °C, the 

increase in intensity was only 40 % due to the larger drop-off in temperature (35 °C) 

between the software and B1 measurement (Figure 4.4 i). 

 It is also important to point out that sensitivities were ~80-90 % lower in any row 

along column A and C compared to column B. The two major factors causing the low 

sensitivity were the lower overall temperature profile at these positions and poor ion 

transmission trajectories towards the inlet. Temperatures were lower by ~60-80 % on the 

outer columns A and C when compared to column B (Figure 4.3). Also, the sample 

positions along columns A and C were off axis to the GIST inlet. If ionized, the low 

quantity of desorbed molecules would have a more indirect and longer trajectory to the 

inlet. A possible means to further improve ion sampling would be to use a flared capillary 

inlet with a large entrance aperture at the opening of the GIST tube. 

 After it was clear that the best sensitivity resulted from column B, DMMP was 

sampled in all three positions (B1, B2, B3) and gas temperatures (200, 300 and 400 °C) 

over a wider concentration range (25 μM to 1 mM) to assess the dynamic range (Figure 

4.5). The most even distribution of response was observed for B3 (Figure 4.5 a). This 
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position resulted in the poorest overall sensitivity at any tested concentration level which 

verifies the results presented previously. At lower concentrations (25, 50, 75 and 100 

μM), the middle position, B2, had the highest sensitivity supporting the previous results 

(Figure 4.5 b). Position B1 also corresponds well to the previous sensitivity map showing 

the highest sensitivity for the highest tested concentrations (250 μM, 500 μM and 1 mM, 

Figure 4.5 c). Throughout all tested variables, there was a small decrease in overall 

sensitivity with an increase in DART gas temperature. This alludes to carefully tuning the 

rate of desorption to be sufficient enough to evaporate excess solvent (water), but not too 

high to induce pyrolysis and/or produce analyte neutrals faster than protonated reactive 

species. However, this may be a minor effect that compounds with a lower volatility may 

not experience due to the requirement for additional heat to thermally desorb. 
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Figure 4.5: DART-MS dynamic range of DMMP in column B at positions a) B3 (close 
to MS inlet), b) B2 (middle of region) and c) B1 (close to DART gas nozzle) at 
concentrations of 25 μM - 1 mM and software control temperatures of 200, 300 and 400 
°C. 

 

a) 

b) 

c) 
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4.6. Ion Suppression  

 A series of competitive ionization reactions were completed along column B to 

determine the effect of analyte BPs and PA in space. For the first set of experiments, 

equimolar solutions of DMMP (PA: 902 kJ mol-1, BP: 181 °C)108 and p-anisidine (PA: 

900 kJ mol-1, BP: 243 °C)60 were simultaneously tested to determine whether volatility of 

analytes at different temperatures and sampling positions contributed to suppression.  

 When the DART set temperature was below the BPs of both compounds (100 

°C), there was little observed suppression at low concentrations regardless of the sample 

position since very little of either analyte was thermally desorbed (Figure 4.6 a). 

Suppression increased with increasing concentration due to competition for protonated 

water clusters in the reaction region, as expected. Even in a low temperature 

environment, the compound with the lowest BP (DMMP) suppressed the compound with 

a higher BP (p-anisidine). This trend was more pronounced at higher DART temperatures 

(Figure 4.6 b, c and d). At the lowest concentration (50 μM) and at temperatures of 200-

400 °C, 1.1-2.4 fold suppression was observed, regardless of the sample position. There 

was no clear trend regarding the effect of position on suppression at low concentrations 

(Figure 3). However at higher concentrations (100-500 μM), suppression was more 

pronounced in the B1 position (2.0-3.8x) across all temperatures in the 200-400 °C 

interval. Position B1 also showed to the best sensitivity at high concentrations (Figure 4.4 

c, f and i), suggesting the region is rich with reactive species, and ion losses during transit 

were compensated by the overall higher rate of protonation. Suppression did not vary too 

much between positions B2 and B3 at higher concentrations, with position B2 having 

slightly higher suppression at 200 and 400 °C. Regardless, both positions produced lower 



Harris, G. A.   85

suppression in the higher concentration range compared to B1 due to their poorer overall 

sensitivity, indicative of a smaller population of desorbed neutrals, which minimized the 

effect of suppression. 

 

Figure 4.6: The effect of different boiling points but the same proton affinity on ion 
suppression in different sampling spots of equimolar mixtures of DMMP (BP: 181 °C, 
PA 902 kJ mol-1) and p-anisidine (BP: 243 °C, PA: 900 kJ mol-1) at DART gas 
temperatures of: a) 100 °C, b) 200 °C, c) 300 °C and d) 400 °C. 
 

 An identical experiment was carried out between isoquinoline (IsoQ, BP 242 °C, 

PA 952 kJ mol-1)109 and p-anisidine where analyte BPs were almost equal and PAs were 

significantly different. Figure 4.7 demonstrates that observed levels of ion suppression 

for analytes at equimolar concentrations were temperature, position and concentration 

dependent. For all three tested temperatures (200, 300 and 400 °C), the average 

suppression was always greater than the previous results investigating differences in BP. 

a) b) 

c) d) 
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As a whole, the suppression observed at 200 °C was greater at all positions than at 300 

°C and 400 °C indicating that proton exchange is more favorable for higher PA analytes 

at lower temperatures. This may be due to the lower thermodynamic stability of smaller 

protonated water clusters at lower temperatures, a phenomenon that has been observed 

with both DART107 and APCI.110 At 200 °C, ion suppression for position B1 ranged from 

6x to 26x in the tested concentration range (50-500 μM), and was similar for positions B2 

and B3, ranging from 7x to 19x (Figure 4.7 a). For both 300 °C and 400 °C, measured ion 

suppression did not vary much, ranging for B1 from 5x to 17x and for B2 and B3 from 7x 

to 17x (Figure 4.7 b and c).  
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Figure 4.7: The effect of different proton affinities but the same boiling points on ion 
suppression in different sampling spots of equimolar mixtures of isoquinoline (BP: 242 
°C, PA 952 kJ mol-1) and p-anisidine (BP: 243 °C, PA: 900 kJ mol-1) at DART gas 
temperatures of: a) 200 °C, b) 300 °C and c) 400 °C. 
 

a) 

b) 

c) 
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 A decrease in detected protonated water cluster abundance during the experiments 

(Figure 4.8) was observed in correlation with the increase in suppression with overall 

concentration. For instance, at 500 μM the measured average intensities of protonated 

waters ranging in size from n = 7-19 decreased compared to the lower concentrations 

(Figure 4.8). Water clusters below n = 7 were not detected due to the data acquisition 

range used and the ion guide RF voltages chosen, which did not allow detection of low n 

clusters. A lower overall average intensity over the water cluster series indicated more 

protonation reactions preferentially to isoquinoline due to its higher PA compared to p-

anisidine. 

 Oddly, for all three temperatures there was a dip in the level of suppression at the 

equimolar concentration of 100 μM. In most trials this dip was small and could be 

explained within experimental error, however position B1 suffered from the largest dips. 

This effect can not be explained by ion transmission or thermal dissipation effects since it 

would be expected that the relative ion transmission losses would be lower at higher 

concentrations (e.g. from 50 to 100 μM), and that position B1 experiences the highest 

temperatures (Figure 4.3). The dip may have been attributed to fluctuations in reactive 

species under those conditions. For clusters with n = 7-13, there was a slight increase in 

intensity for position B1 at 50 μM compared to 100 μM (Figure 4.8 a and b). The extreme 

dip at 300 °C, may have been caused from a gas turbulence disturbance between trials. 

Positioning could also have been slightly off in this one trial. Although the data presented 

in all the studies suggest very reproducible results, differences in sampling height by as 

little as 0.5 mm may have resulted in the observed set of results. 
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Figure 4.8: Average intensities of protonated water clusters of “n” size observed during 
the experiments of equimolar isoquinoline and p-anisidine at solution concentrations of a) 
50 μM, b) 100 μM, c) 250 μM and d) 500 μM. 
 

 One other interesting, but currently unexplained phenomenon was the relative 

increase in midsized water cluster intensities at n = 9, 11, 13 and 17 in some trials  

(Figure 4.8). As a whole, the number of stable water cluster isomers increases 

exponentially with n.111 The higher abundance of specific clusters has been observed 

previously with DART,107 but that study showed relative higher levels of water clusters n 

= 3, 6, 9 and 12 for various temperatures (175, 250 and 325 °C) and flow rates (2, 4 and 6 

L min-1). Although there are no significant differences in binding energies112 and bond 

dissociation energies113 for water clusters in the range 9 ≤ n ≤ 17, the atmospheric 

pressure interface in the instrument used in this study (GIST-capillary-dual ion funnel) is 

much more different than that in previous work (cone/skimmer orifice).107 Therefore, we 
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believe that the observed differences in water cluster species is an effect caused more by 

the ion transfer optics design and reduced pressure region architecture, than the  

preferential formation or reactivity of particular species.  

 After observing that the major contributing factor to ion suppression was 

differences in PA rather than BP, conditions to reduce these effect were explored. The 

same analytes (p-anisidine and isoquinoline) were used in these tests, but not at 

equimolar concentrations as previously shown. Molar ratios were varied from 1 (50 μM 

each of p-anisidine and isoquinoline), to 10 (500 μM of p-anisidine and 50 μM 

isoquinoline) such that the lower PA analyte would have an increasing proportion of 

neutrals in the ionization region. These competition experiments were further 

compounded by changing the position where each individual analyte was simultaneously 

introduced to investigate how the relative increase of neutrals would be affected by 

ionization reactions in space.  

 As a whole, the highest suppression was at the lowest molar ratios regardless of 

sample position (1 and 2, Figure 4.9). Conversely, suppression was lowest at the highest 

molar ratio (5 and 10, Figure 4.9). The measured relative suppression did show 

considerable changes with respect to sample positioning. When p-anisidine was placed 

closest to the DART gas exit (B1) and isoquinoline was positioned in the middle (B2) of 

the ionization region, ion suppression for the molar ratios of 1, 2, 5 and 10 were 88.7x ± 

34.8, 8.8x ± 6.5, 2.0x ± 0.6 and 2.2x ± 0.7, respectively (black line, Figure 4.9). At the 

same position for p-anisidine but with isoquinoline at B3, ion suppression for the molar 

ratios of 1, 2, 5 and 10 were 231.4x ± 51.2, 9.6x ± 0.5, 2.8x ± 1.1 and 0.8x ± 0.1, 

respectively (red line, Figure 4.9). Even though in the most extreme conditions p-
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anisidine was 7 mm closer to the DART source and at 10x the relative concentration 

level, ion suppression still existed due to both the presence of excess protonated water 

clusters ionizing isoquinoline, and proton scavenging by the higher PA isoquinoline from 

the lower PA p-anisidine. As a result, suppression would only be minimized in 

environments where a lower PA analyte is both closer to the ionization source and in 

excess concentration respect to a higher PA analyte. These conditions would be difficult 

to control in a real world sample where shape and composition of the sample need to be 

considered, and the concentration, chemical and physical properties of the molecules can 

not be manipulated. 

 

Figure 4.9: Ion suppression competition between isoquinoline and p-anisidine in 
different molar ratios and sampling spots at a DART gas temperature of 300 °C. In the 
legend, the labeled position on the left refers to isoquinoline and the labeled position on 
the right refers to p-anisidine. 
 

 A similar downward trend was observed when the positions were reversed such 

that the higher PA isoquinoline sample was continuously infused at B1 or B2 and the 

lower PA p-anisidine was injected at B3. Ion suppression levels were much higher in this 
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scenario, because the higher PA molecule was closer to the DART gas exit where it 

would undergo the majority of ionization reactions with protonated water clusters and 

scavenge protons from any PA p-anisidine protonated molecules in transit to the mass 

spectrometer inlet. When isoquinoline was at B2 and p-anisidine was at B3, a remarkably 

high suppression level of 4543.0x ± 1406.0 was observed at an equimolar ratio (green 

line, Figure 4.9). As the molar ratios increased to 2, 5 and 10 the ion suppression 

decreased to 107.8x ± 50.4, 73.1x ± 6.1 and 19.4x ± 2.2, respectively. The levels of 

suppression went down when the position of isoquinoline was moved closer to the DART 

source (B1) while p-anisidine remained at B3 thereby, increasing the distance between 

where the two molecules were introduced. For molar ratios of 1, 2, 5 and 10 ion 

suppression was 255.6x ± 13.3, 147.8x ± 7.5, 71.6x ± 3.7 and 8.8x ± 1.2, respectively 

(blue line, Figure 4.9). In this sampling configuration, there was a higher likelihood that 

isoquinoline would ionize from reactions with protonated water clusters and not from 

proton scavenging. Nevertheless, there would always be suppression in the concentration 

range tested since isoquinoline was closer to the ionization source. 

4.7. Conclusion 

 Spatial sensitivity and ion suppression effects are often overlooked in applications 

involving ambient desorption/ionization techniques, however the results presented here 

demonstrate the magnitude that these can reach in certain sampling conditions. Although 

temperature gradients play a role in thermal desorption, concentration-dependent ion 

yield “hot-spots” where sensitivity was optimal may not coincide with the hottest regions 

in space. Additionally, differential analyte volatility plays a smaller role in ion 

suppression than differences in PAs. Suppression due to different PAs may be 
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exacerbated by the spatial location of sampling. Although the experiments outlined here 

used continuous infusion of liquids to acquire steady-state signals, it is expected that solid 

samples placed within the ionization region for rapid screening purposes would show 

similar, if not more ion suppression due to matrix composition and flow instabilities in 

the ionization region. Future investigations of ion suppression in DART should 

investigate multicomponent mixtures, higher molecular weight compounds to determine 

if the mass of analytes may affect ion suppression, and time-resolved observation of ion 

signals in space if a rapid and reproducible sampling mechanism is developed. 
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CHAPTER 5. DIRECT ANALYSIS IN REAL TIME COUPLED TO 

DRIFT TUBE ION MOBILITY SPECTROMETRY 

5.1. Abstract 

Atmospheric pressure drift tube ion mobility spectrometry (DTIMS) is a 

widely used analytical detection tool for ionized compounds. Fundamentally, 

DTIMS is a gas-phase electrophoretic separation where ions are pulsed into the drift 

tube against a counter flow of a drift gas. Separation of the ion packet is dictated by 

differences in the ions’ mass, charge and cross-section before detection. This rapid 

separation occurs on the millisecond timescale which makes DTIMS a very 

attractive high-throughput tool for analyte identification. A radioactive (β-electron) 

ionization source (e.g. 63Ni) is typically used with DTIMS due to its maintenance-

free and reliable performance. As a result, these instruments require procedural 

mandates on their placement, use, and disposal resulting in increased costs and 

overhead. To address these problems a commercial DART ion source was coupled 

to a resistive glass monolithic DTIMS as the basis for a low maintenance, versatile, 

and robust chemical monitoring system. The instrument used nitrogen as both the 

DART discharge and DTIMS drift gases, allowing for a high electric field to be 

used for ion separation while keeping cost-of-use low. 

5.2. Chemical Detection Systems 

5.2.1. Recent Developments With Chemical Detection Platforms 

In order to address current and future chemical vapor and aerosol threats to 

homeland security, chemical detection systems should be versatile and robust to identify 

hazardous chemicals ranging from chemical warfare agents (CWA) to toxic industrial 



Harris, G. A.   95

chemicals (TIC). Detection instrumentation should operate in an efficient, simple, and 

safe manner so that users can obtain reliable and reproducible readings with minimal 

training. These instruments should also be flexible to meet changing homeland security 

targets for chemical analysis, and have the ability to aid first responders with the 

identification of unknowns in the event of a successful terrorist attack targeting the 

chemical industry infrastructure114 or in the case of intentional dissemination of 

CWAs.115  

Detection technologies including chemical sensor arrays,116 electrophoresis-based 

lab-on-a-chip devices,117 impedance measurements via modified carbon nanotubes,118 

piezoresistive microcantilevers119 and micro gas analyzers120 have been shown to be 

potential fieldable technologies capable of chemical agent detection. Solid phase 

microextraction coupled to GC,121 fast GC122 and LC123 are also common approaches to 

detection of CWAs and TICs in both laboratory and field environments. DTIMS has been 

shown to be one of the most popular tools for field detection of CWAs and TICs due to 

its low maintenance and rapid response,124 with thousands of portable DTIMS units now 

distributed throughout the world for aviation security and battlefield detection 

applications.  

5.2.2. Ionization Techniques Used With Drift Tube Ion Mobility Spectrometry  

DTIMS instruments often use a radioactive ionization source (e.g. 63Ni) due to its 

maintenance-free and reliable performance. However, procedural requirements involving 

the placement, use, and disposal of radioactive sources result in additional costs and 

regulatory overhead. Electrospray,125 corona126 and glow discharges,127 laser,128 X-ray129 

and photo ionization130 techniques are other common ion generation approaches used for 
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DTIMS. Newer, ambient operation, direct ionization techniques,4, 131 being rapidly 

developed for MS have also been coupled to IM spectrometers. For example, DESI has 

been coupled to reduced-pressure IM-MS for the analysis of pharmaceuticals, peptides 

and proteins.132-136 More recently, a study involving DESI IM-MS detection of CWAs has 

been published focusing on the detection of organophosphorus compounds directly from 

solid phase microextraction fibers and Dacron swabs.137 These DESI investigations 

utilized reduced pressure ion funnels and other ion optics elements to transport ions into 

the IM cell prior to MS analysis, and thus required sizeable vacuum systems which 

hampered the development of portable versions of these analytical platforms.  

Largely absent from these efforts has been the coupling of ambient operation 

plasma-based ion generation techniques to atmospheric pressure DTIMS. One of the 

primary reasons being the difficulty in transporting ambient-generated ions against the 

uphill electric field at the entrance of atmospheric pressure DTIMS instruments while 

maintaining safe direct ionization capabilities without electrical shock risk for the 

operator. Overcoming this difficulty is expected to yield a new generation of fieldable 

chemical agent monitoring platforms without any vacuum requirements.  

5.3. Experimental Development of the DART-DTIMS Platform 

5.3.1. Drift Tube Ion Mobility Spectrometer and DART Instrument Setup 

The resistive glass DTIMS instrument used in this study was described in our 

previous work,138 with only minor changes discussed below. The entrance (12 cm) and 

drift (26 cm) regions (3 cm i.d., 4 cm o.d.) were constructed out of monolithic resistive 

glass (PHOTONIS USA, Sturbridge, MA) with a 0.45 GΩ cm-1 resistance. A Bradbury-

Nielsen-type ion gate was placed between the two DTIMS tubes. When closed, the ion 
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gate had ± 35 V applied to adjacent wire sets. The entrance and drift tubes were wrapped 

with silicone heating tape (Minco, Minneapolis, MN), supported in a custom made PEEK 

mounting assembly, and mounted within a protective Faraday cage for safe operation and 

for electromagnetic insulation against interferences. Two grid electrodes were used in this 

set-up. One was positioned in front of the iridited aluminum (2.6 cm diameter) Faraday 

plate detector (TOFWERK AG, Thun, Switzerland). The second grid electrode was 

placed at the entrance of the entrance first tube. This grid had a 0.5 cm slit in the middle 

for the DART glass gas tube to pass through (described below). A high-voltage power 

supply (FUG HCL 14-2000, Magnavolt Technologies, Plattsburgh, NY) was connected 

to a voltage divider to supply the potentials for the drift tube entrance and exit, the ion 

gate and grid electrodes. Drift gas entered the instrument behind the detector plate and 

was controlled by a precision flow meter (PMR1, Bel-ART/Scienceware, Pequannock, 

NJ). Data acquisition and ion gate timing was controlled by in-house developed software 

coded in LabView 7.0 (National Instruments, Austin, TX).  

A DART-SVP ion source (IonSense, Inc. Saugus, MA, USA) operated in positive 

ion mode was used for all experiments. The DART gas nozzle was connected to a 15 cm 

long glass tube (0.15 cm i.d., 0.3 cm o.d.) used to inject nitrogen metastable species 

directly into the entrance tube. A melting point glass capillary tube where liquid samples 

were deposited was affixed to the glass tube extending 2 cm past the tube exit. This entire 

assembly was easily pulled into and out of the entrance tube through a 0.5 cm wide open 

slit on the grid electrode with the assistance of the built-in ion source rail assembly. For  

transmission mode (TM) DART experiments, the entrance grid was removed, and a 

custom circular stainless steel mesh (1.1 cm diameter) coated with absorbent graphitized 
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carbon material (Carbopack X, Supelco) was placed in a stainless steel fitting support in 

electrical contact to the opening of the entrance tube. 

5.3.2. DART-IMS Sample Analysis 

 DTIMS settings for typical experiments were as follows: entrance tube grid held 

at 12 kV, drift tube entrance held at 9.93 kV, a 381.9 V cm-1 electric field within the drift 

tube, 400 μs gate pulse width, 200 μs data acquisition window, 400 spectral sweeps 

averaged per analysis, 150 °C drift tube temperature and nitrogen drift gas at 1 L min-1. 

Each 400 μs gate pulse comprised the first element in an n = 256 element sequence. For 

multiplexing experiments, both 200 and 400 μs arbitrary binary (n = 512 and 256, 

respectively) and Hadamard (n = 511 and 255, respectively) gating sequences were used. 

These were created following the procedure described in our previous work.139 A 

constant 50 μs data acquisition window was used in all multiplexing experiments. In all 

cases, DART settings were as follows: grid voltage +500 V, 2.5 L min-1 nitrogen flow 

rate and 400 °C heater temperature. 

A schematic of the experimental setup is shown in Figure 5.1.  During analysis of 

various samples, the DART ion source was set to stand-by mode and 2 μL of the liquid 

sample were deposited on the melting point capillary tube tip with the sample 

introduction assembly pulled out of the DTIMS entrance tube. Following deposition of 

the liquid, the sample introduction assembly was moved into the entrance tube such that 

the gas transfer tube extended 1.5 cm inside this region (approximately 5 seconds for set-

up). Once in position, the tip of the melting point capillary was 3.5 cm inside of the 

entrance tube and 8.5 cm away from the ion gate. Immediately, the glow discharge and 

heating element in the DART ion source were turned on and the data acquisition started. 
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For TM DART experiments, a similar method was used except that the entrance grid was 

replaced by a stainless steel mounting bracket (Figure 5.1 vii). The sample was applied 

directly to an absorbent screen mounted on this bracket, and allowed to dry. The heated 

gas stream from the DART ion source was then allowed to pass through the screen and 

into the entrance tube of the IM spectrometer, causing analyte desorption and ionization. 

 
Figure 5.1: Schematic of the DART-DTIMS system: drift tube (i.), entrance tube (ii.), 
entrance electrode (5 mm split) (iii.), DART gas and sampling tube (iv.), DART ion 
source (v.), adjustable rails (vi.). The inset shows the TM DART assembly mounted on 
the front of the instrument (vii.). Not shown is the 0.2 cm thick aluminum Faraday cage 
surrounding the DTIMS tubes. 
 

An 80BK temperature probe connected to a multimeter (Fluke 179-True RMS, 

Everett, WA) was used to measure the temperature gradient at the tip of the capillary 

where sample was deposited (Figure 5.2). A steep rise in the measured temperature from 

0-60 seconds was observed when the gas tube was placed inside the IM spectrometer 

entrance tube and the DART heater was turned on. From this point until the end of the 

data acquisition period (180 sec) the temperature remained fairly steady between 68.7 to 

70.2 °C.  

v.
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iii.
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vii.
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Figure 5.2: Direct measurements (n = 5) of the temperature gradient at the tip of the 
sample capillary when the DART gas and DTIMS drift gas temperatures were set to 400 
°C and 150 °C, respectively. 
 

Due to the temperature changes suffered by the sample during DART-DTIMS 

analysis, sequential averaged spectra were saved to monitor the response with respect to 

time for a total of 3 minutes. For example, a data file with the first 400 spectral sweeps 

took approximately 41 seconds to acquire. After the computer averaged individual 

sweeps and saved this file (19 seconds) the next acquisition window was started. 

Acquisition was repeated for a total of 3 averaged runs requiring 1 minute each. For all 

experiments, solvent blanks were run before each individual replicate to ensure a clean 

baseline signal and to verify no false positives were detected. Data smoothing of the raw 

DTIMS files was carried out in Origin v.7.5 using a Savitzky-Golay filter (OriginLab 

Corporation, Northampton, MA). All spectra were plotted in Sigma Plot v.10.0 (Systat 

Software, Inc., San Jose, CA). 

5.3.3. Determination of Reduced Mobility Terms 

 In standalone DTIMS, the reduced mobility (K0, in units of cm2 V-1 s-1) values are 

calculated to aid in the identification of ionic species (eq. 5.1): 
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where d is the distance the ion drifts from the gate to the detector, td is the drift time of 

the ion, E is the electric field strength, P is the ambient pressure and T is the drift tube 

temperature. In some cases, reported reduced mobility values may be inaccurate due to 

impurities, cluster formation, and/or thermal expansion or contraction of the drift tube, 

amongst other factors.124, 140 In these cases, standard compounds with well known and 

stable reduced mobility values are used to better determine the reduced mobilities of 

unknowns following eq. 5.2:140 
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0
d

d

t
t

=  (eq. 5.2) 

During the course of our experiments, 2,6-DtBP was used as the calibration compound to 

correct K0 values. This molecule has been shown to be a reliable compound since it gives 

an intense, stable protonated molecule signal under various experimental conditions with 

K0 = 1.42 cm2 V-1 s-1.140-142 

5.4. Initial Assessment of DART-DTIMS Platform 

The nature of the ion species observed in DART-DTIMS was tested using 2,4-

lutidine, following correction of K0 values with 2,6-DtBP. At a field strength of 381.9 V 

cm-1, two peaks were observed at td = 28.8 and 35.6 ms with K0 = 1.73 and 1.40 cm2 V-1 

s-1, respectively (Figure 5.3). Literature K0 values for the protonated molecule and dimer 

of 2,4-lutidine are 1.95 and 1.43 cm2 V-1 s-1, respectively.140, 143 Therefore, the second 

(slower) peak can be assigned to the protonated dimer of 2,4-lutidine with good certainty, 

but the first observed peak has a reduced mobility value indicative of an ion size larger 
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than the protonated molecule but smaller than the dimer. The first peak could be 

potentially attributed to [M+H]+(H2O)n ions of 2,4-lutidine.  

 
Figure 5.3: DART-DTIMS spectrum (400 sweeps averaged) of 2,4-lutidine (10 % v/v) 
showing two peaks at drift times of 28.8 ms (K0 = 1.73 cm2 V-1 s-1) and 35.6 ms (K0 = 
1.40 cm2 V-1 s-1) at a field strength of 381.9 V cm-1 (9.93 kV applied to entrance of the 
drift tube). 
 

These cluster species have previously been observed with atmospheric pressure 

DTIMS and are in agreement with ionization mechanisms believed to be predominant 

during DART and other atmospheric pressure chemical ionization techniques.144 

Protonated molecule-water clusters would form from a reaction similar to Kebarle’s 

water displacement mechanism14 (eq. 5a),  

)()()()()( 22 gHOHMgMgHOH nn
++ ⎯→⎯+   (eq. 5a) 

whereas dimer ions would arise from subsequent reactions between these cluster species 

and neutrals (eq: 5b): 144 

n
heat

n OHgHMgHOHMgM )()()2()()()( 22 ++⎯⎯→⎯+ ++  (eq. 5b) 

Additional experiments at field strengths of 255, 286.5, 318.1, and 349.6 V cm-1 

indicated that the same ionic species in the same relative ratios were formed in all cases, 

suggesting that the generation of protonated clusters and dimers was likely occurring 

during ionization, and not from posterior reactions during the ion drift time (Figure 5.4).  
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Figure 5.4: DART-DTIMS spectra (400 sweeps averaged) of 2,4-lutidine (10 % v/v) at 
field strengths (applied voltage) of a) 255 (8 kV), b) 286.5 (9 kV), c) 318.1 (10 kV) and 
d) 349.6 V cm-1 (11 kV). The drift times of the first and second peaks were a) 42.8 and 
53.7 ms, b) 37.9 and 47.2 ms, c) 34.2 and 43.0 ms and d) 31.0 and 38.6 ms. 
 

Because protonated water ion cluster formation derived from metastable-induced 

Penning ionization is always observed in background DART MS spectra,2 these species 

have been suggested to have a significant role in DART ion formation via a transient 

microenvironment concept.145 Therefore, molecule-water cluster ions are more likely to 

survive in DART-DTIMS than in DART MS where extensive declustering occurs during 

travel within the first differentially-pumped stage of the mass spectrometer. 

5.5. Probability of Detection of Toxic Industrial Chemicals 

Following these experiments, the baseline performance of the DART-DTIMS 

system was investigated by testing several model analytes. DMMP (Chemical Weapons 

Convention Schedule 2 substance used in the synthesis of Sarin) and 2-CEES (mustard 

gas analog) were chosen for both being chemical warfare simulants. Methamidophos, a 

a) 

b) 

c) 

d) 
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low vapor pressure harmful pesticide, was chosen as an additional test molecule. 

Detection limits were evaluated using a probability of detection (POD) methodology.146, 

147 POD values were calculated from the frequency of positive detections observed for 

replicate sample runs (n = 8) at increasing concentration values. The number of 

successful detections with SNR ≥ 3 as a function of analyte concentration was then fitted 

to a logistic function defined by (eq. 5.4): 

( ) 2
21

/1
A

xx
AAy p

o

+
+

−
=   (eq. 5.4) 

where, A1 and A2 are the lower and upper asymptote values, respectively, xo is the point 

of inflection and p is the rate of the curve steepness. The chosen POD was the point on 

the curve where the likelihood of detection was at least 95 % (the level at which there 

was less than a 5 % false negative rate).  

Using a melting point capillary tube sample introduction method (Figure 5.1), the 

calculated PODs for DMMP, 2-CEES, and methamidophos were 11.81 % (v/v), 1.13 % 

(v/v), and 10.61 mM, respectively (Figure 5.5). Considering fmol amounts of reserpine 

have been detected with this instrument using nanoESI138 and ppm and ppb levels are 

routinely detected with other DTIMS systems,124 the nanomol 95% POD amounts 

detected by DART suggested that inefficient analyte desorption and/or insufficient ion 

transmission into the drift tube could be limiting sensitivity in this particular 

configuration. One key factor affecting DART sensitivity is the lower thermal 

conductivity of nitrogen (25.83 x 10-3 W·m-1 K-1) compared to helium (15.13 x 10-2 

W·m-1 K-1), which is more typically used in DART experiments. 
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Figure 5.5: Probability of detection (POD) curves for a) DMMP, b) 2-CEES, c) 
methamidophos and d) TM DART analysis of DMMP tested at various concentration 
levels (n = 8 at each concentration level). 
 
5.6. Transmission-Mode DART-DTIMS 

To maintain the advantages of nitrogen-based operation, such as low operational 

costs and the ability of using higher electric fields for increased IM resolving power 

while simultaneously improving the 95% POD values, a TM DART geometry148 was 

implemented in the same instrument. For this purpose, the front-end of the IM instrument 

was outfitted with a stainless steel mounting bracket to hold a sample sorbent screen 

(Figure 5.1 inset). TM DART experiments were conducted with DMMP, as in previous 

experiments this was the target analyte with the highest POD levels. For TM DART, the 

calculated DMMP 95% POD was 0.28 % (v/v) (Figure 5.5d), an improvement of almost 
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two orders of magnitude (~97.6 %) respect to the previous baseline experiments. This 

increase in sensitivity allowed recording mobility spectra during the first minute, not the 

second, as with the previous method. This 50 % reduction in detection time was the result 

of the screen being placed directly in front of the DART gas stream, instead of being 

placed above the heated flow, as with the glass capillary. The more uniform heating 

efficiently desorbed the analyte molecules from the screen, enabling more sensitive and 

rapid detection. More uniform analyte distribution onto the screen may also have played a 

role in the improved detection capabilities. The porous graphitized carbon black material 

(Carbopack X) used to coat the stainless steel screen allows formation of a more uniform, 

thinner, layer of the target compound, further facilitating thermal desorption. An 

additional factor explaining this improvement is the electrostatic and fluid dynamic 

focusing possible in the TM geometry via the application of an electrostatic potential 

directly to the sorbent mesh, and directing the DART gas jet through the mesh holder.  

5.7. Reliability of Detection of Conventional and TM DART-DTIMS 

At the calculated 95% POD levels, 24 replicate experiments for each analyte 

resulted in positive detection for all trials (Figure 5.6). The average drift time, and 

reduced mobility for DMMP sampled from a glass capillary were 36.0 ± 0.25 ms and 

1.38 ± 0.01 cm2 V-1 s-1, respectively. TM DART-DTIMS experiments with DMMP 

yielded an average drift time of 36.0 ± 0.20 ms and K0 of 1.38 ± 0.01 cm2 V-1 s-1, 

respectively. These values match the literature value for the protonated DMMP dimer.140, 

142 The average drift time and reduced mobility for 2-CEES were 36.8 ± 0.24 ms and 1.35 

± 0.01 cm2 V-1 s-1, respectively. The average drift time and reduced mobility for 
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methamidophos were 37.7 ± 0.2 ms and 1.32 ± 0.01 cm2 V-1 s-1, respectively, but no 

literature value were available for comparison.  

 
Figure 5.6: Sample spectra collected at the 95% POD with corresponding average drift 
time values (n = 24) for a) DMMP, b) 2-CEES, c) methamidophos and d) TM DART 
analysis of DMMP. Four hundred sweeps were averaged in every case. 
 

To ensure that the detected species were indeed different and not the product of 

carry-over in the system, the drift times of each analyte were compared in a box plot 

(Figure 5.7), and were found to be statistically different from each other.  

 
Figure 5.7: Box plot of the interquartenary ranges of recorded drift times of each analyte 
at their POD concentration levels (n = 24). Solid lines inside the boxes are the median 
values and the dots are outlier values. 
 

a) 

b) 

c) 

d) 
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5.8. Sensitivity Gains Obtained From Multiplexed DART-DTIMS  

An alternative method to increase sensitivity is to modify the method for gating 

ions into the drift tube by multiplexing the ion injection scheme. In the previous set of 

experiments, data was acquired in what is commonly known as “signal averaging” mode 

which carries the drawback of a very low duty cycle. For instance, with an ion gate pulse 

width of 400 μs (one element) and a 102.4 ms run (a 256-element sequence), the 

theoretical duty cycle (the temporal ratio of the pulse width to experiment length) is ~0.4 

%. In this scenario, >99 % of the ions generated by the DART ion source are not gated 

into the drift tube. In multiplexed DTIMS, multiple packets of ions are gated successively 

throughout the sequence. The recorded spectrum is convoluted, but by knowing the gate 

pulse width, and the number and index of open elements in the binary ion gating 

sequence, the original spectrum can be deconvoluted.  

Multiplexed IMS also offers more flexibility in terms of ion injection approaches 

than classical IM experiments. In a signal averaged DTIMS experiment, the gate opens in 

the beginning of each sweep and then closes until the ion swarm reaches the detector. If a 

hypothetical 16-elements sequence was used for ion injection, only the first element 

would represent an open gate (Figure 5.8). Therefore, the duty cycle would be 6.25 %. A 

multiplexed approach adds more open gate events to the sequence to increase the total 

amount of ions introduced into the drift tube. Ions could be injected for 2, 4 or 8 elements 

selected randomly along the 16-element sequence representing duty cycles of 12.5, 25 

and 50 %, respectively. The total number of injection sequences with identical duty cycle 

is therefore dependent on the length of the sequence (n) and the number of open gate 

elements (r), as defined by (eq. 5.5): 
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=  (eq. 5.5) 

Therefore, for the previous example, there are 120, 1820, and 12870 different possible 

ion injection sequences when 2, 4, or 8 elements in the sequence are open ion gate states, 

respectively. We refer to this approach as “digital multiplexing”.139 

a)

b)

c)

d)

a)

b)

c)

d)

 
Figure 5.8: Illustration describing multiplexing theory using a basic 16 element sequence 
as an example. a) In conventional signal averaging mode, the gate is opened only for the 
first element (r = 1) and ions travel until they are detected (6.25 % duty cycle). In 
digitally-multiplexed methods, ions can be injected any place along the sequence for a 
predetermined amount of elements: b) three potential sequences (12.5 % duty cycle) out 
of a possible 120 total sequences, c) ions are injected during four elements (25 % duty 
cycle) five of a total of different 1820 sequences are shown, d) ions are injected for eight 
elements (50 % duty cycle) eight of 12870 different sequences are shown above. 
 

In order to investigate the feasibility of performing DART-DTIMS in conjunction 

with a digital multiplexing, DMMP at the 95% POD level was used as a test case. A 

signal averaged run with a ~0.4 % duty cycle and a 400 μs gate pulse produced a SNR of 

5.6 (Figure 5a), whereas digitally multiplexed spectra recorded with 5, 10, 30 and 50 % 

duty cycles showed improved SNR values of 8.7, 7.4, 10.7 and 11, respectively (Figure 

5c, d, e and f).  
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Figure 5.9: Comparison of DMMP spectra at the 95% POD concentration level acquired 
with a  400 μs gate pulse width: a) conventional signal averaging (~0.4 % duty cycle), 
and digital sequences with duty cycles of b) 2 %, c) 5 %, d) 10 %, e) 30 % and f) 50 % 
(400 sweeps averaged). 
 

A conventional experiment using a 200 μs ion gate pulse width resulted in a SNR 

of 3.2 (Figure 5.10). Corresponding digitally multiplexed spectra recorded at 2, 5, 10, 30 

and 50 % duty cycles also showed improved SNRs of 4.6, 5.8, 5, 9.2 and 4.9, respectively 

(Figure 5.10).  
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Figure 5.10: Comparison of DART-DTIMS spectra of DMMP at the POD level with 200 
μs gate pulse width. Spectrum collected using a) conventional signal averaging (~0.4 % 
duty cycle) and arbitrary digital sequences with duty cycles of b) 2 %, c) 5 %, d) 10 %, e) 
30 % and f) 50 %. All experiments consisted of 400 sweeps. 
 

A summary of the observed multiplexing gains for experiments using 200 and 400 

μs gates and 20-400 sweeps is presented in Figure 5.11, showing that gains greater than 1 

were observed in most cases. The highest observed gains compared to traditional signal 

averaging mode were observed for 20-sweep acquisitions carried out with 30 % 200 μs 

(3-fold gain) and 10 % 400 μs (4.5-fold gain) sequences.  
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Figure 5.11: Signal-to-noise ratio gains observed for digitally-multiplexed experiments 
over traditional signal averaging mode during the DART-DTIMS analysis of DMMP at 
the 95% POD concentration level carried out with a) 200 μs and b) 400 μs gate pulse 
widths and 20 (●), 100 (▼) or 400 (■) averaged sweeps. 
 

The reason behind these findings was probably due to the short period of time 

where the signal was collected in 20-sweep experiments. During this time segment, the 

ion source temperature remained essentially steady, which was a central requirement to 

correct implementation of multiplexing approaches.149 The only case where SNR gains 

were not observed was the 400 μs 2% duty cycle digital sequence which showed a SNR 

of 3.6 (Figure 5.9b). This phenomenon has been previously documented and was 

attributable to the specific distribution of gating events in the particular sequence selected 

to run the experiment, which was one out of >8.8·109 possible combinations.139  

In the previous experiments, it was also noted that 50 % duty cycle experiments 

resulted in lower than expected gains for 400 spectral sweeps. Therefore, an alternative 



Harris, G. A.   113

50 % duty cycle method was implemented utilizing Hadamard Transform (HT) 

multiplexing.139, 150-152  For both 200 and 400 μs gate widths in 20, 100 and 400 sweep 

runs, HT sequences showed SNR gains over conventional signal averaging experiments, 

as expected (Figure 5.12). The greatest gains were observed for 100 sweep runs with 200 

μs gates, with a gain of 3.3x over conventional mode (Figure 5.12a).  

 
Figure 5.12: DART-DTIMS spectra acquired using HT multiplexing. Spectra acquired 
with 200 μs gate pulse widths for a) 20 sweeps, b) 100 sweeps and c) 400 sweeps. 
Spectra acquired with 400 μs gate pulse widths for d) 20 sweeps, e) 100 sweeps and f) 
400 sweeps. SNR gains over conventional signal averaging mode runs were a) 2.6x, b) 
3.3x, c) 3.2x, d) 1x, e) 1.4x and f) 1.5x. 
 

The gain for this HT experiment over the 50 % digital multiplexing experiment 

was 1.6x. However, accompanying this gain were spectral defects in the acquired HT 

spectra. These defects were most noticeable with the 200 μs gates appearing as negative 
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peaks at drift times of 10.5, 9.9 and 10.1 ms for the 20, 100 and 400 sweep averaged runs, 

respectively (Figure 5.12a, b and c). Smaller defect peaks were observed with 400 μs 

gates at drift times of 25.0, 25.3 and 25.4 ms for 20, 100 and 400 sweeps, respectively 

(Figure 5.12 d, e and f). Defect peaks are due to imperfect ion swarms released into the 

drift tube. Contributing to the shape of the ion swarm are phenomena such as space 

charge, thermal diffusion,153 “gate ringing” of the applied waveform154 and ion depletion 

in the region immediately preceding the ion gate.150 All these effects contribute to 

decreases in SNR gains and the appearance of defect (i.e. ghost or echo) peaks. 

5.9. Conclusion 

 The results presented here demonstrate the ability to detect and identify toxic 

substances including CWA simulants and low vapor pressure chemicals using a DART-

DTIMS platform. The use of nitrogen for both the DART reactive gas and the DTIMS 

drift gas keeps operational costs lower compared to helium gas. Additionally, the all 

nitrogen system allowed for a high electrical field to be used, maximizing IM resolving 

power. However, the use of nitrogen as the DART gas also resulted in lower sensitivity 

than with standard helium operation. Two avenues to compensate for this reduction in 

sensitivity were successfully tested. First, it was found that sampling in transmission 

mode geometry reduced the 95% probability of detection level by almost two orders of 

magnitude compared to sampling from a melting point capillary tube. Secondly, digital 

and HT multiplexing techniques were utilized leading to 3-4.5 fold improvements in SNR 

over conventional signal averaging experiments. 
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CHAPTER 6. AMBIENT METASTABLE-INDUCED CHEMICAL 

IONIZATION IN TRANSMISSION AND IMAGING MODES 

6.1. Abstract 

An attractive feature for ambient ionization techniques, in particular DART, is 

the enclosureless set-ups and open-air access to samples and the ionization region. 

This allows for novel ways to perform challenging experiments of delicate or odd-

shaped samples. In one case, a TM geometry was developed to allow reactive gas 

species to flow through the sample (e.g. insecticide-treated nets) Introduction of the 

sample at this fixed geometry eliminates the need for optimizing sample position 

and allows spectra based on factors such as metastable gas temperature and flow to 

be systematically evaluated. In another application, the metastable-gas stream from 

a DART source was coupled to laser ablation for imaging and targeted MS 

experiments (infrared laser ablation metastable-induced chemical ionization, IR-

LAMICI). The laser ablation allowed for spatially resolved sampling of a sample’s 

surface by ablating material into the reactive metastable plume facilitating gas-phase 

chemical ionization. IR-LAMICI was explored by imaging pharmaceutical tablets, 

screening counterfeit drugs, and probing algal tissue surfaces for natural products. 

6.2. Alternate Implementations of Direct Analysis In Real Time 

6.2.1. Transmission-Mode Geometry 

The DART analysis of an object’s macroscopic surface requires the sample to be 

held in a position which allows for the reactive DART gas stream to flow tangentially to 

the surface, and avoid blocking the flow of desorbed analyte ions into the MS.18 In the 

case of applications involving liquids, they are analyzed by first dipping the end of a 
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melting point tube into the sample and then holding it within the ionizing gas stream, 

which causes rapid drying and ionization. New commercial versions of the DART ion 

source allow the angle of the incident metastable gas stream to be adjusted for 

optimization, however, detailed reports of the effect of sampling angle on sensitivity and 

reproducibility have yet to be published. A TM DART methodology was developed as an 

alternative sampling strategy for DART MS. Qualitative and quantitative TM-DART MS 

analysis of insecticide-treated nets (ITN) coated with pyrethroid pesticides is shown as an 

example of the type of applications that can benefit from this approach. ITNs are widely 

used in control and prevention of malaria transmission in endemic countries, and are a 

central component of national malaria programs. A custom-designed sample holder was 

fabricated to rapidly and reproducibly place the bed nets normal to the ionizing 

metastable gas stream.  

6.2.2. IR-LAMICI 

Plasma-based ambient ion generation techniques such as DART and FAPA155 

make use of a gaseous flux of electronic and/or vibronicly-excited metastable helium or 

nitrogen formed in a distal electrical discharge. These metastable species are directed 

through the ionization source where they can be heated to enhance desorption and/or 

isolated by a grid electrode to limit the exposure of the sample to ions and electrons. 

Under standard conditions, these metastables react with atmospheric water, oxygen, or 

other air components to produce reactive protonated water clusters. With the exception of 

micro-hollow cathode discharges, most plasma-based ambient ionization sources produce 

a reactive stream of at least several millimeters in diameter, preventing their use for direct 

mass spectrometry imaging (MSI). Recognizing this limitation, Hieftje and co-workers156 
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coupled FAPA to Nd:YAG laser ablation in an enclosed configuration. Although not 

carried out in the open air, such two-step desorption/ionization experiment has the 

advantage of not being limited by the lateral resolution provided by a diverging liquid jet. 

Herein, we report the first results obtained using a new open air technique named IR-

LAMICI. 

6.3. Experimental 

6.3.1. Instrumentation 

 For the TM-DART analyses, a custom-made sample holder was fabricated in-

house (Figure 6.1). Benet sections were sandwiched between two 57 mm × 3.2 mm × 19 

mm MACOR slides each containing a centered 5 mm-diameter hole. This assembly was 

placed onto an aluminum holder and mounted in between the DART ion source gas outlet 

and the mass spectrometer inlet orifice, exposing a 20 mm2 bed net area to the metastable 

gas stream. Notches in the sides of the aluminum sample holder allowed for it to easily be 

slid on and off custom-made screws mounted into pre-threaded holes of the DART ion 

source.   
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Figure 6.1: Schematics of the custom-made sample holder used for TM-DART analysis.  
Top: exploded view of the sample holder. Bottom: top-view of the sample holder 
assembly mounted in the ionization region of the TM-DART time of flight (TOF) mass 
spectrometer interface. 

 

The IR-LAMICI source (Figure 6.2) consisted of a custom-made metastable 

generation chamber18 equipped with a 90˚ bent glass nozzle (o.d. 0.3 cm) mounted in 

front of the mass spectrometer sampling inlet. Laser ablation was achieved with a 

Nd:YAG laser-driven optical parametric oscillator (OPO, Vibrant IR, Opotek Inc., 

Carlsbad, CA) operated at 2940 nm with a pulse length of 4 ns at 20 Hz frequency, and 2 

mJ per pulse.  The laser pulses impinged orthogonally from above on the sample surface 

with quasi-circular focal spots of ~300 µm diameter. A fraction of the ablated sample 

material was directed towards the mass spectrometer capillary inlet by the flow of the 

metastable plume in which gas-phase chemical ionization of analyte molecules occurred, 

generating protonated or deprotonated species in positive and negative ion modes, 

respectively.   
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Figure 6.2: Schematic of the IR-LAMICI ion source coupled to a quadrupole ion trap 
mass spectrometer. The inset shows the total ion current trace observed for the analysis of 
an acetaminophen tablet with the laser turned off and on. 
 

6.3.2. Computer Simulations 

A three-dimensional design geometry file was created depicting the accurate 

dimensions of the DART gas exit nozzle, sample capillary and MS inlet orifice with the 

computer-aided design program within the COMSOL Multiphysics® (COMSOL, Inc., 

Burlington, MA, USA) finite element analysis environment. The modeled flow rates, 

gases and sample holder spacing matched those used in the DART experiments. All 

models were built in the absence of electric fields and without regard to the influence of 

reduced pressure transport originating at the inlet of the mass spectrometer. Transient 

(200 ms) simulations were performed on a dual Intel Xeon quad core (2.66 GHz) 

computer with 8 GB memory and 1.5 GB video memory. Simulations required between 

0.75 and 12.5 hours to complete depending on the chosen conditions, with higher flow 

rates requiring longer due to the increased complexity of the fluid dynamics. 
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6.3.3. Procedure 

The TM-DART source (IonSense, Danvers, MA) was coupled to a JMS-T100LC 

(AccuTOF™) orthogonal TOF mass spectrometer (JEOL, USA, Peabody, MA) for high-

accuracy mass measurement experiments performed in positive ion mode using either 

helium or nitrogen gas. The flow rate of helium gas was varied between 0.55 and 2.0 L 

min-1 to determine its effect on the resulting spectra. The flow rate of nitrogen gas was 

held at 7.0 L min-1, as lower flow rates did not produce a stable and reproducible baseline 

signal. Therefore, the effect of varying the nitrogen gas flow could not be evaluated. The 

distance between the exit of the DART ion source and the sample holder was examined at 

two positions: (a) in contact with one another and (b) 4 mm apart. These distances were 

used to compare the spectra obtained from varying gas flow rates. The gas heater 

temperature was varied between 100 °C and 225 °C to determine the effects of 

temperature on the resulting spectra. The glow discharge needle voltage of the DART 

source was set to 3500 V and the discharge and grid electrode voltages were 150 V and 

250 V, respectively. The TOF mass spectrometer ion optics settings were as follows: inlet 

orifice voltage: 20 V for helium DART and 30 V for nitrogen DART; ring electrode 

voltage: 5 V; orifice 2: 5 V; ion guide bias voltage: 29 V; ion guide peaks voltage: 300 V 

for helium DART and 500 V for nitrogen DART. The detector voltage was set to 2750 V. 

Mass calibration was performed by placing a 1.5 mm o.d. × 90 mm-long glass capillary 

tube dipped in a concentrated PEG solution in the metastable gas stream for 30 s and 

obtaining a reference mass spectrum. Mass spectral data acquisition, processing, 

calibration and background subtraction were performed using the built-in mass 

spectrometer software, MassCenter 1.3.  
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 The IR-LAMICI was interfaced to a LCQ Deca XP+ ion trap mass spectrometer 

(Thermo Finnigan, San Jose, CA). Without laser illumination, no salient ionic species 

were observed in the mass spectrum as the metastable flux was not in direct contact with 

the sampled surface (Insert, Figure 6.2). However, when laser pulsing was started, intense 

analyte peaks were observed, suggesting that ions are produced by direct interaction of 

neutral aerosol particles with gas-phase reactive species. The base peak ion intensity was 

observed to be largely dependent on the energy of the laser beam and the position of the 

inlet capillary. Optimum signal intensity was observed for the mass spectrometer inlet 

capillary positioned ~1 mm above the sampling surface and ~25 mm away from the 

metastable gas nozzle. 

6.4. Comparison of Helium and Nitrogen TM DART 

Helium and nitrogen-induced DART MS spectra of neat deltamethrin (Figure 6.3) 

and permethrin (Figure 6.4) standards deposited on a melting point capillary were 

obtained in positive ion mode to first identify mass spectral peaks specific to these 

pyrethroid insecticides. Figures 6.3 (a-b) and 6.4 (a-b) show helium DART MS spectra of 

neat deltamethrin and permethrin standards, respectively, at 225 °C (a) and 150 °C (b) at 

a flow rate of 1.5 L min-1.   
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Figure 6.3: Helium DART MS spectra of a neat deltamethrin standard obtained at 225°C 
(a) and 150°C (b) with 1.5 L min-1 gas flow rate. Fragmentation is observed when helium 
is used as the ionizing gas, increasing with increasing temperature. The nitrogen-induced 
mass spectrum shown in (c) presents a predominant [M+NH4]+ ion with little-to-no 
fragmentation (225°C, 7.0 L min-1). The insets in panel (c) show the experimental and 
theoretical isotopic structures of the deltamethrin [M+H]+ ion observed in the helium-
induced spectra. 
 

Figures 6.3c and 6.4c show their nitrogen DART MS spectra obtained at 225°C 

and 7.0 L min-1. In the case of deltamethrin it was observed that helium at 150 °C yielded 

a higher abundance of the protonated molecule (peak 9) while producing less 

fragmentation in comparison to helium analysis at 225 °C. Also, intense fragment ions 

pertaining to mono- (peak 1) and di-brominated (peak 2) fragment ions arising from 

alpha-cleavage, ester bond cleavage (peak 3), and dehydration (peaks 4, 5, and 8), among 
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others, were observed at 225 °C. In addition, adducts of thermally-induced fragment ions 

with neutral precursor molecules were observed. Peaks 11 and 12 corresponded to neutral 

deltamethrin molecules adducted with the cyano-containing benzyl cation, [C14H10NO]+, 

and the doubly-brominated cation indicated as peak 3, respectively. Conversely, nitrogen 

DART performed at 225 °C resulted in low intensities of fragment ions and protonated 

molecules. The base peak was the ammonium adduct ion (peak 10) as commonly 

observed for compounds containing carbonyl functional groups.157 The presence of 

bromine atoms in the deltamethrin molecule yielded characteristic Br1-2 isotopic patterns, 

which aided in the identification of ionic species. As an example, the inset in Figure 6.3c 

shows the experimental isotopic distribution of the protonated deltamethrin monomer, 

which was consistent with the expected theoretical distribution. 

The helium DART analysis of permethrin yielded fewer fragment ions and only a 

slight increase in their abundance when increasing gas temperature from 150 °C to 225 

°C (Figure 6.4). The identities of the fragment and adduct ions of permethrin were similar 

to some of those identified in the deltamethrin case for both helium and nitrogen, but with 

some interesting differences. The ions observed for helium experiments were a result of 

alpha-cleavage (peak 1), [C13H11O]+ benzyl cations (peak 2), ester bond cleavage (peak 

3), HCl and H2O losses from the protonated molecule (peaks 4 and 5, respectively), and 

the protonated (peak 7) and ammoniated (peak 8) adduct ions. Interestingly, the 

permethrin [M]+• molecular ion (peak 6) was observed, which was not the case for 

deltamethrin. The absence of the stabilizing effect caused by the cyano functional group 

in permethrin, resulted in a low abundance of its protonated molecular ion (peak 7), the 

base peak instead corresponding to the HCl neutral loss (peak 4). 
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Figure 6.4: Helium induced DART MS spectra of a neat permethrin standard obtained at 
225°C (a) and 150°C (b) with 1.5 L min-1 gas flow rate. Significant fragmentation exists 
when helium is used as the ionizing gas, increasing only slightly with increasing 
temperature. The nitrogen induced (225°C, 7.0 L min-1) mass spectrum (c) results in an 
abundant [M+NH4]+ ion but also considerable fragmentation compared to that of 
deltamethrin (see Figure 2). Insets in panel (c) show the chemical and isotopic 
(experimental and theoretical) structures of the permethrin pesticide. The inset showing 
the isotopic distribution corresponds to the [M+NH4]+ ion of the nitrogen-induced 
spectra. 
 

Helium DART MS analysis of cypermethrin, the chlorinated analog of 

deltamethrin, showed the same relative fragment intensities and adduct ions as for 

deltamethrin, reinforcing the notion of a stabilization effect driven by the cyano moiety 

(data not shown). Similar to deltamethrin, the ammonium adduct (peak 8) of permethrin 

was the base peak in the nitrogen spectrum (Figure 6.4c), with only a small relative 
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amount of fragment ions present. The lower-energy of nitrogen metastables and the lower 

thermal conductivity of nitrogen are believed to be the reasons behind the reduced 

fragmentation observed in nitrogen when compared to helium. Interestingly, a relatively 

larger degree of fragmentation was observed in the nitrogen spectra of permethrin when 

compared to deltamethrin, likely due to a lack of charge stabilization of the [M+H]+ ion 

via the cyano group. As expected, chlorine atoms present in permethrin were responsible 

for the characteristic Cl1-2 isotopic patterns, shown in the inset in Figure 6.4c, which 

details the experimental and theoretical isotopic distributions of the ammoniated 

permethrin monomer ion. 

6.5. Effect of Flow Rates on TM DART 

As indicated in Figure 6.1, the sample holder and DART ion source configuration 

allows for the distance between the gas outlet of the DART source and the bed net to be 

adjusted. TM-DART analyses of a bed net conventionally-treated with 55 mg m-2 

deltamethrin were conducted at 150 °C by varying the helium gas flow. At each flow 

rate, two positions of the sample holder were tested: in contact with the ion source gas 

nozzle (▲) and 4 mm apart (×) from it (Figure 6.5). With the exception of the data point 

at 1.5 L min-1, it was observed that when the ion source outlet was in contact with the 

sample holder, the ion intensity increased with the gas flow rate. It is not clear as to why 

the data point at 1.5 L min-1 deviated from the upward trend, but it is possible that it was 

caused by improper placement of the holder. The opposite effect was observed at a 

source-to-holder distance of 4 mm, where the ion intensity showed a downward trend 

with increased flow rate. 
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Figure 6.5: Effect of helium gas flow rate on the absolute intensity of the deltamethrin 
[M+H]+ ion during TM-DART analysis of a 55 mg m-2 conventionally-treated bed net.  
The adjustable distance between the gas exit of the DART source and the sample holder 
(see Figure 6.1) allowed two settings to be examined at various gas flow rates: in contact 
with one another (▲) and 4 mm apart (×). Set gas temperature was 150°C in all cases. 
 
 The trends seen in Figure 6.5 are supported by computational fluid dynamic 

(CFD) simulations of the ionization region. When the sample holder is 4 mm away from 

the DART gas nozzle, the reactive gas stream collides into the peripheral regions of the 

Macor sample opening, deflecting some of the reactive gas plume away from the bed net 

(Figure 6.6). When the gas flow rate is set to 0.5 and 1.0 L min-1 (Figure 6.6 a and b, 

respectively), the deflection is fairly homogenous with respect to the sample hole 

opening. As the gas flow rate increases to 1.5 and 2.0 L min-1 (Figure 6.6 c and d, 

respectively), the deflected gas travels further away from the sample entrance and in 

more sporadic directions. Although the overall gas velocity remains high, the presence of 

fewer reactive species passing through the net may account for the lower intensity 

observed as the gas flow rate is increased in this configuration. 
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Figure 6.6: CFD simulations at a) 0.5, b) 1.0, c) 1.5 and d) 2.0 L min-1 helium at 150 ºC 
when the DART gas nozzle is positioned 4 mm away from the sample holder. The images 
on the left show a 3D perspective of the system, the middle images show the gas flow 
from above, and the heat map scales on the right are the gas velocities in m s-1. 
  
 Conversely, when the DART gas nozzle is directly in contact with the sample 

holder opening, the high velocity reactive gas is forced through the bed net without gas 

deflection (Figure 6.7).  

a) 

b) 

c) 

d) 
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Figure 6.7: CFD simulations at a) 0.5, b) 1.0, c) 1.5 and d) 2.0 L min-1 helium at 150 ºC 
when the DART gas nozzle is positioned in contact with sample holder. The images on 
the left show a 3D perspective of the system, the middle images show the gas flow from 
above, and the heat map scales on the right are the gas velocities in m s-1. 

 

 The overall gas velocities are very similar to those in the previous configuration, 

but the presence of more reactive species hydrodynamically focused to contact the net 

may account for the higher experimental sensitivity observed. 

a) 

b) 

c) 

d) 
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6.6. Quantitative Assessment of TM DART 

Extracted ion chronograms obtained from TM-DART analyses of bed nets 

conventionally-treated with increasing levels of deltamethrin are shown in Figure 6.8.  

The conditions chosen for each analysis were those that overall yielded the highest 

abundances of the protonated ion (using helium) or ammonium adduct ion (using 

nitrogen) based on the results shown in Figures 6.3 and 6.4.  
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Figure 6.8: Extracted ion chronograms for the DART analysis of bed nets coated with 
increasing levels of deltamethrin using the custom-made sample holder. Experiments 
were performed using helium (0.5 L min-1 (top) and 2.0 L min-1 (center) at 150°C) and 
nitrogen (7.0 L min-1 at 225°C (bottom)). Insets show integrated peak areas as a function 
of bed net insecticide concentration. The [M+H]+ and [M+NH4]+ ions are plotted for 
helium and nitrogen, respectively. 
 

Analysis with helium was performed at 150°C, 0.5 L min-1, and 4-mm source-to-

holder distance (Figure 6.8, top), or 150°C, 2.0 L min-1 and the source in contact with the 

holder (Figure 6.8, center). Nitrogen analysis was performed at 225°C and 7.0 L min-1 
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with a source-to-holder distance of 4 mm (Figure 6.8, bottom). Bed nets treated at various 

concentration levels (blank-16 mg m-2) were sampled for approximately 30 s. The shaded 

regions represent the areas integrated for each concentration level, which are plotted in 

the insets. The observed linearity (R2 = 0.983 or better) suggests that TM-DART has 

potential for semi-quantitative determination of pesticides in ITNs, and that levels as low 

as 0.5 mg m-2 of deltamethrin can be detected with either helium or nitrogen used to 

effect ionization. With a sampling area of approximately 20 mm2, this is equivalent to a 

detection limit of approximately 10 ng of deltamethrin. 

6.7. Investigating the Fluid Dynamic Contributions to IR-LAMICI 

To better understand the atmospheric transport of the ablated particles, a time 

resolved (t = 200 ms) three-dimensional CFD simulation with particle tracing was created 

with COMSOL Multiphysics® (COMSOL, Burlington, MA). The simulated setup 

consisted of the metastable gas glass nozzle, a typical pharmaceutical tablet, and the inlet 

capillary. Due to convergence limitations, the models were constructed without electric 

fields and the reduced pressure transport influence of the inlet capillary. Particle 

trajectories originating on the tablet surface and extending upwards every 10 μm from 

five points on a laser spot size of 300 μm in diameter (total of 150 particles) were 

simulated (Figure 6.9a). The simulated gas velocity map depicts the high velocity gas jet 

deflecting slightly upwards above the tablet surface and the inlet capillary (Figure 6.9b). 

The upward gas flow affects particle flow sending a large part of the simulated particles 

above the inlet capillary (Figure 6.9c). Gas flow recirculation directing some particles 

backwards towards the gas capillary was also observed, a phenomenon previously 
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predicted for DART MS.18 These simulations indicate that further improvement of ion 

transmission in IR-LAMICI could result in large gains in sensitivity. 
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Figure 6.9: Three-dimensional CFD simulations of the IR-LAMICI setup: (a) 150 
particles were simulated originating from a 300 μm-diameter laser spot; (b) gas velocity 
map and velocities; (c) particle trajectories originating from the positions outlined in (a).  
The laser spot diameter was measured by taking an optical image (Olympus BX41, 
optical microscope) of a single shot laser ablation spot. 
 

6.8. Direct Analysis With IR-LAMICI 

 The potential of IR-LAMICI for direct MS analysis and imaging was investigated 

by using a variety of samples previously tested in our laboratory by DART and/or DESI.  

Figure 6.10a shows the IR-LAMICI spectrum obtained for a counterfeit artesunate 

antimalarial tablet collected in the Republic of Cameroon. The signal at m/z 320 was 

identified as the protonated chloroquine molecule, a wrong active ingredient previously 

detected in this sample by both DART and DESI. This assignment was verified by the 
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observed isotopic abundance pattern (shown as inset) and by MS/MS experiments (data 

not shown). The signal at m/z 247 resulted from the loss of C4H11N. Peaks corresponding 

to the correct active ingredient, artesunic acid, were not detectable. 

 

Figure 6.10: IR-LAMICI MS analyses of (a) a counterfeit artesunate antimalarial drug 
tablet collected in Cameroon; (b) a red macroalga, Callophycus serratus, showing the 
presence of bromophycolides; and (c) a Tylenol® tablet (325 mg acetaminophen). The 
inset in (b) shows a typical negative ion mode DESI MS spectrum of a similar tissue 
sample, with the peak at m/z 665 corresponding to [bromophycolide A/B - H]- and the 
peak at m/z 583 to [bromophycolide A/B - HBr]- and/or [bromophycolide E - H]-). The 
insets in (c) show false-color scale IR-LAMICI MS images of the distribution of 
acetaminophen monomer and dimer ions on the tablet. 
 

In a separate set of experiments, tissue samples of the red macroalga Callophycus 

serratus previously investigated by DESI158 were probed by negative ion mode IR-
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LAMICI (Figure 6.10b). The obtained mass spectrum shows the presence of several ionic 

fragments originating from HBr losses from the deprotonated bromophycolide A 

molecule, a secondary metabolite involved in surface-mediated chemical defense 

mechanisms. Comparison with a typical DESI MS spectrum of similar tissue (insert) 

where the intact bromophycolide [M-H]- was readily observed, suggested that during IR-

LAMICI the amounts of internal energy deposited on analyte molecules are larger than in 

DESI. However, a more extensive optimization of the numerous variables involved in IR-

LAMICI (e.g. laser pulse length, laser power, metastable flux) would be necessary for a 

more thorough comparison to other, more established, ambient MSI techniques. 

6.9. Mass Spectrometry Imaging Utilizing IR-LAMICI 

 The full potential of IR-LAMICI was best showcased in MSI experiments.  The 

successful coupling of IR-laser ablation with metastable-induced chemical ionization 

resulted in a truly-ambient plasma-based small molecule imaging platform for MS.  The 

IR-LAMICI spectrum of a Tylenol® (325 mg) tablet showed peaks at m/z 152 and 303, 

corresponding to the protonated acetaminophen molecule and dimer, respectively (Figure 

6.10c). The protonated dimer was found to be more intense than the protonated monomer, 

likely due to two factors. First, laser ablation generates significantly large amounts of 

neutral sample material off the sample surface, thus favoring the formation of dimeric 

species at higher acetaminophen concentrations. Secondly, the use of an ambient 

temperature metastable flux, rather than a heated one as in DART, coupled to collisional 

cooling, promotes more extensive clustering. Similar effects have been observed when 

comparing atmospheric pressure and MALDI.159 Assuming uniform distribution of 

acetaminophen in the tablet and a 10 µm laser depletion layer, the limit of detection was 
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estimated to be 15-30 pg. The insert in Figure 6.10c shows chemical images constructed 

from the signals at m/z 152 and 303, corresponding to the protonated acetaminophen 

monomer and dimer, respectively.  Images were constructed from individual surface 

raster scans with an in-house written MATLAB program (Ver. R2008a, Math-Works, 

Inc., Natick, MA). The total image construction time which includes, image data 

collection and processing was approximately 40 minutes for a 14 mm x 7 mm area. The 

images show a relatively uniform distribution of acetaminophen on the tablet surface, 

indicative of a good tablet formulation practice. The left-to-right streaking effect seen 

beyond the curved edge boundaries of the tablet images was a result of some of the 

ablated unionized material depositing on the inner walls of the mass spectrometer inlet 

capillary. This material was ionized while scanning the subsequent surface pixel. Despite 

this secondary effect, lateral resolution in these images was sufficiently high to accurately 

describe the sharply curved tablet edges. The main advantage of IR-LAMICI was that the 

resolution of a chemical image was determined by the crater size produced with each 

laser pulse, but not by the size of the metastable gas jet. This was important in acquiring 

spatially-resolved chemical information for micron-sized surface features. 

6.10. Conclusion 

The results reported here demonstrate TM-DART as an alternative sampling 

strategy versus traditional methods of probing sample surfaces for DART MS analysis, 

with particularly interesting application to the analysis of insecticide treated bed nets. The 

cavity of the custom-made holder creates an ion tunneling effect directly affecting the 

spectral appearance, following changes in metastable gas temperature and flow rate, and 

the distance between the gas outlet and the sample being analyzed. Reproducible, quick, 
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and easy mounting/dismounting of the sample holder assembly to a fixed position within 

the ionization region allows a systematic approach to analyzing ITN samples, providing 

highly-selective semi-quantitative analysis capabilities with throughputs of 60 samples 

per hour.  

 We expect that IR-LAMICI will make small molecule ambient MSI more 

accessible to the end user and enable new applications in the life sciences. Additionally, 

the use of IR laser ablation to desorb analytes may lead to future implementations of 

DART for higher molecular weight compounds. As shown by finite element simulations, 

much improvement is still possible in terms of ion transmission, which should result in 

greater sensitivity and better detection limits. 
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CHAPTER 7. CONCLUSIONS AND OUTLOOK 

7.1. Abstract 

This chapter presents a summary of the results encompassing the fundamental 

characterization of ambient sampling/desorption ionization MS techniques and the 

applications presented in this dissertation. This chapter concludes with a discussion of 

potential future directions and perspective to further expand this work. 

7.2. Accomplishments In the Characterization and Implementation of 

Ambient Sampling/Desorption Ionization Techniques 

7.2.1. Fundamental Insights 

It is safe to say that our understanding of DART has improved greatly through the 

efforts presented in this dissertation. Paramount to these findings was the use of finite 

element method simulations and carefully designed experiments to yield insight into the 

ionization region.18 The first finite element simulation models of a home built DART-

type ion source which provided spatial and temporal representation of the thermal 

gradients, particle trajectories and fluid dynamics in the ionization region and within the 

hardware itself. Models and temperature probe experiments suggested that thermal 

dissipation into the surrounding atmosphere contributed to heating of the sample before 

its introduction into the ionizing plume. Depending on the sample properties, this initial 

heating may contribute to premature thermal desorption before ionization. Therefore, 

sensitivity loss is a major concern prior to or during sample positioning. Additionally, 

various sample geometries and spatial orientations have a drastic effect on the fluid 

dynamic stream lines resulting in turbulent gas flow and particle trajectories.  
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Investigations of the DART internal energy distribution has led to a better 

understanding of the energetic contributions of desorption and ionization.160  It was 

revealed that internal energy increases with higher gas flow rates and temperature. This 

proceeds through several pathways with the major factor being the proton transfer 

reactions during ionization. During this process, the excess energy that was released was 

sufficient enough to fragment labile molecules. Other important contributions include 

collision-induced dissociation from the added pressure from the high flow gas flow rates 

of DART into the first differentially-pumped region of the mass spectrometer. Additional 

factors like direct Penning-ionization and pyrolysis had small impacts, however, they 

could become significant under different operational conditions. 

 One of the most important findings was the study of the DART reactivity in space 

series of experiments which explored multiple experimental effects such as sensitivity, 

reproducibility, dynamic range and ion suppression in a spatial manner. Depending on the 

concentration of the sample, there were distinct “hot spots” in the ionization region where 

sensitivity was highest. For instance lower concentrations (<100 μM) the best sampling 

position is in the middle of the ionization region in line with the DART gas nozzle and 

the inlet capillary of the mass spectrometer. This position provided a hot enough 

environment for thermal desorption and minimized losses from ion transmission. 

Conversely, at higher concentrations (>500 μM) the best position was directly in front of 

the DART gas nozzle where the higher temperature thermally desorbed more analyte 

mitigating any losses during ion transport. 

 This study also demonstrated the susceptibility of DART to ion suppression. 

Regardless of position and temperature, ion suppression was significant between two 
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analytes with the same boiling point but different proton affinities with suppression levels 

greater than 15x for most conditions. The same effect but to a lesser degree (<4x) was 

observed for the reverse situation with molecules of the same proton affinities but 

different boiling points. The problem of ion suppression was exacerbated if the same 

analytes were positioned in different sampling points in space. Suppression several orders 

of magnitude greater than if sampled in the same spot was observed. Although the 

experiments used continuous infusion of liquids to acquire steady-state signals, it was 

expected that solid samples and conventional quick screening methods would show 

similar if not higher ion suppression due to matrix composition and instabilities in the 

ionization region.  

7.2.2. Instrument Development and Applications  

 There were three significant instrumental and application advances with DART 

demonstrated in this dissertation: TM sampling for reproducible sample placement, ion 

mobility spectrometry (IMS) coupling to detect toxic chemicals and chemical warfare 

agent simulants and coupling to laser ablation for MS imaging (IR-LAMICI).  

TM DART analysis mitigated concerns of positioning the sample material and its 

effect on ion transmission. With the insecticide-treated bed nets, the holes in the screen 

allowed for the reactive gas flux to travel through the sample. This enabled a greater 

surface area of analyte to be thermally desorbed and ionized. Compared to solvent 

extraction methods coupled to chromatography, TM DART throughputs of up to 1 

sample min-1 with just a single screen holder showed that comparable analysis could be 

obtained with DART in a more high-throughput manner. Implementations of TM DART 
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with an automated sample rail system and 96 “well” sampling array are now 

commercially available.161 

Coupling TM DART with IMS provided a reproducible sampling strategy to 

detect toxic chemicals and chemical warfare agent simulants.162 The advantage of IMS as 

the detection platform over MS was that IMS does not require reduced or vacuum 

conditions, thereby reducing the instrumental complexity in a potential field portable 

platform. The metalized screens used in this study were coated with an absorbent 

graphitized carbon material (Carbopack X) which was believed to provide better 

adhesion of sample to the solid substrate. Limits and probability of detection were both 

improved using these substrates over conventional sample analysis on a melting point 

capillary. Additionally, the IMS platform was used in a multiplexed acquisition mode. 

Multiplexing improved the duty cycle of the instrument resulting in signal-to-noise ratio 

gains for most tested sequences ranging from 3-5x over conventional acquisition.  

 The IR-LAMICI source circumvented the spatial resolution limitations of the 

DART reactive gas flux out of the source by using laser ablation to raster a sample’s 

surface. The DART reactive gas then targeted the neutral plume generated by the 

ablation. As a result, open-air small molecule imaging with a plasma-based ionization 

source was possible and advantageous for those in the life sciences to use. Besides the 

imagining capabilities, this two-step desorption/ionization process negated the need for 

thermal desorption by DART. This could lead to analysis of compounds above the upper 

mass limit of DART (800-1000 Da). Paramount to the development of this technique is 

improving the ion transmission. Simulations suggested that the majority of the neutral 

plume was blown away from the entrance of the mass spectrometer. Using lower gas 
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flow rates and replacing the traditional entrance ceramic capillary with a flared capillary 

should improve sensitivity. 

7.3. Proposed Future Directions 

7.3.1. Fundamental Insight Awaiting To Be Explored and Exploited 

 Moving forward, there are many projects that should be explored to gain a better 

understanding of the DART fundamental processes. First, a follow-up study on the 

dynamic range, sensitivity in space and ion suppression experiments should be duplicated 

using nitrogen as the DART gas. Nitrogen will shift to be primary choice for reactive gas 

due to the rising costs and difficult accessibility of purified helium. Nitrogen’s thermal 

conductivity is lower than helium which makes desorption of higher molecular weight 

compounds more difficult. Also, some of the gas-phase reactive chemistry with nitrogen 

is different from helium. However, costs will become an overriding factor for future 

screening and detection platforms. Jumping ahead of the curve and performing these 

fundamental studies will make the transition faster. 

 Another fundamental project that should be pursued is an in-depth investigation 

into TM DART gas dynamics and mesh/screen material properties. Similar fundamental 

studies performed on TM DESI substrates facilitated a better understanding of strand 

composition, optimal dimensions and distances to use for reproducible analysis. 

Additionally, absorptive and selective coatings on these materials will greatly improve 

the capabilities of TM DART. As indicated earlier with the Carbopack X coatings, the 

interaction between reactive species and sample desorption is intimately tied to the 

surface functionality. Some potential directions for these studies could begin with 

traditional solid phase extraction and column chromatography coatings/stationary-phases 
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and grow towards selective binding on the substrates with molecular imprinted polymers, 

aptamer and antibody coating. It would not be hard to imagine fabrication of surface 

selective screen materials which would greatly enhance ionization efficiencies and lower 

suppression for targeted low abundance compounds from biological fluids.  

7.3.2. Direction For Current Applications 

 MS imaging with IR-LAMICI will grow to be a complementary imaging tool to 

other established techniques like MALDI imaging. Then major benefit of IR-LAMICI is 

its open-air format enabling the imaging of awkwardly shaped samples. The major factor 

that it must overcome is the limited mass range of ionization. Laser ablation can help 

extend this mass range 500-1000 Da for singly-charged molecules if pursued. However, 

much larger biomolecules like proteins will be not be sampled.  

 One of the biggest potential markets for DART will be in the homeland security 

field. DART is a simple ionization technique to operate and the primary ions formed are 

singly charged which make them easy for identification. The capabilities to shrink the 

size of DART are available which would decrease both the power required and the 

amount of gas needed for operation. Both these merits would make DART a more field-

friendly platform to couple to miniature ion mobility and mass spectrometers. Most 

importantly, DART is a simple and safe ionization technique that government and 

military employees could operate with little training.  

7.3.3. Emerging Applications 

 One of the most promising emerging applications with DART is metabolomic 

screening. Our group has begun investigating ovarian cancer serum for biomarkers for an 

early diagnosis protocol.101, 102 This project began with sampling processed serum off of 
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melting point capillaries. To improve sensitivity and reprocibility it has been transitioned 

toward TM sampling. However as mentioned previously, fundamental studies into TM 

DART substrates have not been conducted yet. Sampling off of plain metal screen 

meshes is likely not the optimal protocol since they are difficult to heat and may quench 

the metastables in the reactive gas. Passing a current through the steel mesh to rapidly 

heat the surface is a possible approach to improve desorption. Other variables like sample 

deposition methods must also be thoroughly investigated before this approach is fully 

adopted. From experience, sample deposition and drying methods were more flexible 

with the Carbopack X coated screens than the plain stainless steel meshes. This may have 

been due to the added surface roughness and porosity of the substrate. 
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APPENDIX A. Application of Direct Analysis In Real Time Mass 

Spectrometry to Pharmaceutical Forensics 

A.1. Abstract 

 A vital component of malaria control rests on the availability of good quality 

artemisinin-derivative based combination therapy (ACT) at the correct dose. 

However, there have been increasing reports of poor quality and counterfeit 

medicines being distributed for the treatment of malaria. This is a significant public 

health concern that challenges the capabilities of both the pharmaceutical industry 

and the governments of developing countries. Collaborations across many agencies 

and institutes have led to a comprehensive assessment of tablets with an assortment 

of analytical techniques. However, at the core of these studies are high-throughput 

MS screening tools utilizing ambient sampling/ionization techniques. DART and 

DESI provide the first tier of advanced screening approaches to monitor the contents 

of field collected samples in a time-scale that is orders of magnitude faster than 

direct infusion ESI, liquid chromatography or other analytical detection platforms. 

Described in this chapter are examples taken from several studies where DART and 

other direct ionization tools have helped tackle the spread of counterfeits in 

developing countries.  

A.2. Substandard and Counterfeit Antimalarials  

A.2.1. Outline of Counterfeit Drugs’ Impact on Society 

Drug counterfeiting is a well-recognized public health problem. It accounts for an 

estimated $35 billion/year financial impact to the pharmaceutical industry alone, without 

considering the enormous disease and financial burden placed on patients and healthcare 
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systems.163, 164 The current definition of counterfeit medicines used by WHO since 1992 

states that: "A counterfeit medicine is one which is deliberately and fraudulently 

mislabeled with respect to identity and/or source. Counterfeiting can apply to both 

branded and generic products and counterfeit products may include products with the 

correct ingredients, wrong ingredients, without active ingredients, with insufficient 

quantity of active ingredient or with fake packaging”. Hence counterfeit drugs are, by 

definition, the products of criminals.  

Counterfeit drugs are drugs sold illegally, where the identity of the source is 

deliberately and fraudulently mislabeled in a way that it is suggested to be the genuine 

product. Counterfeit drugs may include those without the expected active ingredient, with 

an insufficient quantity of the active ingredient, with wrong active ingredients, or with 

fake packaging very closely resembling the genuine product.165 The World Health 

Organization (WHO) estimates that about 10% of all pharmaceutical products sold 

worldwide are counterfeit, but these figures should only be regarded as estimates.19  It is 

believed that counterfeits probably comprise approximately a large portion of those drugs 

sold over the Internet from pharmacies that conceal their physical address.166  

In developed countries, counterfeit drugs most commonly reach consumers 

through dubious internet "pharmacies". For example, in June 2010 the US Food and Drug 

Administration issued a warning of a fake version of the flu treatment Tamiflu 

(oseltamivir) being sold online that could be dangerous to people allergic to penicillin.167 

The so called “generic Tamiflu” contained cloxacillin, a penicillin that could cause 

unexpected and inexplicable severe allergic reactions. This type of counterfeit drugs 

containing "wrong" active pharmaceutical ingredients (APIs), are nowadays the norm 
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rather than the exception, not only leaving the patient's condition untreated, but also 

potentially engendering drug resistance and triggering unexplained adverse reactions. For 

these reasons, it is important not only to distinguish fake from genuine drugs, but also to 

characterize the chemical composition of the latter.  

A.2.2. Counterfeit Antimalarials  

 Artesunate, first developed in the People’s Republic of China, is an antimalarial 

derivative of artemisinin considered vital for the treatment of this disease.168 It is widely 

used as part of mono- or combination therapies in South East Asia and increasingly in 

Africa for the treatment of Plasmodium falciparum malaria. Its relatively high cost and 

demand has made it a preferred target for counterfeiters.169 Counterfeit artesunate was 

first found in Cambodia in 1998 when relatively inexpensive tablets were discovered.170 

A recent stratified random survey of the proportion of poor quality oral artesunate sold at 

medicine outlets in the Lao PDR showed that 90% was counterfeit.171 In 2008, a 

multidisciplinary forensic international team tracked the origin of a subclass of 

counterfeit artesunate tablets using various complementary analytical techniques which 

included: liquid chromatography, ambient MS, X-ray diffraction spectroscopy, stable 

isotope ratio MS, gas chromatography, and palynological analysis.172 Despite the success 

of this investigation, the ever-growing sophistication of counterfeit drugs prompts for the 

constant development of increasingly more in-depth pharmaceutical analysis approaches 

for investigating their composition and origin.   



Harris, G. A.   146

A.3 Experimental 

A.3.1. DART MS Analysis 

 A DART-type173 or commercial DART ion source interfaced to a time-of-flight 

mass spectrometer (JEOL AccuTOFTM, Peabody, MA) was used in all cases. All 

experiments were performed in positive ion mode. Ion optics settings were as follows: 

inlet orifice voltage 30 V, ring electrode voltage 5 V, orifice-2 5 V, ion guide bias voltage 

29 V, ion guide peaks voltage 300 V. The detector voltage was set to 2,650 V. The 

DART ion source settings were as follows: high-purity He (99.999% ultrahigh purity 

helium, Airgas, Atlanta, GA) flow rate 2-6 L min-1, heater temperature 200 ºC, glow 

discharge needle voltage 1.5-3 kV, grid electrode voltage 50-200 V, distance between ion 

source and MS orifice 1.5-3 cm. Mass calibration for accurate mass determinations was 

performed before and after each sample by placing a 1.5 mm o.d. x 90 mm long glass 

capillary dipped in polyethylene glycol 600 (PEG, Sigma Aldrich, St. Louis, MO) in 

front of the DART source for 30 s, and obtaining a reference mass spectrum. Sample 

tablets were held in the ionization region with stainless steel tweezers and data was 

acquired for 30 s. Mass spectral data processing, calibration and background subtraction 

were performed using the built-in mass spectrometer software (MassCenter, v. 1.3). 

DART MS data were exported in ASCII format as JEOL-DX centroided spectra and 

searched against an in-house library of potential [M+H]+ ions and related fragment ion 

species, derived from 238 common drugs found in the List of Essential Drugs supplied by 

the WHO.161 A match was considered positive if the difference between the experimental 

and theoretical accurate masses was less than 5 mmu. 
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A.4. Detection of Counterfeit Medicines Acquired In South East Asia 

and Cameroon 

In an on-going project in the Fernández group, funded by the Bill and Melinda 

Foundation and in collaboration with the Centers for Disease Control (CDC) and 

Prevention (Atlanta, GA), the London School of Tropical Medicine and Hygiene 

(LSHTM) and the Mahosot Hospital in Vientiane (Laos) assessed the severity of 

antimalarial counterfeiting in SE Asia and Africa by both DART MS and DESI MS. 

Analysis of a genuine Mekophar artesunate tablets by DART MS generated peaks 

corresponding predominantly to artesunic acid fragment species. Suspected counterfeit 

samples showed a peak at m/z 320.1891 assigned as a proton bound adduct of an 

unknown species, presumably a API. No peaks corresponding to artesunic acid species 

could be observed in this spectrum. The isotope pattern of the peak corresponding to this 

unknown AI, has a relative abundance of 100.00 % for the [M+H]+ ion and 32.27 % for 

the [M+H+2]+ ion, a ratio of approximately 3:1 indicating the presence of a single Cl 

atom in the molecule (the relative isotope abundance of  35Cl is 75.77 % and that of 37Cl 

is 24.23%) (Figure A.1).  The DART spectrum was then imported into the MS tools 

software and elemental composition calculations suggested that the primary candidate 

corresponded to chloroquine. DESI-MS confirmed this identity indicating the samples 

were counterfeits. 
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Figure A.1: Positive mode DART spectrum of sample Cam S5/07. The insert shows the 
isotopic signature of the ion at m/z 320.1891. 
 

Duocotexcin samples, a synergistic artemisinin combination therapy, were 

collected from China. Analysis of a sample by DART-MS showed predominantly peaks 

corresponding to dihydroartemisinin and piperaquine fragment species. No peaks 

corresponding to intact analyte species could be detected in the spectrum. Another 

sampled tablet resulted in no identification of peaks by DART-MS. Direct infusion by 

ESI TOF-MS showed peaks at m/z 475.4125 and m/z 949.4418 after internal mass drift 

correction against NaTFA. The ESI-TOF spectrum was then imported into the MS tools 

software, and the monositopic mass was used to do a search for the possible elemental 

formulas corresponding to these masses. One of the primary hits matched Sildenafil 

(Viagra®). DESI-MS and MS/MS analysis of the samples and standards confirmed the 

identification of Sildenafil with a standard. 

A.5. Combining Two-Dimensional Diffusion-Ordered Nuclear 

Magnetic Resonance Spectroscopy, Imaging Desorption Electrospray 
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Ionization Mass Spectrometry and Direct Analysis In Real Time Mass 

Spectrometry for the Integral Investigation of Counterfeit 

Pharmaceuticals. 

A collaboration with the Biomedical NMR Laboratory at the University of Paul 

Sabatier (France) and the Wallace H. Coulter Department of Biomedical Engineering at 

Georgia Tech (Atlanta) focused on a multi-faceted investigation of counterfeit 

pharmaceuticals combining two-dimensional diffusion-ordered nuclear magnetic 

resonance spectroscopy (2D DOSY 1H NMR), imaging DESI MS and DART MS. 

Although methods of identification had been established for both DART MS and DESI 

MS, this study provided graphical representation of DOSY 1H NMR results which aided 

in classifying groups of samples by examining polymeric excipients which were 

undetected by MS (Figure A.2). In addition, this was the first study to utilize DESI MS in 

an imaging mode for pharmaceutical analysis revealing information on sample 

homogeneity and impurities which were difficult to detect by NMR and DART MS.  

 



Harris, G. A.   150

  

200 400 600 800 1000
0

5e+5

1e+6

2e+6

2e+6
587.3

[2 artemisinin + Na]+

305.1
[artemisinin + Na]+

869.4
[3 artemisinin + Na]+

(C)

200 400 600 800 1000
0

2000

4000

6000

8000

10000

 283.2

566.3

300.2

[2 artemisinin + H]+

[artemisinin + NH4]
+

[artemisinin + H]+

582.7
[2 artemisinin + NH4]

+

(B)

δ (ppm)

D
 (μ

m
2 .s

-1
)

m/zm/z

In
te

ns
ity

In
te

ns
ity

4000
3000
2000

1000

100

500

10

50

6 5 4 3 2 1 0

(A)

A

A HOD DMSO
Dextrin .

.. Mgs
Mgs

A
Dextrin

Artemisinin (A)

Dextrin

HOD DMSO

A
TMPS 

(.)

Mg stearate (Mgs)

. .
Mgs Mgs

A
ASDMSO SDMSO

(B) (C)

Class A, formulation 2

.

m/zm/z

565.3

200 400 600 800 1000
0

5e+5

1e+6

2e+6

2e+6
587.3

[2 artemisinin + Na]+

305.1
[artemisinin + Na]+

869.4
[3 artemisinin + Na]+

(C)

200 400 600 800 1000
0

2000

4000

6000

8000

10000

 283.2

566.3

300.2

[2 artemisinin + H]+

[artemisinin + NH4]
+

[artemisinin + H]+

582.7
[2 artemisinin + NH4]

+

(B)

δ (ppm)

D
 (μ

m
2 .s

-1
)

m/zm/z

In
te

ns
ity

In
te

ns
ity

4000
3000
2000

1000

100

500

10

50

6 5 4 3 2 1 0

(A)

A

A HOD DMSO
Dextrin .

.. Mgs
Mgs

A
Dextrin

Artemisinin (A)

Dextrin

HOD DMSO

A
TMPS 

(.)

Mg stearate (Mgs)

. .
Mgs Mgs

A
ASDMSO SDMSO

(B) (C)

Class A, formulation 2

.

m/zm/z

565.3

 

Figure A.2: Analyses of a sample by: (A) 2D DOSY 1H NMR in DMSO-d6 with TMPS 
as internal reference standard (SDMSO represents DMSO satellite signals), (B) DART MS 
in positive ion mode and (C) DESI MS in positive ion mode. 

  

A.6. Conclusion 

 A greater investment is required to ensure the quality of antimalarials in Africa 

and South East Asia. Despite the developments listed in this Appendix and other pursued 

by the labs of our collaborators, criminals continue their assault on public health by 

producing diverse harmful antimalarial counterfeits. Drug resistant strains of the malaria 

parasite are expected to grow due to the presence of substandard and/or degraded 

medicines and of counterfeits containing sub-therapeutic amounts of active ingredients. 

In addition, sub-therapeutic levels of active ingredients may result in persistent sickness 

and death of many patients. Looking ahead, the methods applied to the antimalarial field 

should be extended to other pharmaceuticals, particularly those targeted towards diseases 

prevalent in developing countries like tuberculosis, HIV/AIDS and tropical diseases. 
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APPENDIX B. Enhanced Direct Ambient Analysis By Differential 

Mobility-Filtered Desorption Electrospray Ionization Mass 

Spectrometry 

B.1. Abstract 

 Although little to no sample pretreatment procedures are required, DESI may 

suffer poor sensitivity and/or selectivity due to the lack of chromatographic separation 

prior to analysis and limited ion transmission. In order to improve sensitivity and 

selectivity, a differential mobility spectrometry (DMS) separation-based ion filtration unit 

was successfully interfaced to a DESI ionization source. The new platform can operate in 

two modes, DMS-off mode and DMS-on mode allowing for direct comparisons between 

the conventional DESI and DMS-DESI. The performance of the new platform was tested 

with several samples including counterfeit pharmaceuticals, binary mixtures and isobaric 

chemicals. With DMS-on, mass spectral signal-to-noise ratios were improved by ~2 fold. 

For the analysis of near isobaric compounds, baseline mobility separation was 

successfully obtained. Furthermore, these results demonstrated that the addition of the 

DMS coupled with in-source ion activation provided tandem MS-like spectra in a single 

stage MS instrument. 
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B.2. Introduction 

B.2.1. Desorption Electrospray Ionization 

DESI makes use of a pneumatically-assisted charged jet which is directed onto the 

sample surface where the analytes are present. This jet desorbs a very small part of the 

sample which is carried by secondary charged droplets that are scattered off the surface, 

and immediately sampled by a mass spectrometer equipped with a suitable atmospheric 

pressure interface. DESI shares a key characteristic with ESI, which is to enable the 

analysis of materials over a large mass range without significant fragmentation. 

Computational fluid dynamics simulations have shown three consecutive stages in DESI: 

a) the formation of a thin liquid film on the sample surface by impacting droplets, b) 

extraction of the solid-phase analytes into the thin film, and c) collision of primary 

droplets with the thin film, producing secondary droplets taking up part of the analyte-

containing liquid.174 These secondary droplets undergo ESI-like ionization processes on 

their way to the mass spectrometer. 

Although little to no sample pretreatment procedures are required, DESI may 

suffer from limited sensitivity and/or selectivity due to less-than-optimal droplet/ion 

transmission, and typical chemical interferences found also in ESI.  For example, our 

efforts with counterfeit drug detection have shown the need for more advanced 

technologies to aid in combating this ever growing public health problem.175, 176 The 

presence of isobaric species and chemically-interfering species is a common scenario in 

both pharmaceutical analysis177 and other quality control applications.178  In resource-

limited environments where there is not access to tandem MS instrumentation, new 
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instrumental methods that allow structural elucidation by selective in-source 

fragmentation without relying on chromatographic separations would be beneficial. 

B.2.2. Differential Mobility Spectrometry 

 Differential mobility spectrometry (DMS, also called Field Asymmetric-

Waveform Ion Mobility Spectrometry, FAIMS) is a gas-phase ion mobility separation 

technique based on differences between ion mobilities as a function of a time-dependent 

asymmetric high electrical field, operated at or near atmospheric pressure.179 DMS is 

quasi-orthogonal to MS which affords higher selectivity and specificity versus standalone 

MS.180 Key among the beneftis of DMS operation with MS detection are improved 

signal-to-noise ratio (SNR) gains and separation of isobaric species and structural 

isomers without time-consuming chromatographic methods. Also, the ability to perform 

collision induced dissociation (CID) of pre-selected ions leaving the DMS cell allows for 

highly informative tandem MS-like fragmentation info to be obtained in a single-staged 

mass spectrometer.  

B.3. Experimental 

B.3.1. DESI Instrumentation Settings 

 The DESI-DM-MS system encompasses a custom-made DESI source,181 a 

modified Sionex Corporation (Bedford, MA) microDMX differential mobility sensor, 

and an orthogonal TOF mass spectrometer (JEOL AccuTOF, Tokyo, Japan).  The DESI 

source was built around a joystick-controlled motorized microscope XY stage (Prior 

Scientific, Rockland, MA) for automatic and manual sample positioning in the x-y and z 

coordinates, respectively. The DESI sprayer was mounted on a MicroBlock 3-axis 

positioner (Thorlabs, Newton, NJ) for manual adjustment of the emitter position in the x-
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y-z coordinates with respect to the TOF orifice inlet, and fitted with a high precision 

rotation mount (Thorlabs, Newton, NJ) for manual adjustment of the spray impact angle. 

The DESI operating parameters were as follows: spray voltage 3.6 kV, ion transfer 

capillary voltage 128 V, methanol solvent flow rate 5-8 μL min-1, desolvation (nitrogen) 

gas flow 2.5 L min-1, tip-to-surface distance 1.5-3 mm, spray incident angle 55°, and 

collection angle 30°. 

B.3.2. DMS-TOF MS Instrumentation Settings 

 The differential mobility unit consists of a desolvation chamber, DM electrode 

housing and a DM assembly holder. The DESI-DM assembly holder (Figure B.1) mounts 

this module to the orifice 1 plate of the AccuTOF instrument.  

 

Figure B.1: DESI-DM-TOF MS mounting assembly composed of the DESI spray probe, 
heated transfer region, DMS assembly, and TOF MS orifice. 
 

 The AccuTOF orifice 1 voltage was 128 V, ring electrode 5 V, orifice 2 voltage 

18 V and transfer hexapole bias 27 V. The DM assembly holder has a side port for 

throttle gas (ultra pure nitrogen, Airgas, Atlanta, GA) supply at an optimum flow rate of 
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0.5 L min-1. Isopropanol is fed as a dopant (~5000 ppm) into the DM desolvation 

chamber in combination with heated (~80˚C) nitrogen at a flow rate of 0.2 L min-1. The 

DESI ion transfer capillary (250 mm long, OD: 1.58 mm, ID: 0.6 mm) was attached to 

the entrance of the DM desolvation chamber by using a vacuum sealable 1/16” 

Swagelok® fitting. Sufficient vacuum suction to enhance ion/droplet transport from the 

DESI sampling stage through the DM unit to the MS orifice 1 inlet was achieved by 

vacuum sealing each component of the DM unit with PTFE-based Gore-Tex® washers. 

Additional heating (~250 ˚C) was provided to improve ion desolvation during transit 

through the ion transfer capillary via an external heater block. The voltages applied to the 

DMS cell were as follows: separation voltage (SV) 500-1500 V, compensation voltage 

(CV) -42-15 V, CV scan steps 100-150, CV step duration 100 ms. The DM unit was 

independently controlled by the Sionex microDMX (v2.4.0) software interface, while MS 

data were collected and analyzed by JEOL AccuTOF Mass Center (v1.3.0) application 

software. 

B.4. Improving the Signal-to-Noise Ratio 

As mentioned above, the DESI-DM-MS platform can operate in two modes: fly-

through "DMS-off" mode or "DMS-on" mode. In DMS-off mode, the voltages on the 

DM electrodes were turned off, and ions were allowed to fly-through the DM module. 

This mode was exclusively used for the optimization of the ion transmission through the 

DESI-DM interface without mobility separation. Figure B.2a shows the analysis of a 

counterfeit antimalarial pharmaceutical tablet in DMS-off mode. The two predominant 

peaks in the spectrum (m/z 407.108, and 365.106) were assigned to [artesunic acid + Na]+ 

and [lactose + Na]+, respectively. Analysis of the same pharmaceutical tablet by DESI-
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MS in a previous study [formulation 4],177 revealed the presence of the same chemical 

components. One major difference between the two spectra is that the relative abundance 

of lactose in the DESI-DM-MS spectrum is higher than DESI-MS. The peak at m/z 

443.233 corresponds to 50 µL of 1 mM Rhodamine 6G (R6G), a chemical tag spotted on 

the tablet surface.  R6G is a pre-charged ionic species that served as a simulated 

concomitant background ion, and was used for ion transmission optimization and mass 

drift correction. 

 
Figure B.2: Analysis of a counterfeit antimalarial pharmaceutical tablet by DESI-DM-
MS: (a) DMS-off mode (no voltages applied) and DMS-on mode for the isolation of: (b) 
sodiated lactose excipient (m/z = 365.1061, SV = 1300 V, CV = -1.7 V), (c) sodiated 
artesunic acid (m/z = 407.1082, SV = 1300 V, CV = -0.7 V), and (d) R6G (m/z = 
443.2335, SV = 1300 V, CV = 1.7 V). The inset shows the normalized selected ion trace 
for each ion in the MS acquisition time scale with a CV sweep rate of 0.25 V step-1. 
 

In DMS-on mode, an asymmetric RF voltage, often referred to as separation 

voltage (SV), and a counterbalancing DC potential, called the compensation voltage (CV) 
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are simultaneously applied on the DM unit electrodes. Figures B.2b-d illustrate the 

separation of the three major chemical species, sodiated lactose (m/z 365.106), sodiated 

artesunic acid (m/z 407.108) and R6G (m/z 443.233), from the tablet surface. Mobility 

separation was performed at a fixed SV (1300 V), with three different CVs (-2.2 V, -0.7 

V and +1.7 V, respectively).  In this mode, prior estimation of SV and CV is required for 

the best differential mobility separation. For this purpose, the SV was first scanned 

between 500 and 1500 V, with no CV applied. This was necessary for the optimization of 

the SV to transmit the analytically relevant m/z range. After optimization of the SV, the 

CV was ramped between -20 V and 5 V. During CV ramping, the optimized SV (1300 V) 

was applied across the electrodes, perpendicular to the direction of ion transmission.  

Based on their ionic mobilities under low and high field conditions, these ions migrate 

toward the ground electrode, but in three different trajectories. These ion trajectories are 

corrected by when the appropriate CV is applied during the CV ramp. In the DMS-on 

mode, only the ions of interest were allowed to transmit through the system, one at a 

time. The orthogonal separation capability of DMS allowed discrimination and 

simplification of the spectra by filtering the unrelated background chemical noise. This 

resulted in improved S/N (Figure B.2b-d). The inset in Figure B.2b shows the normalized 

selected MS ion chromatograms. Although the ionic species were not base line separated, 

they were easily distinguished from each other. In order to improve the DM resolution, a 

mixture of nitrogen (80%) and helium (20%, V/V) was introduced as the transport gas.  In 

the presence of helium, peak widths were ~30% narrower than in the case of pure 

nitrogen (Figure B.3).  
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Figure B.3: Separation of a mixture of sodiated lactose (m/z 365.106), sodiated artesunic 
acid (m/z 407.108) and R6G (m/z 443.233) in the presence of a) 20 % helium in nitrogen 
and b) pure nitrogen as the transport gas. 

 
Additional characterization of the DESI-DM-MS system was performed by 

depositing chemical standards on PTFE surfaces. In Figure B.4a, analysis of a mixture of 

0.5 mM pyrimethamine (moni-isotopic MW = 248.083) and 1 mM polyethylene glycol 

(PEG 400) in DMS-off mode is illustrated. Higher concentration of PEG was deliberately 

added to the mixture in order to introduce a higher chemical background. The peak at m/z 

= 249.091 corresponds to protonated pyrimethamine with a S/N of 7. However, when 

analyzed in DMS-on mode (SV = 1300 V, CV = 1.2 V), the chemical background 

induced by PEG is completely eliminated and the pyrimethamine ion S/N increased from 

7 to 20 (improvement ~2.9x). The chemical background pre-filtering effect is highly 

encouraging, especially for future analysis of complex chemical mixtures, and imaging 

purposes. 
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Figure B.4: Application of DESI-DM-MS to the analysis of chemical standards on PTFE 
surfaces.  Mixture of 0.5 mM pyrimethamine (mono-isotopic MW = 248.083) and 1 mM 
polyethylene glycol (PEG 400): (a) DMS-off (no voltages applied), and (b) DMS-on 
mode (SV = 1300, CV = 1.2V). The inset of (b) shows the DESI-DM-CID-MS mode of 
operation at orifice voltage of 120 V. (c) The analysis of a binary mixture of 
pyrimethamine (100 µM) and 5-HMF (100 µM) in DMS-on mode (SV = 900 V, CV = -
15 V to 5 V). Inset shows the total ion trace in the MS time scale, while the CV was 
scanned.   
 

B.5. Incorporating Collision Induced Dissociation With DMS 

Separation 

The ability of performing CID of pre-selected ions leaving the DM unit was tested 

by activating the protonated pyrimethamine precursor ion. In this mode, ion dissociation 

is achieved by first selecting the ions of interest in the DM unit and then passing them 

into the mass spectrometer with additional activation energy provided by collisions in the 
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first differentially pumped region.  To induce ion dissociation, the orifice 1 voltage was 

raised while the other instrument parameters were kept constant. The Figure B.4b inset 

shows the DESI-DM-CID-MS spectrum of the pyrimethamine [M+H]+ at an orifice 1 

voltage of 120 V. The extensive fragmentation observed is highly informative, and 

similar to previously reported ESI-MS/MS spectra.183 DESI-DM-CID-MS thus provides 

higher selectivity and specificity than DESI-MS, and can be viewed as a low-cost 

alternative to higher performance tandem mass spectrometers. 

B.6. DMS Separation of Isobaric Ions 

The performance of the DESI-DM-MS platform was tested for the separation and 

detection of near-isobaric compounds. For example, 5-hydroxymethylfurfural (5-HMF) 

which is formed as a result of heating dried milk powder,182 produces a protonated ion 

(theoritaical m/z = 127.039) that is challenging to distinguish from protonated melamine 

(theoretical m/z 127.073) by using low-resolution mass spectrometers. Recent attempts of 

detecting trace amounts of melamine in dairy products triggered the exploration of new, 

low-cost, and rapid analysis techniques for their detection. However, almost all of these 

detection methods required high-resolution mass spectrometry and/or tandem mass 

spectrometry to eliminate possible false positives.42 In this study, an equimolar mixture 

(50 µL of 100 µM solutions in methanol) of melamine and 5-HMF were deposited on a 

PTFE surface and analyzed by DESI-DM-MS. As shown in Figure B.4c, the two nearly 

isobaric compounds were successfully base line resolved (SV = 900), and positively 

identified based on their appearance time in the CV spectrum. 
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B.7. Conclusion 

For the first time, a hybrid DESI-DM-MS platform was successfully implemented 

on a commercial mass spectrometer. DESI-DM-MS was found to be effective in 

suppressing/eliminating chemical noise and separating interfering ions of similar mass-

to-charge ratio that were produced by DESI. In-source ion activation was achieved by 

increasing the orifice 1 voltage, allowing additional tandem MS-like capability. This type 

of hybrid instrumentation could successfully be utilized in analyzing complex sample 

mixtures by DESI in their native states while improving S/N ratios for enhanced 

sensitivity and selectivity.  
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