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ABSTRACT 

Ambient desorption/ionization (ADI) sources have eliminated the requirements of 

extensive sample preparation and/or time-consuming chromatographic separations prior to mass 

spectrometric analysis. In ADI-MS, chemical species are directly desorbed and ionized from their 

native environment in the open air. Plasma-based ADI sources, which employ a low-energy 

electrical plasma to desorb and/or ionize molecular species, have attracted considerable attention 

due to their easy construction, simple operation, and high sensitivity. However, the capabilities of 

these sources are often limited to small, polar organic molecules. Additionally, reproducible 

sample introduction and poor spatial resolution in imaging applications are still major challenges. 

In these studies, changes in discharge processes and ionization chemistry with respect to 

different operating parameters of the plasma-based flowing atmospheric-pressure afterglow 

(FAPA) was studied. Operating parameters such as discharge current, plasma-gas flow rate, and 

discharge-gas composition were varied, while the reagent and analyte ions populations were 

monitored with mass spectrometry. It was found that the type and distribution of reagent ions as 

well as the corresponding analyte ionization pathway of can be altered by adjustment of the 

working parameters. Higher abundance of charge-transfer reagent ions and improved ion signals 

for non-polar analytes were obtained at higher discharge currents and lower helium flow rates. 

Additionally, the influence of discharge-gas composition was also explored via the addition of 

molecular gases (O2, H2, and N2) to helium discharge. Addition of 0.1% (v/v) O2 to the helium 

discharge gas increased the ion signal at least by 3.5 times for simple, polar analytes (e.g., acetone 

and methanol). However, aromatic compounds (e.g., benzene), undergo unique chemical 

modification to produce pyrylium-based species. In another case, N2 addition to the helium 

discharge gas improved analyte signals for nitrated explosives, such as RDX, while addition of H2 
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produced chemically cleaner mass spectra. To better understand the reasons for these observations, 

on the influence of molecular gas addition to the helium FAPA was also studied with optical 

emission spectroscopy. These emission spectra also provided other important plasma parameters 

such as rotational temperature and electron number density.  

Furthermore, atmospheric-pressure glow discharge (APGD) of FAPA is used as 

photoionization lamp to understand the contribution of photoionization in analyte ionization by 

sealing the discharge cell with MgF2 window to pass high-energy photons from the discharge 

towards gas-phase analytes. Mass spectra of several analytes were acquired with this APGD 

photoionization lamp and were compared to those obtained with FAPA in ADI-mode. The 

influence of molecular gases, discharge current, and dopants on photoionization process were also 

studied. 

Finally, issues with reproducible sample introduction and poor spatial resolution were 

addressed by coupling FAPA with laser-ablation (LA) sampling. Aerosolized particles from the 

ablation event were carried to the FAPA source for desorption/ionization where resulting ions were 

analyzed with a high-resolution mass spectrometer. By raster scanning the laser across the sample 

surface, followed by appropriate data processing, chemical-specific images of molecular analytes 

were generated. Furthermore, emission spectra from the laser-induced plasma formed during 

ablation event were collected, technique known as laser-induced breakdown spectroscopy (LIBS), 

to obtain elemental information. This LIBS/LA-FAPA-MS system enabled simultaneous 

elemental and molecular mapping of sample surfaces. Pharmaceutical tablets and printed targets 

were used to demonstrate the capability of simultaneous elemental and molecular imaging.    
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1. Introduction 

Mass spectrometry (MS) is a powerful analytical technique to achieve qualitative and 

quantitative chemical information of samples with high selectivity and sensitivity. Mass 

spectrometry requires analytes to be in gas phase and ionized. Once the ions are formed, they are 

separated according to their mass-to-charge ratio (m/z) with mass analyzers followed by detection. 

Depending on the type of ionization source used, different types of mass spectra can be obtained. 

With harder ionization sources, atomic ions or fragments of molecules are obtained. Atomic ion 

signals provide elemental information, whereas, fragmentation of molecules provides structural 

information of molecules. Softer ionization sources produce mass spectra with intact molecular or 

pseudo-molecular ions with little to no fragmentation. Mass spectra with intact molecular ions 

helps in quantitative studies and complex mixture analysis. 

Atmospheric-pressure ionization (API) sources such as atmospheric-pressure chemical 

ionization (APCI),1 electrospray ionization (ESI),2 and atmospheric-pressure photoionization 

(APPI)3 are soft ionization methods for mass spectrometry that produce intact molecular ions (M+ 

or MH+). These methods are well established for quantitative analysis.4 To achieve quantitative 

information, these API methods are often coupled with chromatographic techniques like liquid 

chromatography (LC) for analyte separation prior to mass spectral analysis to avoid ionization 

matrix effects, which here means the ion suppression due to the competitive ionization. With LC-

API-MS, the sample is mostly introduced to the ionization source as solution which means these 

API sources often require sample preparation.4 Furthermore, these API sources lack direct 

desorption/ionization capabilities.5 

Ambient desorption/ionization mass spectrometry (ADI-MS)6 allows direct analysis of 

sample in open air with minimal sample preparation. These ADI sources are used to form a 
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desorption/ionization beam which can be directed to the sample surface to directly desorb/ionize 

analytes from their native conditions.7 Due to the fast analysis time, easy operation, and simple 

construction, more than 40 ADI sources have been reported since its first introduction in 2004.5 

All these sources could be broadly categorized in to spray-based, laser-based, and plasma-based 

techniques.5 More than one third of these techniques are plasma-based, which means they rely on 

some form of electrical discharges.8 

In this dissertation, approaches to expand the capabilities and utilities of a plasma-based 

ADI source called the flowing atmospheric-pressure afterglow (FAPA) are explored. The FAPA 

source was first introduced by Andrade et al.9 in 2008 as an atmospheric-pressure glow discharge 

based chemical ionization source for mass spectrometry. Several studies have been done in the 

past to understand the plasma processes, ionization chemistry, and mass transport phenomena with 

FAPA source. From these previous results it is clear that the FAPA source produces a higher flux 

of reagent ions compared to other similar plasma-based ADI sources and it does not require 

external heating system to help desorption of analytes. However, detectable analytes are limited to 

polar analytes with conventional approaches. Furthermore, much remains to be learned about the 

fundamental mechanism of desorption and ionization. Reproducible sample introduction also 

remains to be a challenge. Different chapters of this dissertation will discuss about the studies that 

have been done in our lab to address such problems.  

In the first chapter, tunable ionization modes achieved by altering the operating parameters 

is discussed which improved the range of detectable analytes. Charge-transfer favored conditions 

were found to be more effective for the ionization of analytes with low polarity. This 

charge-transfer mode could be used to analyze samples with high concentrations of non-polar 



 

3 

 

analytes like petroleum products and pesticides. The chapter also discuss the potential of 

charge-transfer mode to lessen the ionization matrix effects.  

 The second and third chapters of the dissertation explores the addition of small fraction of 

molecular gases to helium discharge of FAPA source which offered some unique advantages. 

Abundance of protonated water cluster reagent ions increased with 0.1% v/v, oxygen in helium 

discharge which led to the improved ion signal for small polar analytes such as acetone and 

methanol. However, aromatic compounds underwent chemical modification to produce pyrylium 

ions. These pyrylium ions formed by the treatment of aromatic compounds with He:O2-FAPA 

could be used to tag basic sites of amino acids as pyrylium ions readily react with any nucleophilic 

groups. Nitrogen addition to helium plasma of FAPA source increased the reagent ion signal in 

negative-ionization mode and, in turn, analyte ions signal for RDX improved, which showed that 

this He:N2-FAPA can be used for forensic applications. 

 In the fourth chapter, the same atmospheric-pressure glow discharge (APGD) used for 

FAPA source was also used as photoionization lamp. Mass spectra obtained with photoionization 

were much simpler compared to that obtained with FAPA source for analytes such as DIMP and 

mesitylene, which, showed that the photoionization lamp can be an alternative ionization source 

for the analytes that produce complex mass spectra with FAPA. Just by removing the optical 

window, the photoionization lamp was convertible to FAPA source which showed the potential 

that advantages of both photoionization and FAPA sources could be exploited with a single 

discharge. 

 The fifth chapter is a review of multimodal chemical imaging methods that involved mass 

spectrometry. This chapter explains the importance of multimodal imaging approaches, 

summarizes the previously reported multimodal imaging methods, and provides future 
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perspectives. In the sixth chapter, we demonstrated a new multimodal imaging approach, in which, 

the simultaneous elemental and molecular images were obtained with tandem LIBS/LA-FAPA-

MS; elemental maps were obtained with LIBS and LA-FAPA-MS was used to obtain molecular 

maps. This dual imaging approach can be used to obtain detailed chemical information of samples 

when both elemental and molecular information are important for the analysis. Paintings, 

biological tissues, archeological samples are some examples where both elemental and molecular 

information could be equally important, and this duel imaging approach can be used for such 

analysis.  
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2. Tunable ionization modes of a flowing atmospheric-pressure 

afterglow (FAPA) ambient ionization source 1 

Abstract 

Plasma-based ambient desorption/ionization sources are versatile in that they enable direct 

ionization of gaseous samples as well as desorption/ionization of analytes from liquid and solid 

samples.  However, ionization matrix effects, caused by competitive ionization processes, can 

worsen sensitivity or even inhibit detection at all.  The present study is focused on expanding the 

analytical capabilities of the flowing atmospheric-pressure afterglow (FAPA) source by exploring 

additional types of ionization chemistry.  Specifically, it was found that the abundance and type of 

reagent ions produced by the FAPA source and, thus, the corresponding ionization pathways of 

analytes, can be altered by changing the source working conditions.  High abundance of proton-

transfer reagent ions was observed with relatively high gas flow rates and low discharge currents.  

Conversely, charge-transfer reagent species were most abundant at low gas flows and high 

discharge currents.  A rather non-polar model analyte, biphenyl, was found to significantly change 

ionization pathway based on source operating parameters.  Different analyte ions (e.g., MH+ via 

proton-transfer and M+. via charge-transfer) were formed under unique operating parameters 

demonstrating two different operating regimes.  These tunable ionization modes of the FAPA were 

used to enable or enhance detection of analytes which traditionally exhibit low-sensitivity in 

                                                 
1 This chapter previously appeared as Badal, S. P.;  Michalak, S. D.;  Chan, G. C.-Y.;  You, Y.; 

Shelley, J. T. Tunable Ionization Modes of a Flowing Atmospheric-Pressure Afterglow (FAPA) 

Ambient Ionization Source. Anal. Chem. 2016, 88 (7), 3494-3503. 
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plasma-based ADI-MS analyses.  In one example, 2,2’-dichloroquaterphenyl was detected under 

charge-transfer FAPA conditions, which were difficult or impossible to detect with proton-transfer 

FAPA or direct analysis in real-time (DART).  Overall, this unique mode of operation increases 

the number and range of detectable analytes and has potential to lessen ionization matrix effects 

in ADI-MS analyses.  

Introduction  

Along with speed, sensitivity and specificity, recent advances in mass spectrometry (MS) 

have enabled direct analysis of samples in the open air.  Much of this advancement is due to the 

development of atmospheric-pressure, soft ionization approaches with the mass spectrometer 

serving as the separation tool and detector.  Atmospheric-pressure plasmas have been used for over 

three decades for soft chemical-ionization of molecular species beginning with the development 

of corona-discharge atmospheric-pressure chemical ionization (APCI) in 1973.1  Since, APCI has 

been commonplace for the detection of small (e.g., less than 1,000 Da) organic molecules.  The 

ability to operate at atmospheric pressure provides simpler sample introduction and reduces 

analyte fragmentation, due to collisional cooling, which preserves the structural integrity of the 

molecules under study.  Limiting fragmentation of analytes is very important in the direct analysis 

of complex mixtures to prevent overlap of MS signals.7 

Atmospheric-pressure chemical ionization relies on the generation of reagent ions from 

either atmospheric-gases or dopants, which then ionize gaseous analytes.1, 10  Protonated water 

clusters (e.g., [(H2O)2H]+) are the dominant reagent species produced in air, which leads to proton-

transfer ionization of molecules.  Of course, this process is entirely dependent upon the gas-phase 

acid/base behavior of the analyte.9  A corona discharge is the most commonly used source for 

APCI due its relatively simple design and operation; a high potential (e.g., > 3kV) is applied to a 
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sharp needle.  The result is a localized discharge at the needle point that operates at very low 

current, tens of microamperes or less.  As a result, corona discharges produce a high density, but 

low total number, of reagent ions.  The amount of reagent ions ultimately limits the ionization 

efficiency and sensitivity of the approach.  Furthermore, the diversity of reagent species created 

by a corona discharge in air which interact with analyte is mainly restricted to proton-transfer 

species, restricting the range of detectable analytes. However, addition of dopants can change the 

population of reagent species and corresponding reaction pathways. 

Atmospheric pressure photoionization (APPI) complements APCI techniques as it attempts 

to ionize compounds that are not ionizable or poorly ionizable with APCI.3, 11 The APPI source 

uses high energy photons (~10 eV) to directly ionize analytes. But the ionization efficiency is 

highly reduced when excess solvents are present. To enhance the ionization, easily ionizable 

compounds such as toluene and acetone is often added as dopant.3 The dopant is then directly 

ionized by high energy photons which then acts as reagent ion. Achievements of APPI in analysis 

of non-polar analytes suggests the utility of increasing the charge-transfer reagent ions population 

in APCI like techniques.  

Recently, a number of other plasmas have been explored as APCI-like ionization source as 

part of blossoming field of ambient desorption/ionization mass spectrometry (ADI-MS).  The goal 

of ADI-MS is to eliminate sample pre-treatment by desorbing/ionizing analytes from samples in 

the open air.  While the field was formed with the description of the first source, desorption 

electrospray ionization (DESI)12, the first plasma-based  ADI-MS source, direct analysis in real 

time (DART) quickly followed.13 The DART source utilizes a DC atmospheric-pressure glow 

discharge (APGD) that operates in the corona-to-glow regime.14  Helium metastable atoms and 

other excited species created in the DART discharge and interact with atmospheric gases to 
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produce reagent ions.15  Analytes are ionized via interactions with the reagent ions outside the 

discharge chamber in a manner similar to conventional APCI.  Protonated molecular ions (MH+) 

are the most commonly formed analyte ions indicating the dominant reaction pathway is proton-

transfer ionization.  Depending on the nature of the analyte, intact molecular ions (M+·) have been 

detected, as well, which has been attributed to charge transfer ionization, photoionization, or even 

direct Penning ionization.16  An external gas13 or sample17 heater is added to the DART to enhance 

thermal desorption of analytes.  Since the initial description of DART, many other plasma-based 

ADI-MS sources have been described including the low-temperature plasma (LTP) probe,18 the 

flowing atmospheric-pressure afterglow (FAPA),9 plasma-assisted desorption/ionization 

(PADI),19 desorption atmospheric-pressure chemical ionization (DAPCI),12 and 

microwave-induced plasma desorption/ionization source (MIPDI).20  

Though each source operates with a fundamentally different type of discharge, they 

perform similarly in many aspects of ADI-MS analyses.  For instance, different gases, such as 

helium, argon, and nitrogen, have been tested/used as the discharge gas,18 but helium provides the 

best sensitivity for all the sources.  Better sensitivity with a helium discharge gas can be attributed 

to the high-energy (>19.8 eV) metastable He (Hem) produced from the discharge which can ionize 

virtually any molecule through Penning Ionization. In addition to discharge gas, another similarity 

amongst these sources is the type of mass spectra they produce.  For a particular analytes, they all 

produce either M+· or MH+ in a similar fashion.  Furthermore, they are used in similar way where 

reactive species from plasma are directed towards mass spectrometer inlet and sample is 

introduced in between the source and inlet of MS.  

But, all those plasmas are fundamentally different, and each should have unique advantages 

and some evidence has been noted in that regard.  The DART source, produces cleaner spectra 
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(e.g., less fragmentation and oxidation products) than LTP and FAPA due to the separation 

between the discharge and ionization region.21, 22  Protonated molecular ions are the main analyte 

ion produced by DART, but Cody16 observed molecular ions for non-polar and aliphatic 

compounds when grid potentials were high, the source was positioned very close to the mass 

spectrometer inlet, and the sample was heated to very high temperature.  The changes are 

substantial enough that it would be difficult to switch between ionization modes during an analysis.  

In the LTP probe, which utilizes low-power dielectric-barrier discharge, sample is placed in direct 

contact with plasma plume, which extends out of the source body, which has shown to result in 

more analyte fragmentation compared to DART and FAPA.21  However, the LTP probe utilizes a 

near room-temperature discharge and consumes minimal amounts of discharge gas.  As such, it 

has been used to analyze fragile surfaces, such as human skin, and can be made portable.18, 23, 24  

In case of the FAPA source, which is based around an APGD in the glow-to-arc regime, sample is 

placed in the afterglow region and, hence, the fragmentation occurs to a lesser extent than with the 

LTP, but more so than DART.21  The FAPA operates at comparatively high discharge currents (5-

60 mA), which results in a greater flux of reagent ions.  As such, it is less susceptible to matrix 

effects compared to DART and LTP probe.21  

The simple construction and DC power as well as the high sensitivity and abundance of 

reagent ions make the FAPA source a suitable candidate for exploring unique plasma processes 

and chemistries.  The present study is focused on exploring variation in reagent-ion production 

under different operational conditions of the FAPA source.  Major reagent ions produced by FAPA 

source include H3O
+, NO+·, O2

+·, (H2O)2H
+, (H2O)3H

+, etc. in positive ion mode.  Consequently, 

the major analyte ions produced are protonated molecular ions (MH+), produced through proton 
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transfer ionization, and molecular cations (M+·), formed via charge-transfer ionization, as shown 

in the Reactions 2.1 and 2.2 or 2.3, respectively, where M refers to the analyte molecule.  

 (H2O)nH
+ + M → MH+ + nH2O (2.1) 

 O2
+· + M → M+· + O2 (2.2) 

 NO+· + M → M+· + NO (2.3) 

In the present work, three FAPA source parameters were found to greatly influence 

reagent-ion production: discharge current, discharge gas flow rate, and spatial location within the 

afterglow.  Each source condition offers the ability to adjust between two distinct ionization 

modes: a proton-transfer mode and a charge-transfer mode.  Different ionization pathways were 

examined in detail with analytes that can be ionized via either pathway.  Significantly higher 

abundance of molecular cations, M+·, were observed when source was operated in low discharge 

gas flow rate and high discharge current.  The utility of the charge-transfer regime is exhibited 

through the analysis of acidic and/or non-polar analytes, which are difficult or impossible to detect 

with proton-transfer FAPA or DART. 

Experimental section 

Reagents  

All reagents used were analytical grade.  Ultra-high purity helium (99.999%, Airgas, 

Radnor, PA) was used as the FAPA discharge gas in all cases.  Biphenyl was purchased from 

ACROS Organics (New Jersey, USA), while benzene, aniline, 2-naphthol, and 

2,4,6-trichloroanisole (TCA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The 

2,2’-dichloroquaterphenyl was synthesized by the laboratory of Dr. Robert Twieg at Kent State 

University. 
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FAPA sources  

Two versions of FAPA source were used in these studies: a pin-to-plate and a pin-to-

capillary geometry. The pin-to-plate FAPA was the same design described by Shelley et. al.25  

Briefly, an APGD was sustained between a stainless-steel pin cathode and brass plate anode.  The 

electrodes were held in place within a quartz discharge chamber that sealed the discharge from the 

ambient atmosphere.  A 1.6-mm hole in the plate allowed discharge species (e.g., excited species, 

ions, and electrons) to flow into the open atmosphere, forming the flowing afterglow, for 

desorption and ionization of analytes.  The second design used was a pin-to-capillary FAPA as 

described previously.22  In this configuration, the APGD was maintained between a pin cathode 

and a steel capillary anode (1.6 mm o.d., 1.3 mm i.d., 25 mm long, McMaster-Carr, Chicago, IL). 

Pin-to-capillary FAPA is known to produce less background and oxidation, at the expense of lower 

plasma/desorption temperatures, compared to the pin-to-plate FAPA.22   

Though the tested FAPA designs were different, the operating conditions were the same 

between the two sources.9, 22  Unless explicitly stated, a high DC potential was applied to the pin 

electrode from a custom-built high-voltage power supply (Prosolia Inc., Indianapolis, IN), capable 

of providing up to 30 mA at 2,000 V.  The power supply is based around a 60-W, high-voltage 

regulated DC-DC converter (model 2C24-N60-110, Ultravolt, Ronkonkoma, NY).  The discharge 

circuit was completed by connecting the anode to the ground terminal of the power supply.  The 

APGD of the FAPA was operated in a current-controlled mode with currents from 5 mA to 30 

mA, which resulted in a discharge voltage between 400 and 650 V.  The flow rate of helium was 

controlled with a mass flow controller (model C50L-AL-DD-2-PV2-V0-SCR, Sierra Instruments, 

Inc., Monterey, CA) from 0.5 L/min to 1.5 L/min. Both sources were mounted onto a manual xyz 

translation stage (PT3, Thorlabs Inc., Newton, NJ) for precise alignment of the ion source with 
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respect to the mass spectrometer inlet.  Samples used in the experiments were directly taken as is 

from the bottles without further purification.  Analytes were introduced to FAPA afterglow with 

the glass probe fixed in one dimensional stage (PT1, Thorlabs Inc., Newton, NJ). This method of 

sample introduction has been discussed in detail elsewhere.22, 26 

For the determination of 2, 2’-dichloroquaterphenyl, a modified DART IDcube ionization 

source (IonSense, Saugus, MA, USA) was used.  The source power from the mass spectrometer 

was disconnected and the needle electrode was powered, through a 5-kΩ ballast resistor, by a high 

voltage, DC power supply (model BHK 1000-0 2MG, Kepco, Flushing NY, USA). 

Mass spectrometry  

Unless explicitly stated, ions from each source were detected with a Thermo LTQ XL linear 

ion trap mass spectrometer (San Jose, CA).  Spectra were collected in the positive-ion mode with 

maximum injection time of 100 ms and 3 microscans per spectrum. Capillary temperature was 

maintained at 275 °C. Capillary voltage and tube lens voltage were 2 V and 31 V, respectively, for 

reagent-ion measurements and 15 V and 65 V, respectively, for molecular detection.  For the 

detection of 2, 2’-dichloroquaterphenyl, ions produced with the modified IDCube source 

(described above) were detected with a high-resolution Thermo Exactive Plus Orbitrap mass 

spectrometer (Bremen, Germany).  

Safety considerations  

Exposed, DC high voltages were present at the FAPA source. Electrically insulating gloves 

were used to prevent electrical shock. Material safety data sheets for all chemicals used were 

consulted prior to performing experiments. Accordingly, personal protective equipment, such as 
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safety glasses, mask, gloves, and laboratory coats, were employed for each experiment as 

necessary. 

Results and discussion 

Reagent-ion characterization 

To gain an understanding of reagent-ion production by the FAPA sources, the type and 

distribution (i.e. relative amount) of reagent ions were examined under various source operating 

parameters.  Three controllable source settings were found to greatly influence reagent-ion 

populations and, thus, were the focus of this study.  These parameters were discharge current, 

discharge gas flow rate, and spatial position within the afterglow.  Figure 2-1 shows the effect of 

discharge current on two unique, important reagent ions, (H2O)2H
+ (m/z 37, blue trace) and O2

+(m/z 

32, red trace),16 for the pin-to-plate and pin-to-capillary FAPA sources.  When the discharge 

current was increased, the amount of [H2O]2H
+ decreased, whereas signal for O2

+ increased.  It 

should be noted that the absolute signals between the two-reagent species cannot be directly 

compared due to drastic differences in ion-transfer efficiency at these low mass-to-charge (m/z) 

values.  As such, comparison of the relative signal changes with respect to discharge current is 

more appropriate.  The trend was similar for both FAPA designs.  In fact, it was observed that all 

proton-transfer species (e.g., H3O
+, [H2O]3H

+) and charge-transfer species (e.g., NO+) 

monotonically decreased and increased, respectively, with discharge current.  These findings 

indicate that charge-transfer ionization and, consequently, the detection of non-polar analytes 

should be more likely to occur under higher-power FAPA conditions with little influence from the 

source design. 

In addition to discharge current, the FAPA gas flow rate also has a notable impact on the 

type and distribution of reagent ions recorded by the mass spectrometer (cf. Figure 2-2).  Reagent-
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ion signals were monitored with a fixed discharge current for three helium flow rates: 0.5, 1.0, and 

1.5 L/min.  When the flow rate was increased, signal for [H2O]2H
+ and O2

+ monotonically 

increased and decreased, respectively (cf. Figure 2-2).  The cause of this observed phenomenon 

also could be related to the temperature of governing these reactions.  It has been shown via optical 

spectroscopy that lower discharge gas flow rates result in a hotter plasma.25  The range of flow 

rates investigated in this study would lead to a difference in plasma temperature of approximately 

80 °C.  As discussed above, higher plasma temperatures favor the formation of more charge-

transfer reagent ions.  A formal examination of the role of plasma temperature and these clustering 

reactions on reagent-ion formation is beyond the scope of this study and will be investigated in 

detail in future studies. 

 

Figure 2-1: Proton-transfer ([H
2
O]

2
H+, blue trace) and charge-transfer (O2

+, red trace) reagent-ion signal with respect to discharge 

current at a fixed helium flow rate of 1.5 L/min for the pin-to-plate FAPA source (A) and pin-to-capillary FAPA source (B). 
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Figure 2-2: Effect of helium flow rate on proton-transfer ([H2O]2H
+, blue trace) and charge-transfer (O2

+, red trace) reagent-ion signal 

for the pin-to-capillary FAPA at 25 mA. Note: the same trends were observed at other discharge currents and for the pin-to-plate FAPA. 

The drastic shift in reagent-ion populations over a comparatively narrow range of discharge 

powers is surprising, yet also provides valuable insight into the plasma processes and ion chemistry 

of the FAPA.  While the specific cause of this effect will be thoroughly investigated in future 

studies, much can be inferred from fundamental APCI reaction chemistry literature.  In nitrogen-

/air-based APCI sources, N2
+ is often considered as the primary reagent for the formation of 

protonated water clusters.1, 9  With the emergence of helium-plasma APCI-like sources (e.g., 

DART, FAPA, LTP,), possible reaction pathways need to be expanded upon to take into account 

the high-energy reactions associated with excited and/or ionized helium species.13, 27  For instance, 

direct Penning ionization of H2O with excited helium, He*, or metastable helium, Hem, likely 

becomes a major pathway of water-cluster production due to the large reaction cross section (100 

Å2).28  Additionally, it has been shown that He2
+ is an important carrier of energy from the 

discharge region to the open air for sources where the plasma directly interacts with the ambient 

air (e.g., LTP and FAPA).25, 27  However, these often cited reactions alone cannot adequately 

describe the observed shifts in reagent-ion populations over relatively narrow current/gas flow 

ranges.  
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Literature suggests that other atmospheric reagent ions, O2
+ and NO+, are also capable of 

leading to the formation of protonated water clusters.29-31 Near room temperature, protonated water 

clusters are formed not only from N2
+, but also through reactions involving O2

+ and NO+.  At lower 

FAPA discharge currents, which translate to lower plasma and afterglow temperatures,22 the 

abundance of O2
+ and NO+ are comparatively low as they are at least partially responsible for the 

creation of protonated water clusters.  As the discharge current is raised, the plasma and afterglow 

temperature linearly increase, which alters the reaction conditions.22, 32  Condensation reactions 

leading to water cluster formation are both rapid and highly reversible due to relatively weak 

bonding forces of these clusters.33  As such, these reactions are highly influenced by the 

temperature of the system.  Generally, lower temperatures favor association (condensation) 

whereas higher temperatures promote dissociation (evaporation).  Therefore, as discharge current 

and plasma temperature increase, the distribution of water clusters shifts to lower-orders due to 

loss of water molecules.  Clustering reactions are important intermediate steps for the generation 

of protonated water clusters from both O2
+ and NO+.20, 29, 34, 35  Increased plasma temperatures 

drive the equilibrium of these reactions towards the reactants and limits formation of protonated 

water clusters with O2
+ and NO+.  Without the ability to undergo clustering reactions, decay 

pathways for O2
+ and NO+ are somewhat limited because their ionization potentials are not 

sufficient to undergo charge-transfer with other atmospheric species (e.g., N2, H2O).  Conversely, 

the ionization potential of N2
+, is sufficient to directly ionize atmospheric species,34 which could 

explain the inability to measure noticeable changes in N2
+ ion signal with current (data not shown).  

Furthermore, increased discharge current leads to a greater number density of plasma-generated 

reactive species (e.g., He+, He*, He2
+), which also creates a larger densities of O2

+ and NO+.  With 

increased amounts of O2
+ and NO+ formed in the discharge/afterglow, higher temperatures, and 



 

17 

 

limited decay pathways, the O2
+ and NO+ signals drastically increase with discharge current.  

Orejas et al.32 showed a similar effect of temperature on reagent-ion production for the FAPA 

source, although the role of clustering reactions and O2
+/NO+ on water cluster formation was not 

discussed. Cody has also demonstrated that drastic changes in the DART gas temperature can lead 

to enhanced O2
+ formation.16  Unfortunately, that approaches requires additional high-power 

heaters and sufficient time to achieve such temperatures.  In the case of FAPA, these processes 

can be adjusted within a couple seconds simply by changing the discharge current. 

Another possible reason for the increase in charge-transfer reagent species might be due to 

the direct photoionization of atmospheric species at higher discharge current.  However, this higher 

photon flux would also result in increased formation of N2
+/H2O

+ and, ultimately, protonated water 

clusters, which is counter to the findings here.  The effect observed here is very non-linear and 

indicates another major contributor to this shift in ionization.  These findings suggest processes 

beyond photoionization are the major contributors to the observed effects.  It is important to note, 

however, that photoionization must certainly play in important role in ionization with 

plasma-based ADI-MS sources, but is not solely responsible for the shift in ion chemistry observed 

here 
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Figure 2-3: Effect of vertical (A) and horizontal (B) position of the FAPA source (with respect to the MS inlet) on proton-transfer 

([H2O]2H
+) and charge-transfer (O2

+) reagent-ion signal. Pin-to-plate FAPA was operated at 15 mA and 1.5 L/min helium flow rate. 

Displacement distances are with respect to the MS inlet capillary. 

 

Figure 2-4: Effect of the FAPA-to-MS position on proton-transfer ([H2O]2H
+) and charge-transfer (O2

+) reagent ion signal. Pin-to-

capillary FAPA was operated at 5 mA with a helium flow rate of 0.5 L/min (A) and 1.0 L/min (B). The maximum O2
+ signal at higher 

flow rates exists at further source-to-MS distances indicating that the major source of O2
+ comes from diffusion of atmospheric oxygen 

into the afterglow. 

The final parameter that was found to influence reagent-ion populations was position of 

the FAPA with respect to the MS inlet.  The pin-to-plate FAPA source was moved both 

horizontally and vertically in front of the MS inlet while monitoring reagent ion signals 

(cf. Figure 2-3).  This measurement approach can be used as a loose approximation of the spatial 

distribution of reagent ions within the afterglow.  Maximum signals for both types of species 

occurred when the FAPA was directly in line with the MS inlet (i.e. zero vertical, horizontal 
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displacement).  However, at distances away from the origin a notable change in the relative 

distribution of species was observed.  Specifically, proton transfer reagents appear to be focused 

more towards the center of the FAPA effluent.  In contrast, O2
+ ions were more broadly distributed 

across FAPA gas stream.  Again, this behavior was similar for the pin-to-capillary FAPA (data not 

shown).    These findings have limited applicability in selective or adjustable ionization, which 

will be the focus of the rest of the work.  However, the different and asymmetric spatial 

distributions of various reagent ions over a narrow range, approximately 4 mm, underscores the 

importance for reproducible sample introduction for FAPA and other plasma-based ADI-MS 

sources.21, 36, 37  

Since the plasma is formed in flowing system, the chemistry and composition of discharge 

also depends on the spatial position in the afterglow downstream from the anode.  As such, reagent-

ion composition was monitored with respect to the FAPA-to-MS distance (Figure 2-4).  It should 

be noted that signals for all detected sizes of water clusters decrease with distance between the 

FAPA source and MS inlet.  Furthermore, the ratio of signals corresponding to different sized 

protonated water clusters signals does not change with distance indicating that clustering does not 

appreciably change within the sampling region.  With low plasma-gas flow rates (< 1 L/min), 

signals for protonated water clusters and O2
+ were largest when the source was closest to the MS 

inlet (10 mm).  However, at gas flow rates higher than 1 L/min, maximum O2
+ signal was observed 

with the FAPA further from the MS inlet; at 1 L/min, this maximum occurred at a source-to-MS 

distance of 15 mm (cf. Figure 2-4).  It has been shown through optical spectroscopic studies that 

the majority of oxygen species formed by the FAPA comes from atmospheric oxygen diffusing 

into the discharge or afterglow, as opposed to impurities within the discharge gas.25  These results 

seem to support this finding.  At higher gas flows, the afterglow beam from the FAPA is laminar 
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for a longer distance.  When the source is positioned close to the MS inlet, atmospheric oxygen 

does not have adequate time to diffuse into the afterglow and ultimately form O2
+ ions.  While the 

reagent-ion distribution is clearly dependent on the source distance from the MS and could be an 

alternative means of modulating reagent-ion pathways, the practicality and adverse effects of 

rapidly altering source position outweigh the potential benefit.  Furthermore, since the flow from 

the FAPA is nearly laminar, the same effect can be achieved by altering the gas flow rate at a fixed 

distance. 

Overall, these findings show that there were two distinct operating regimes in terms of 

reagent-ion populations: preferential formation of proton-transfer species and of charge-transfer 

species.  Proton-transfer reagents are at the highest abundance at low discharge currents and high 

gas flow rates whereas charge-transfer reagents are most abundant in the opposite conditions.  

These two distinct modes should result in favored and adjustable analyte ionization pathways, 

which will be explored in the remaining sections of this study.  

Effect of operating parameters in molecular mass spectra 

The effect of different reagent-ion populations on analyte ionization pathways was 

examined via the desorption/ionization of a model analyte.  Biphenyl was chosen for this role 

because it has well-characterized ionization properties with a proton affinity (PA) of 813.60 kJ/mol 

and ionization energy (IE) of 8.16 eV.38 For comparison, the PA of H2O is 691.00 kJ/mol and IE 

of O2 is 12.07 eV.38  Thus, biphenyl can be ionized via charge- or proton-transfer with the available 

reagent species.  Though biphenyl has a lower proton affinity than [H2O]2H
+ (831 kJ/mol)39 and 

the abundance of H3O
+ ions in FAPA afterglow is relatively low,21 proton transfer ionization can 

still occur due to the fast equilibrium recovery of H3O
+ from higher order protonated water 

clusters.32, 33  Mass spectra for biphenyl were obtained at different FAPA conditions corresponding 
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to proton-transfer and charge-transfer rich conditions (cf. Figure 2-5a, 2-5b, and 2-6).  When a 

high helium flow rate (1.5 L/min) and low discharge current (5 mA) were used, the dominant 

species was the protonated pseudo molecular ion (MH+) at m/z 155 (cf. Figure 2-5a).  In the case 

of low gas flow rates (0.5 L/min) and high discharge currents (30 mA), formation of the molecular 

ion, (M+·) at m/z 154, was preferred (cf. Figure 2-5b).  In these conditions, the MH+ was merely 

8% the abundance of M+· signal, after taking into account the 13C contribution from M+· at m/z 

155. Even at the same flow rate, and only a change in discharge current, the dominant ionization 

pathway was significantly altered (cf. Figure 2-6).  Furthermore, the ionization pathway of 

biphenyl was partially influenced by the sample-introduction position where a greater amount of 

protonation occurred with the sample introduced closer to the source (cf. Figure 2-6).  As was 

discussed earlier, this same slight change in ionization pathway could be achieved by altering the 

gas flow rate due to the laminar flow profile within the afterglow.  Detection of other relatively 

non-polar compounds, such as 2-naphthol, showed similar selectivity to ionization pathways (data 

not shown).  These results demonstrate the ability to tune the analyte ionization chemistry of the 

FAPA source by altering the operating conditions. All these observations resemble with the 

reagent ion distribution at different operating parameters discussed in section one. It is important 

to note that photoionization likely also contributes to increased molecular ion formation at higher 

discharge currents, albeit to a relatively minor extent as discussed in the previous section. 
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Figure 2-5: Mass spectra of biphenyl with pin-to-capillary FAPA at two different operating regimes: (A) 5 mA current and 1.5 L/min 

flow rate, (B) 30 mA current and 0.5 L/min flow rate. 

 

 

Figure 2-6: Ratio of protonated molecular ion (MH+) abundance to the molecular ion (M+·) abundance with respect to discharge current 

at the helium flow rate of 1.5 L/min for biphenyl with pin-to-capillary FAPA.  Red and blue traces are for when biphenyl was placed 17 

mm and 3 mm from the FAPA source, respectively.  Note that the contribution from the 13C isotope of the M+· ion was subtracted from 

the m/z 155 signal to obtain correct MH+ signals. 

In addition to MH+ and M+· species, some analyte oxidation products (MO+. and MOH+) 

were observed as well.  The abundance of these oxidation products was significantly higher at 

larger discharge currents as well as when the sample was introduced closer (2 mm) to the FAPA 

source (cf. Figure 2-7).  Oxidation of aromatic analytes has been observed previously with APCI40 
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as well as the FAPA source and was a driving force in the development of the pin-to-capillary 

FAPA.22  This oxidation has been attributed to atomic oxygen radicals formed within the 

discharge.  The neutral, atomic oxygen irreversibly reacts with conjugated systems (double bonds 

or aromatic systems) to produce a stable alcohol.40, 41  The increased levels of oxidation at higher 

currents is likely due to a greater amount of oxygen dissociation within the discharge, which has 

been observed through optical spectroscopy.25  It is expected that the density of the highly reactive 

oxygen radicals would rapidly decrease further from the discharge region, which would result in 

less analyte oxidation if the sample is introduced closer to the MS.  The main cause of atomic 

oxygen radicals is diffusion of atmospheric molecular oxygen into the discharge chamber. As was 

shown previously,25 the pin-to-capillary FAPA produces less oxidation than the pin-to-plate 

geometry.  This effect was attributed to the extended physical distance between the discharge and 

the sampling region. While a significant amount of analyte oxidation was observed with the pin-

to-capillary source in these studies, it was 25 times less than data obtained with the pin-to-plate 

FAPA.  

 

Figure 2-7: Ratio of oxidized molecular ion (MO+) abundance to the molecular ion (M+·) abundance for biphenyl desorbed/ionized with a 

pin-to-capillary FAPA.  Source was operated at 1.0 L/min helium flow rate. Red and blue traces are for when biphenyl was placed 10 

mm and 2 mm from the FAPA source, respectively. 

Applications/utility of different modes 
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Thus far it has been shown that different FAPA conditions can be used to tune the 

abundance of different reagent ions as well as the corresponding analyte ionization pathway.  This 

capability also provides a means to tailor source conditions to the species to be determined in the 

sample or measure an otherwise undetectable analyte.  The compound 2,4,6-trichloroanisole 

(TCA), which is responsible for cork taint in wines,42, 43 was difficult to detect at under normal, 

proton-transfer FAPA conditions with weak ion signal on the level of chemical noise (~102 

counts/s).  Trichloroanisole is very volatile, so detection of TCA would not be limited by the 

desorption process.  However, TCA does not efficiently undergo proton transfer ionization due to 

its low proton affinity.44  As can be seen in Figure 2-8, TCA was more efficiently ionized under 

charge-transfer rich conditions with an enhancement of couple orders of magnitude (signal >104 

counts/s) as evidenced by the exclusive presence of an M+· peak along with the distinct isotopic 

pattern due to the presence of three chlorine atoms.  A fragment ion peak at m/z 195, corresponding 

to a loss of the methyl group, is also apparent in the spectrum.  While fragment peaks are often 

viewed as undesirable in ADI-MS analyses, they are helpful in this case for confirming the 

identification of detected species.  

 

Figure 2-8: Mass spectrum of 2,4,6-trichloroanisole obtained with a pin-to-capillary FAPA at 30 mA discharge current and 0.5 L/min 

discharge gas flow rate. 
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This charge-transfer mode of FAPA operation expands the potential uses of the FAPA 

source to additional applications.  For example, 2,2’-dichloroquaterphenyl is a novel liquid 

crystalline material synthesized in the research lab of Dr. Robert Twieg at Kent State University.  

This compound had proven to be difficult to characterize with conventional analytical tools due to 

its low vapor pressure and non-polar character.  In fact, the reaction products could not be 

adequately characterized via nuclear magnetic resonance, elemental analysis, electrospray 

ionization mass spectrometry, or gas chromatography electron-ionization mass spectrometry.  

However, the chlorinated quarterphenyl was readily detected with FAPA operated in the charge-

transfer regime (cf. Figure 2-9a).  In this case, a DART ID-Cube source was modified to operate 

as a FAPA source and coupled with a high-resolution Orbitrap mass analyzer.  The source requires 

samples to be placed on a wire mesh, which is resistively heated to 350°C to promote thermal 

desorption of analytes.45  With this configuration, analyte desorption will be independent of source 

current and flow rate.  Therefore, any variations in desorption efficiency between DART and the 

two FAPA modes can be ignored.  At 30-mA discharge current and 0.6-L/min helium flow rate, 

ion abundance for molecular ion created through charge transfer ionization was approximately 4 

× 107 counts/s with no detected protonated molecular ion (cf. Figure 2-9a). At a significantly lower 

discharge current, 0.5 mA, the molecular ion abundance was more than two orders of magnitude 

lower than in the charge-transfer mode (cf. Figure 2-9). At these lower signal levels, the analyte 

signals are very low compared to the background; without high resolution MS and a priori sample 

information, this species would not have been detected.  In fact, this species could not be detected 

when the ID-Cube was operated in the normal DART mode.  Significant difference in signal for 

same amount of sample demonstrates the increased sensitivity for non-polar species, such as 

2,2’-dichloroquaterphenyl, under charge-transfer FAPA conditions. 
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Figure 2-9: Mass spectra of 2, 2’-dichloroquaterphenyl obtained with a DART ID-Cube source modified to be a FAPA. A) 30 mA 

discharge current and 0.6 L/min gas flow rate, and B) 0.5 mA discharge current and 0.6 L/min gas flow rate. 

Though there is a high abundance of charger-transfer species at high discharge currents 

and low flow rates, a small amount of proton-transfer reagents also exists.  Therefore, it should be 

possible to detect multiple components with vastly different ionization properties within a mixture.  

To test this hypothesis, a mixture of analytes with two greatly different ionization properties, 

benzene and aniline, was analyzed at different working regimes of the FAPA source. Under 

proton-transfer conditions, benzene ion signal was fully suppressed, and only aniline ions were 

detected (cf. Figure 2-10a).  However, when the FAPA source was operated at charge-transfer 

regime, 0.5 L/min discharge gas flow rate and 30 mA, both aniline (m/z 93 and m/z 94) and 

benzene (m/z = 78) were detected (cf. Figure 2-10b).  Upon examining the chronogram for both 

species, benzene was desorbed quite quickly compared to aniline.  To better understand the 

ionization processes of this mixture, a higher benzene-to-aniline ratios, 10:1 (v/v), mixture was 

analyzed.  In this case, the benzene signal appears first followed by an increase in aniline signals 

(cf. Figure 2-11).  In the presence of benzene and aniline, O2
+ can directly ionize either species to 

form M+·.  The vapor pressure of benzene, at 293 K, is almost 125 times larger than that of 

aniline.38  Therefore, the large difference between the vapor pressures and amounts led to more 
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rapid desorption/ionization of benzene than aniline.  Once benzene was exhausted from the sample, 

only aniline remains, which can undergo ionization via both pathways.  Furthermore, there was no 

observed difference in the M+· signal for benzene with or without aniline present (cf. Figure 2-12), 

which indicates that competitive ionization matrix effects have been nearly eliminated in the 

charge-transfer mode.  These findings indicate that the high-current FAPA mode likely does not 

suffer the same degree of ionization matrix effects as the lower-current mode or other plasma-

based sources because the added ionization route is not limited to gas-phase acid/base chemistry.  

To understand the details of ionization matrix effects in charge-transfer mode FAPA further study 

is required which will be the focus of future studies.   

 

 

Figure 2-10: Mass spectra of a benzene/aniline mixture (1:1, v/v) at A) 1.5 L/min and 5 mA current and B) 0.5 L/min and 30 mA current. 
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Figure 2-11: Selected ion chronograms for benzene (m/z 78, red) and aniline (m/z 93, blue) from the analysis of a benzene:aniline mixture 

(10:1, v/v) at 1.0 L/min and 20 mA current. 

 

Figure 2-12: A) Mass spectrum of benzene obtained with FAPA operated with 1 L/min helium flow rate and 25 mA discharge current. B) 

Mass spectrum of a benzene/aniline mixture (1:1, v/v) at 0.5 L/min and 30 mA current. The signal for benzene is nearly the same for the 

pure component as well as the benzene:aniline mixture indicating a drastic improvement in competitive ionization matrix effects. Note 

that no benzene signal was detected in the mixture under proton-transfer FAPA conditions (cf. Figure 2-10). 

To demonstrate the ability to rapid switch between FAPA ionization modes, a biphenyl 

sample was analyzed while switching the discharge current between 60 mA and 0.3 mA every one 

and two second/s, respectively.  A different high voltage power supply (KEPCO BHK 1000-0 

2MG, Flushing NY, USA) was needed for this purpose.  At 60 mA discharge current, molecular-

ion signal dominates the spectrum (cf. Figure 2-13c). However, during the 0.3-mA discharge 
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current period, only protonated molecular ion peak was detected (cf. Figure 2-13b). At 0.3 mA, 

the abundance of charge-transfer reagent ions was very low and only proton-transfer reagent ions 

were available to interact with analyte.  Desorption of biphenyl with the low-current setting 

normally would not be possible and result in very weak signals.  In the present case, desorption of 

analyte was possible due to the repeating cycles of high and low current, which result in 

sufficiently high average temperatures on sample surface (cf. Figure 2-13).  Another interesting 

feature of the low-current mode was that significantly less oxidized biphenyl species was detected, 

which would normally be present in high abundance above discharge currents of 5 mA.  

Alternating between FAPA ionization modes through current modulation combines the positive 

aspects of both modes such as selective ionization and the possibility of reduced ionization matrix 

effects; additionally, it provides enhanced desorption at low discharge currents and very simple 

mass spectra.  These attributes provide a necessary step to achieving qualitative analysis of 

complex samples, which would otherwise be inhibited due to matrix effects. 
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Figure 2-13: Analysis of biphenyl at 0.3 mA and 60 mA in single run A) Chronogram of total ion current, B) Mass spectrum during 0.3 

mA discharge, and C) Mass spectrum during 60 mA discharge current. 

Conclusions 

The reagent ions and corresponding ionization pathways were found to be vastly different 

depending on the FAPA source operating conditions.  Different analyte ions, MH+ or M+·, were 

found to be predominantly formed under a unique set of operating condition, which allows tunable 

ionization with the FAPA source.  Furthermore, the charge-transfer rich conditions enable 

detection of analytes which do not undergo proton transfer ionization and, as such, could not be 

detected otherwise.  Tunable ionization chemistry, demonstrated here, increases the selectivity 

leading to more efficient ionization and, in turn, enhances sensitivity for non-polar and/or acidic 
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analytes. This added dimensionality of ambient MS, through alternative gas-phase chemistry, 

increases the range and number of detectable analytes.  Furthermore, charge transfer ionization 

has the potential to reduce the ionization matrix effects as charge transfer is not limited to gas-

phase acid/base chemistry.  
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3. Formation of pyrylium from aromatic systems with a 

helium:oxygen flowing atmospheric-pressure afterglow (FAPA) 

plasma source2 

Abstract 

 The effects of oxygen addition on a helium-based flowing atmospheric-pressure afterglow 

(FAPA) ionization source are explored.  Small amounts of oxygen doped into the helium discharge 

gas resulted in an increase in abundance of protonated water clusters by at least 3 times.  A 

corresponding increase in protonated analyte signal was also observed for small polar analytes, 

such as methanol and acetone.  Meanwhile, most other reagent ions (e.g., O2
+·, NO+, etc.) 

significantly decrease in abundance with even 0.1% v/v oxygen in the discharge gas.    

Interestingly, when analytes that contained aromatic constituents were subjected to a 

He:O2-FAPA, a unique (M+3)+ ion resulted, while molecular or protonated molecular ions were 

rarely detected.  Exact-mass measurements revealed that these (M+3)+ ions correspond to (M–CH 

+ O)+, with the most likely structure being pyrylium.  Presence of pyrylium-based ions was further 

confirmed by tandem mass spectrometry of the (M+3)+ ion compared to that of a commercially 

available salt.  Lastly, rapid and efficient production of pyrylium in the gas-phase was used to 

convert benzene into pyridine.   

                                                 
2 This chapter previously appeared as Badal, S. P.; Ratcliff, T. D.; You, Y.; Breneman, C. M.; 

Shelley, J. T. Formation of Pyrylium from Aromatic Systems with a Helium: Oxygen Flowing 

Atmospheric Pressure Afterglow (FAPA) Plasma Source. J. Am. Soc. Mass. Spectrom. 2017, 28 

(6), 1013-1020. 
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Though this pyrylium-formation reaction has not been shown before, the reaction is rapid 

and efficient.  Potential reactant species, which could lead to pyrylium formation, were determined 

from reagent-ion mass spectra.  Thermodynamic-evaluation of reaction pathways was aided by 

calculation of the formation enthalpy for pyrylium, which was found to be 689.8 kJ/mol.  Based 

on these results, we propose that this reaction is initiated by ionized ozone (O3
+·), proceeds 

similarly to ozonolysis, and results in the neutral loss of the stable CHO2
· radical.   

Introduction 

Helium is the most commonly used discharge gas in plasma-based ambient 

desorption/ionization (ADI) sources8, 9, 13, 18, 20, 46 due to the large reaction cross section of excited 

helium species with atmospheric gases, such as N2 and H2O,28 which lead to greater reagent-ion 

densities.  Several other gases, such as nitrogen, argon, and air, also have been tested as plasma 

gases for ADI sources, however helium provides the best sensitivity for most analytes regardless 

of discharge type or geometry.18  Apart from discharge-gas composition, several other operating 

parameters of these ionization sources also affect the plasma characteristics and lead to alternative 

ionization pathways.  For instance, Cody16 measured molecular ions for non-polar and aliphatic 

compounds with a direct analysis in real time (DART) ionization source.  The conditions for 

production of those spectra were that the grid-electrode potentials were increased by several 

hundred volts, the gas-heater temperature was elevated, and the source was positioned very close 

(ca. 3 mm) to the mass-spectrometer inlet.  Badal et al.47 demonstrated the ability to tune between 

charge-transfer and proton-transfer ionization mechanisms simply by changing the operating 

parameters of a flowing atmospheric-pressure afterglow (FAPA) ionization source.  In that work, 

it was observed that charge-transfer ionization was dominant when the discharge current was high 
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and helium flow rate was low, whereas proton-transfer ionization dominated at lower discharge 

currents and higher plasma-gas flow rates.  

Some groups have explored the utility of mixed-gas plasmas to enhance the sensitivity for 

different analytes in ADI applications.  For instance, Brewer et al.48 observed three-fold and nine-

fold increases in molecular-ion signal for naproxen with a radiofrequency helium:oxygen 

atmospheric-pressure glow discharge (APGD) source as compared to pure helium and pure argon 

plasmas, respectively.  In addition, they observed extensive fragmentation of analytes with the 

mixed-gas APGD, which produced spectra that were EI-database searchable.  More recently, it has 

been shown that the addition of low mole fractions of molecular hydrogen to a helium dielectric-

barrier discharge (DBD) can enhance analyte-ion signal, (M+H)+, up to 68 times for some analytes 

without a corresponding increase in chemical background.49, 50  These studies demonstrate the 

diversity in chemistries that can be obtained from a range of plasma-source configurations; simple 

modifications of discharge parameters or doping small amounts of molecular gases into the 

discharge can have profound effects on plasma chemistry and analyte ionization.  Here, we explore 

the effects of O2 addition on the gas-phase ion chemistry of a helium FAPA source.  The FAPA 

source, which is based around a direct-current (DC) APGD,9 provides a relatively simple, yet 

stable and robust, platform to probe and explore chemistries of pure and mixed-gas plasmas.47, 51   

 Atmospheric-pressure plasmas are well-suited for gas-phase chemistry as they efficiently 

produce excited species, ions, and electrons over a broad range of energies.  These species can 

lead to unique chemical reactions through ion-molecule and ion-ion reactions.  For example, 

production of phenol via oxidation of aromatic systems has commonly been observed with 

atmospheric-pressure chemical ionization (APCI) with a DC corona discharge, though this 

reaction and the resulting products are commonly viewed as a nuisance in mass-spectrometric 
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analyses.52  In addition, a number of unique chemical reactions have been demonstrated with 

alternating-current (AC) dielectric barrier discharges (DBDs).  In 2009, Na et al.53 reported the 

Birch reduction of benzene to 1,4-cyclohexadiene with a DBD-based low-temperature plasma 

(LTP).  They observed dihydrogenation of benzene and other arenes when introduced to the 

discharge region of the LTP.  More recently, a single-step nitrogen-atom insertion between carbon-

carbon bonds of saturated alkanes has been shown with gas-phase reactant ions, such as N3
+, 

generated in microdischarges in nitrogen gas at atmospheric pressure.54  Furthermore, Zhang et 

al.55 observed the replacement of a carbon atom with a nitrogen atom in the benzene ring via a 

reaction with plasma-produced reactants.  In this case, the reaction was observed when benzene 

was introduced directly into the discharge of an LTP probe operated with air, N2, or even NO-

doped N2 as the discharge gas.  

In this work, we show a unique chemical modification of aromatic systems with an oxygen-

doped helium-FAPA (He:O2-FAPA).  Specifically, when aromatic-ring-containing analytes were 

subjected to a He:O2-FAPA, a unique (M+3)+ ion was always produced; it was found that these 

ions correspond to (M – CH + O)+.  These ions were confirmed to be pyrylium-based through 

exact mass and tandem mass spectrometry measurements.  The utility of rapid gas-phase pyrylium-

ion formation is also demonstrated through SN2 chemistry with ammonia.  Lastly, a potential 

mechanism and likely reactant species which cause aryl-to-pyrylium conversion will be discussed. 

Experimental section 

Reagents  

All reagents used were analytical grade. Ultra-high purity helium (99.999%) and a 

helium/oxygen mixture (80%/20%) were obtained from Airgas (Radnor, PA).  Biphenyl was 
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purchased from ACROS Organics (New Jersey, USA), while benzene, 1,3,5-trimethylbenzene, 

2,4,6-trimethylpyrylium tetrafluoroborate, acetaminophen, and benzene-d6 were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). 

Ionization source  

The FAPA used here was of a pin-to-plate geometry as described by Shelley et al.25  

Briefly, an atmospheric-pressure glow discharge (APGD) was sustained between a stainless-steel 

pin cathode and brass plate anode.  The electrodes were held in place inside a quartz discharge 

chamber.  Discharge species (e.g., excited species, ions, and electrons) interact with atmospheric 

gases and analytes as they exit a 1.6-mm hole in the anode plate.  A high DC potential (ca. 550 V) 

was applied to the pin electrode from a custom-built high-voltage power supply (Prosolia Inc., 

Indianapolis, IN), capable of providing up to 30 mA at 2,000 V.  The circuit was completed by 

connecting the anode to the ground terminal of the power supply.  The APGD of the FAPA was 

operated in a current-controlled mode with 20-mA of current.  The flow rate of helium was 

controlled with a mass flow controller (model C50L-AL-DD-2-PV2-V0-SCR, Sierra Instruments 

Inc., Monterey, CA) whereas another mass flow controller (model C50L-AL-DD-2-PV2-V0-SCR, 

Sierra Instruments Inc., Monterey, CA) was used to control the flow rate of helium/oxygen 

mixture.  The gas flows were mixed in a T-junction connected to the discharge chamber. The 

accuracy and precision of the flow controller used for the helium/oxygen mixture dictated the 

smallest fraction of oxygen that could be reproducibly introduced into the discharge, which was 

0.1%.  The source was mounted onto a manual xyz translation stage (PT3, Thorlabs Inc., Newton, 

NJ) for precise alignment of the ion source with the mass-spectrometer inlet.  Volatile analytes, 

such as acetone, methanol, and benzene, were introduced to the FAPA afterglow through a fused-

silica capillary with nitrogen as a carrier gas.  Solid analytes were introduced to the FAPA with 
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the glass probe fixed on a one-dimensional translation stage (PT1, Thorlabs Inc., Newton, NJ), 

similar to previous arrangements.22, 26  

An electrospray ionization source (HESI-II probe, Thermo Scientific, San Jose, CA) was 

used to generate comparison mass spectra and product-ion mass spectra of 2,4,6-trimethylpyrylium 

tetrafluoroborate.  A 0.4 mM solution of 2,4,6-trimethylpyrylium tetrafluoroborate was prepared 

in a methanol:water mixture (50%:50%).  The flow rate was set to 5 uL/min. Sheath gas flow rate, 

sweep gas flow rate, auxiliary gas flow rate all were set to zero.  The ESI source voltage was 5.0 

kV. 

Mass spectrometry  

Low-resolution and tandem mass spectra were acquired with Thermo LTQ XL linear ion 

trap mass spectrometer (Thermo Scientific, San Jose, CA), while a Thermo Exactive Plus mass 

spectrometer (Thermo Scientific, Bremen, Germany) was used for exact mass measurements.  The 

LTQ XL mass spectra were collected in positive-ionization mode with a maximum injection time 

of 100 ms and 3 microscans per spectrum.  Capillary temperature was maintained at 275˚C. For 

reagent-ion measurements, capillary and tube lens voltages were held at 2 and 31 V, respectively, 

whereas, higher mass-to-charge detection was done with capillary and tube lens voltages of 15 and 

65 V, respectively.  High-resolution mass spectra were also collected in positive-ionization mode 

with inlet capillary temperature, capillary voltage, and S-lens RF level of 320 ˚C, 0 V, and 50%, 

respectively.  

Pyrylium enthalpy calculations  

The enthalpy of formation for pyrylium was determined with energies derived from ab 

initio density functional theory (DFT) calculations. The Becke’s three parameter hybrid DFT/HF 
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method with Lee-Yang-Parr’s correlation functional (B3LYP) was used for structural optimization 

and energy calculation obtained using Gaussian09. An isodesmic reaction scheme shown in Figure 

3-1 was used to calculate the enthalpy of formation for pyrylium.  The molecular structures of 

benzene, furan, cyclopentadienyl anion, and pyrylium were prepared using B3lyp/3-21G 

theoretical model using thermochemical data from the literature.56-58  An HF/6-31G* optimization 

was performed and the resultant geometries and orbitals were used as the input for geometric 

optimization and frequency analysis with B3lyp/6-31+G*, which provided a zero-point-energy 

(ZPE) for the isodesmic reaction. The optimized structures were then used to calculate the 

electronic energy using B3lyp/6-311++G(d, p). The resulting total energies were calculated using 

the sum of the electronic energy and corrected ZPE, using a correction coefficient of 0.75. 

 

Figure 3-1:  Scheme for the isodesmic reaction used to calculate the enthalpy of formation for pyrylium.  In this hypothetical reaction, 

pyrylium is reacted with the cyclopentadienyl anion to produce benzene and furan.  The thermochemical information used for 

cyclopentadienyl anion, benzene, and furan came from Refs 20 - 22. 

Results and discussion 

To preliminarily gauge the effects of adding oxygen to a helium FAPA source, less than 

1.0% v/v of oxygen was added to the helium directly prior to the FAPA discharge.  Reagent- and 

analyte-ion populations produced with He:O2-FAPA were monitored in the low-mass range of 

the mass spectrum.  Most notably, addition of even a small amount of oxygen to the discharge 

increased the abundance of the protonated water dimer ([H2O]2H
+) by 3.4 times (cf. Figure 3-2) 



 

39 

 

with no notable elevation in chemical background signals; under certain source conditions, signal 

for protonated water dimer increased by more than 19 fold over a He-FAPA.  It is also important 

to note that all detected protonated water clusters (i.e. n = 2, 3, 4, and 5) exhibited the same trend 

upon addition of oxygen to the FAPA plasma gas (cf. Figure 3-3, Figure 3-4). Protonated water 

clusters are important reagent ions in ADI-MS analyses as proton-transfer ionization is efficient 

for many organic analytes and leads to little molecular fragmentation.  Maximum production of 

protonated water clusters was found to occur with 0.1% v/v oxygen in helium (cf. Figure 3-2, 

red trace).  A similar increase in signal was also observed for polar analytes such as acetone (cf. 

Figure 3-2, blue trace) and methanol (cf. Figure 3-5) with an enhancement in [MH]+ signal of up 

to 4.5 and 12.5 times, respectively.  Though the exact processes that lead to increased 

protonated-water cluster signals is unknown at this time, some possible reasons can be deduced 

from the literature.  For instance, it is known that O2
+ can directly lead to the formation of 

protonated water clusters via ion-molecule and clustering reactions.59  Though the conditions 

used in that study differ from those of a He:O2-FAPA, the same reactions could occur in the 

open-air afterglow region where plasma species, including O2
+, mix with room air.  

 

Figure 3-2 Protonated water dimer ([H2O]2H
+) (red) and protonated acetone (blue) signals as a function of percent oxygen composition in 

the helium-based FAPA. 
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Figure 3-3: Protonated water clusters signal as a function of oxygen composition (% v/v) in the helium-based FAPA with 20-mA 

discharge current and 0.5 L/min total flow rate. 

 

Figure 3-4: Reagent-ion mass spectra obtained with pure helium FAPA (A), and He:O2-FAPA (B) both with 0.1% v/v oxygen, 20 mA 

discharge current, and 1.0 L/min total flow rate. 

 

Figure 3-5: Protonated methanol signal as a function of oxygen composition (% v/v) in the helium-based FAPA with 15-mA discharge 

current and 1.0 L/min total flow rate. 
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Figure 3-6: Ion signal for NO+ (black), O2
+· (red), and HCO+ (blue) as a function of oxygen composition (% v/v) in the helium-based 

FAPA with 20 mA discharge current and 0.5 L/min total flow rate. 

 

Figure 3-7: Ionized ozone, O3
+·, signal as a function of oxygen composition (% v/v) in the helium-based FAPA with 20 mA discharge 

current and 0.5 L/min total flow rate. 

 In contrast to the protonated water clusters, the abundance of nearly all other FAPA 

reagent ions, including NO+, HCO+, and O2
+·, dramatically decreased with the smallest fraction 

of oxygen added to the discharge gas, 0.1% v/v (cf. Figure 3-6).  The one exception to this 

behavior was the ion signal at m/z 48, which increased by ca. five times with 0.1% v/v oxygen 

added to the discharge (cf. Figure 3-7).  While accurate-mass measurements were not possible 

with the available instrumentation, the two most likely species to appear at m/z 48 for this system 

are O3
+· and (NO + H2O)+.  Because the trend in Figure 3-7 is much different than that for the 
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NO+, we rationalize that the majority of the ions detected at this mass are O3
+·.  This observation 

is somewhat surprising given that O3
+· is known to readily react with O2 to form O2

+·
.
60 

  

Figure 3-8: Mass spectra of biphenyl obtained with a He-FAPA (A) and He:O
2
-FAPA containing 0.1% oxygen (B).  Both spectra were 

acquired with 1.0 L/min total gas flow rate and 20 mA discharge current. 

 

Figure 3-9: Mass spectra of acetaminophen obtained with a He-FAPA (A) and He:O
2
-FAPA (B) with 0.1% oxygen. Both with 1.0 L/min 

total flow rate and 20 mA discharge current. 

Desorption/ionization of analytes containing aromatic constituents exhibited significant 

chemical modification of the aromatic system when a He:O2-FAPA was used.  With a helium-

FAPA, these analytes were detected as molecular or pseudo-molecular ions (M+ or MH+, 

respectively).  When these analytes were desorbed/ionized with a He:O2-FAPA, all these species 
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produced a mass-spectral peak corresponding to (M+3)+ (cf. Figure 3-8, Figure 3-9, Figure 3-10).  

Exact mass measurements showed that the ion corresponding to (M+3)+ from benzene (C6H6) at 

m/z 81.033 has an elemental composition of C5H5O
+.  The most stable and probable structure for 

such an elemental composition is that of pyrylium.  Similar to the results obtained with benzene, 

(M+3)+ ions corresponding to (M – CH + O)+ were detected when biphenyl (C12H10), aniline 

(C6H7N), acetaminophen (C8H9NO2), naphthalene (C10H8), anthracene (C14H10), and 

1,3,5-trimethylbenzene (C9H12) were introduced to the He:O2-FAPA, which demonstrates that 

pyrylium derivatives can be formed from a variety of aromatic-containing precursors.  Though the 

finding that aryl rings can be converted into pyrylium species is surprising, this (M + 3)+ feature 

has been shown in APCI mass spectra of benzene produced in air.52, 61  Unfortunately, though the 

mass-spectral peaks are labelled as C5H5O
+, there is no discussion of this ion in the text. 

 

 

Figure 3-10: High-resolution mass spectra of benzene obtained with a He-FAPA (A) and He:O
2
-FAPA (B) with 0.1% oxygen. Both with 

1.0 L/min total flow rate and 20 mA discharge current. 

To aid in confirmation of the formation of pyrylium from benzene, as well as to devise 

potential reaction mechanisms, mass spectra of deuterated benzene (C6D6) were also acquired with 

a He-FAPA and a He:O2-FAPA (cf. Figure 3-11).  With a He-FAPA, the molecular cation (M+·), 

m/z 84.0842, were detected for deuterated benzene, whereas (M+2)+, m/z 86.0650, ions were 
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recorded with a He:O2-FAPA.  Exact mass measurement showed that these (M+2)+ ions 

corresponds to (M – CD + O)+ with an elemental composition of C5D5O
+.  These findings align 

with spectra obtained for previously presented aromatic systems with a He:O2-FAPA in that a ring-

opening, ring-closing reaction results in the removal of CH (or, in this case, CD) from an aryl ring.  

The lack of hydrogen atoms in the deuterated pyrylium product indicates that the mechanism does 

not involve replacement or removal of aromatic hydrogens, other than the one on the leaving 

group. 
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Figure 3-11: Mass spectra of benzene-D6 obtained with a He-FAPA (A) and He:O
2
-FAPA  with 0.1% oxygen (B).  Both spectra were 

obtained with 1.0 L/min total gas flow rate and 20 mA discharge current. 

The formation of pyrylium species was further confirmed via product-ion scans of the 

[M+3]+ ion of 1,3,5-trimethylbenzene produced with He:O2-FAPA at m/z 123.  This spectrum was 

compared to the tandem mass spectrum obtained from a commercially available 

2,4,6-trimethylpyrylium tetrafluoroborate salt, which was ionized with electrospray ionization. 

Both product-ion spectra exhibited a base peak at m/z 95, corresponding to C6H7O
+, as the major 

fragment (cf. Figure 3-12).  Furthermore, both spectra contained minor fragment ions at m/z 93, 

105, and 108.  The MS3 spectra of the major fragment ion at m/z 95 were acquired for both the 

plasma-synthesized product and the commercial salt and found to be quite similar with a major 
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fragment at m/z 67, corresponding to C5H7
+, and minor fragments at m/z 77, 91, and 93 (cf. Figure 

3-13).  The similarity between mass spectra obtained for the plasma-synthesized product and a 

commercial trimethylpyrylium salt, as well as the unique elemental composition of the species 

formed by He:O2-FAPA, confirm that pyrylium was formed via the reaction between aromatic 

systems and a plasma-generated reactant species. 

 

Figure 3-12: Tandem MS of A) [M+3]
+

 ion produced from 1,3,5-trimethylbenzene with He:O
2
-FAPA (0.1% oxygen), and B) 

2,4,6-trimethylpyrylium with electrospray (ESI) source.  

 

Figure 3-13: MS
3

 spectra of the major fragment ion at m/z 95 for the A) [M+3]
+

 ion of 2,4,6-trimethylbenzene produced by a He:O2-

FAPA and B) 2,4,6-trimethylpyrylium ionized with ESI. 

 



 

46 

 

 

Figure 3-14: Reagent-ion mass spectrum obtained with He:O2-FAPA with 0.1% v/v oxygen, 20 mA discharge current, and 1.0 L/min 

total flow rate. MeOH, EtOH, and ACN means methanol, ethanol, and acetonitrile, respectively, and are due to residual solvent vapors in 

the lab air.  Note the vertical axis break as the reagent-ion spectrum from He:O2-FAPA is dominated by protonated water clusters. 

Based on the results presented above, it is clear that ring-opening and ring-closing steps 

must occur to form pyrylium from the aryl structure.  Though, at this time, the exact mechanism 

of pyrylium formation has not been probed in great detail, some information on the potential 

reactants and processes can be inferred from these findings as well as the literature.  First, the 

reaction occurs very rapidly and goes to completion on a mass-spectrometric timescale (i.e. tens 

of milliseconds).  As such, the plasma-produced reactant is almost certainly a positive ion, which 

would serve to lower the activation barrier of the reaction and speed up an otherwise slow reaction.  

A list of potential oxygen-containing reactant ions can be formulated from the background mass 

spectrum of the He:O2-FAPA (cf. Figure 3-14).  Potential reactant ions determined from this mass 

spectrum include NO+, O2
+·, O3

+·, HCO+, and H3O
+, which could react with the aromatic analyte 

as shown in Reaction 3.1; 

 C6H6 + RO+ (or RO+∙)  → C5H5O
+ + RCH (or RCH∙) (3.1) 

Where RO+ = NO+, O2
+·, O3

+·, HCO+, or H3O
+. 
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To the best of our knowledge, the standard enthalpy of formation (∆𝐻𝑓
°) of pyrylium has 

not been experimentally or computationally determined.  To gain a better understanding of the 

energetics of the possible reactions taking place, the ∆𝐻𝑓
° was calculated, with density functional 

theory, from the isodesmic reaction between pyrylium and the cyclopentadienyl anion (cf. Figure 

3-1).  The total energies provided by Gaussian contain the sum of electronic and thermal 

enthalpies, which allow the calculation of the enthalpy of the reaction. The enthalpy of the reaction 

is determined by taking the difference of the sum of reactants and the products. From this approach, 

the enthalpy of formation for pyrylium was determined to be 689.8 kJ/mol. 

Because benzene has a lower enthalpy of formation than pyrylium, the pyrylium-formation 

reaction would only proceed if a stable neutral-loss product was formed from the reaction.  Based 

on the above list of possible reactant ions, the corresponding neutral-loss products would be HCN, 

HCO·, HCO2
·, C2H2, and CH4, respectively.  This reaction would only proceed if the enthalpy of 

reaction (∆𝐻𝑟𝑥𝑛
° ) is negative.   Based on the calculated value of ∆𝐻𝑓

° for pyrylium and the literature 

values of ∆𝐻𝑓
° for all other reactants, Hess’s law was used to calculate ∆𝐻𝑟𝑥𝑛

°  for each possible 

reactant (cf. Table 2-1).    

From the values presented in Table 2-1, it is clear that ionized ozone, O3
+·, is the most 

energetically favorable reactant to convert benzene to pyrylium.  However, it is also energetically 

possible for NO+ and O2
+· to lead to pyrylium-ion formation.  A number of selected-ion flow tube 

(SIFT) MS studies have examined gas-phase reactions between atmospheric plasma cations, 

including NO+ and O2
+·, and benzene, toluene, or ethylbenzene.62-64  The dominant reactions in 

every case were non-dissociative charge-transfer ionization, which produced molecular cations 

(M+·).  In fact, no pyrylium, nor any other oxygen-containing products, were detected in any of 
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those cases.  Furthermore, these charge-transfer reactions were found to proceed at or very near 

the collision rate.  Thus, it seems unlikely that reactions between NO+ or O2
+· and benzene would 

lead to pyrylium-ion formation. 

Table 2-1: Plasma-generated reactant ions and the corresponding neutral-loss products, along with their respective standard enthalpies 

of formation, that could be responsible for the conversion of benzene to pyrylium. The standard enthalpy of formation for benzene and 

pyrylium is 82.9 kJ/mol38 and 689.8 kJ/mol, respectively. 

Possible 

Reactant Ion 

∆𝐻𝑓,𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡
°  

(kJ/mol) 

Neutral-loss 

Product 

∆𝐻𝑓,𝑝𝑟𝑜𝑑𝑢𝑐𝑡
°  

(kJ/mol) 

∆𝐻𝑟𝑥𝑛 (kJ/mol) 

H3O
+ 449.2b CH4 -74.87a 82.8 

HCO+ 824.0a C2H2 226.73 a 9.6 

NO+ 986.6b HCN 135.14 a -244.6 

O2
+· 1164b HCO· 43.51 a -513.2 

O3
+· 1352b HCO2

· -221.8b -967.2 

a Values obtained directly from NIST Webbook.38  

b Values calculated from the data available in NIST webbook.38  

From the values presented in Table 2-1, it is clear that ionized ozone, O3
+·, is the most 

energetically favorable reactant to convert benzene to pyrylium.  However, it is also energetically 

possible for NO+ and O2
+· to lead to pyrylium-ion formation.  A number of selected-ion flow tube 

(SIFT) MS studies have examined gas-phase reactions between atmospheric plasma cations, 

including NO+ and O2
+·, and benzene, toluene, or ethylbenzene.62-64  The dominant reactions in 

every case were non-dissociative charge-transfer ionization, which produced molecular cations 
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(M+·).  In fact, no pyrylium, nor any other oxygen-containing products, were detected in any of 

those cases.  Furthermore, these charge-transfer reactions were found to proceed at or very near 

the collision rate.  Thus, it seems unlikely that reactions between NO+ or O2
+· and benzene would 

lead to pyrylium-ion formation. 

Unfortunately, studies on reactions involving O3
+·, particularly those with organic 

molecules, are more sparse.  Similar to NO+ and O2
+·, the ionization energy of ozone, 12.53 eV, is 

appreciably higher than that of benzene, 9.24 eV, which indicates that non-dissociative charge-

transfer ionization could be a possible reaction pathway.  Perhaps surprisingly, it has been noted 

that some exothermic non-dissociative charge-transfer reactions with ozone ion proceed more 

slowly than the collision rate, which implies that other, more favorable reactions pathways exist 

in these scenarios.  Unique behavior of O3
+· has been noted for reactions with smaller, 

atmospherically relevant species.  For instance, dissociative oxidation products (cf. Reaction 3.2) 

have been observed for species of lower ionization potential than ozone.65-67  Theoretical modeling 

of this reaction revealed that it proceeds through a stable, although short-lived, five-member-ring 

intermediate. 

 O3
+· + AB  → AO+ (or AO) + BO2 (or BO2

+) (3.2) 

The calculated enthalpies of reactions from Table 2-1 show that ozone ion, O3
+·, would be 

the most energetically favorable reactant ion to convert benzene to pyrylium.  To further support 

this hypothesis, ion signal at m/z 48 was found to increase by five-fold when oxygen was added to 

the helium-FAPA discharge (cf. Figure 3-7) in fact, O3
+· was the only reagent ion, other than 

protonated water clusters, found to increase in abundance with the addition of oxygen to the plasma 

gas.   
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Based on the information above in conjunction with the O3
+· reaction literature, a possible 

mechanism for this pyrylium-formation reaction from O3
+· is shown in Scheme 1.  The first step 

of the reaction is similar to ozonolysis of alkenes where a five-member ring containing three 

oxygen atoms is formed as an intermediate.  As was shown in the reaction between O3
+· and SCO 

66, the stability of this intermediate would favor dissociative charge-trasnsfer and lead to a faster 

reaction rate than non-dissociative charge-transfer.  A ring-opening step, which leads to separation 

of oxygen atoms, is followed by a radical-driven ring closure resulting in the neutral loss of HCO2˙.  

Future studies will aim to more systematically study this reaction pathway, the associated 

energetics, and the seemingly ubiquitous nature of aryl-to-pyrylium conversion. 
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Scheme 1. Likely mechanism of pyrylium formation from benzene with plasma-produced ozone radical ion serving as the other reactant. 

Pyrylium-based species have been synthesized in a variety of fashions and used for diverse 

applications, particularly as pigments and fluorophores.68-72  However, pyrylium synthesis 

typically requires at least one carbonyl derivative (aldehyde, ketone, acid, or ester) along with a 

catalyst and suitable solvents such as acetone and ethers.68  In addition, the reaction mixture needs 

to be refluxed for several hours under high temperatures.68  While synthetic routes for formation 

of substituted pyrylium species can have yields as high as 65%,68 synthesis of pyrylium is a 
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significantly more challenging task due to the propensity for nucleophilic attack.  Here, with a 

He:O2-FAPA, conversion of aromatic systems to pyrylium is rapid (within a few milliseconds), 

and relatively efficient with a yield of 45%.  In this case, the yield was calculated by dividing the 

pyrylium ion signal by all other ion signals related to the aromatic analyte based on exact mass 

measurements. 

One important use of pyrylium-based compounds is as a reagent for the synthesis of 

molecules with strong aromatic character due to the fact that pyrylium is readily attacked by even 

moderate nucleophiles.  In particular, pyrylium is often reacted with ammonia and primary amines 

to form pyridine and pyridinium derivatives.71  Because of their high reactivity via nucleophilic 

attack, we explored the ability to create pyrydinium species from plasma-synthesized pyrylium.  

Specifically, the fast and efficient production of pyrylium in the gas phase was used to convert 

ammonia and benzene into pyridine with He:O2 FAPA.  Ammonia rapidly reacts with pyrylium to 

produce protonated pyridine.  The abundance of m/z 80, which corresponds to protonated pyridine, 

was monitored with continuous introduction of benzene to the afterglow of He:O2-FAPA.   A 

significant increase in m/z 80 was observed when ammonia was introduced to the afterglow 

(cf. Figure 3-15), which was not observed with a helium-only FAPA.  Exact mass measurement of 

m/z 80 produced from benzene and ammonia with He:O2 FAPA corresponded to the protonated 

pyridine which showed that the pyrylium produced from benzene and He:O2-FAPA were rapidly 

converted to protonated pyridine due to fast reaction with ammonia.  These results shows that 

benzene can be directly and efficiently converted to pyridine with He:O2-FAPA.  In the future, we 

aim to expand this gas-phase ion chemistry to form more complex products as well as to scale-up 

and collect reaction products. 
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Figure 3-15: Chronogram of m/z 80 when benzene was constantly introduced to the afterglow of a He:O
2
-FAPA with ammonia 

introduced in between.  

 Conclusion 

 The effects of oxygen addition to a helium FAPA source were explored. Unique chemical 

modification of aromatic systems to produce pyrylium was observed with He:O2-FAPA.  

Formation of pyrylium was confirmed by exact mass measurement, tandem mass spectrometry 

and detection of an isotopically labelled compound.  Furthermore, rapid production of pyrylium 

was used to convert benzene to pyridine.  Pyrylium rapidly reacts with primary amines as well.  

The application of this method of rapid pyrylium generation could be used for such amine 

modifications which will be the focus of future studies.  

 The enhancement of protonated water clusters, and acetone, on oxygen addition to 

He-FAPA showed that sensitivity for different analytes can be enhanced with different 

gas-compositions.  Utility of addition of other molecular gasses to the He-FAPA will also be 

studied in future. 



 

53 

 

4. Optical and mass-spectral characterization of mixed-gas flowing 

atmospheric-pressure afterglow sources  

Abstract 

Plasma-based ambient desorption/ionization (ADI) sources for mass spectrometry (MS) 

often use helium as the primary discharge gas due to the large reaction cross section of excited 

helium species with atmospheric gases, which ultimately leads to efficient reagent-ion formation. 

However, some studies have shown mixed-gas plasmas provide unique advantages. For instance, 

our group showed that a helium-oxygen flowing atmospheric-pressure afterglow (He:O2-FAPA) 

source yielded enhanced ion signals for small polar analytes, but compounds with aromatic rings 

underwent chemical modification to produce pyrylium species. In another case, it was shown that 

the addition of H2 significantly decreased the reagent-ion signals, but analyte-ion signal was not 

affected to the same degree as reagent ions. In addition, mass spectra obtained with He:H2-FAPA 

were chemically cleaner with fewer ions stemming from analyte species and produced less 

oxidation of analytes. Another molecular gas, nitrogen addition increased the negative reagent ions 

signal which led to the enhanced ion signal for RDX. To better understand these unique advantages 

of a mixed-gas FAPA, the impact of molecular-gas (O2, N2, or H2) addition on the optical-emission 

spectra from the discharge was also measured. Spatially resolved emission was obtained 

specifically from anode and negative glow regions by the use of a motorized translation stage. In 

general, addition of a small fraction (~0.1%) of molecular gases decreased helium emission 

intensities. Emission from OH also decreased with the addition of N2, H2, or O2 gases. Oxygen (O) 

and hydrogen (H) emission lines increased with the addition of O2 and H2, respectively. 

Furthermore, emission characteristics of N2, N2
+, and NO with respect to molecular gas 
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composition on He-FAPA were also measured. Fundamental plasma parameters, such as OH 

rotational temperature (Trot), were also calculated.  

Introduction 

Ambient desorption/ionization-mass spectrometry (ADI-MS) provides the capabilities to 

directly desorb/ionize analytes from sample surface in open air with little or no sample 

pretreatment, which significantly increase the sample throughput.6 Since its introduction in 2004 

by Takats et al.,12 ADI-MS has found many applications ranging from rapid screening of 

pharmaceutical products,73 explosives,74 drugs of abuse,75 to quantitative analysis76 and mass 

spectral imaging.77-79 A variety of different ADI-MS sources have been reported with the most 

extensively used being desorption electrospray ionization (DESI)12 and direct analysis in real time 

(DART).13 Out of more than 40 ADI-MS sources reported,8 around one third of the techniques are 

plasma-based,5, 8 which means they rely on electrical discharges. Most widely used plasma-based 

sources include DART,13, 74, 80, 81, dielectric barrier discharge ionization (DBDI),82 low-

temperature plasma (LTP) probe,18 flowing atmospheric-pressure afterglow (FAPA),9, 22, 83-85 

atmospheric-pressure solid analysis probe,86-90, and plasma assisted desorption/ionization 

(PADI).19 Although, these plasma-based sources have different designs, they produce similar 

reagent and analyte ions.   

All plasma-based ADI sources for MS generally use helium as the discharge gas due to the 

large reaction cross section of excited helium species with atmospheric gases such as N2, O2, H2O, 

etc., which ultimately leads to large reagent-ion densities. However, some mixed-gas plasmas were 

found to provide improved sensitivity compared to pure helium discharges. Previously, Brewer et 

al.48 showed that the addition of a small percentage of O2 to He and Ar radiofrequency 

atmospheric-pressure glow discharge (rf-APGD) enhanced the ion signal for some pharmaceutical 
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compounds up to nine times. In addition, mass spectra obtained with this mixed-gas plasma 

contained fragmentation patterns that were similar to electron ionization (EI) mass spectra that are 

database searchable. In another case, Wright et al.49 examined the addition of hydrogen to a helium 

dielectric barrier discharge (DBD), which led to enhanced ion signals of up to 68 times for several 

analytes. Further, this group also observed signal enhancement for gaseous analytes and analytes 

coated on glass slides with addition of H2 to argon plasma.  

Here, we explored the effects of molecular gases on the performance and characteristics of 

the discharge of a helium FAPA source, which utilizes direct-current powering unlike previously 

reported mixed gas experiments which used alternating-current. Molecular gases such as O2, N2, 

and H2 were added to He plasma of the FAPA source, while reagent- and analyte-ion signals were 

measured with mass spectrometry. To better understand the plasma processes and ionization 

chemistry, optical emission spectra of mixed-gas plasma of the FAPA source were also recorded. 

Experimental 

Reagents 

All reagents used were analytical grade. Ultra-high purity (UHP) helium (99.999%) and 

nitrogen (99.999%) were purchased from Airgas (Radnor, PA, USA). Helium/oxygen mixture 

(80%/20%), and helium/hydrogen mixture (60%/40%) were also obtained from Airgas (Radnor, 

PA, USA). Naphthalene, anthracene, benzene, and RDX (1000 µg/mL in methanol) were 

purchased from Sigma-Aldrich (St. Louis, MO, USA).  

FAPA source 

A pin-to-plate FAPA source that has been described elsewhere25, 91 was used for these 

experiments. Briefly, an atmospheric-pressure glow discharge (APGD) was sustained between a 
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stainless-steel pin cathode (1 mm diameter) and brass plate anode, which were held in place inside 

a quartz discharge chamber with flowing helium. Discharge species (e.g. excited species, ions, and 

electrons) exited a 1.6-mm hole in the plate where they interact with atmospheric gases and 

analytes. A high DC potential (ca. ‒500 V) was applied to the pin cathode from a custom built 

high-voltage power supply (Prosolia Inc., Indianapolis, IN, USA) and plate anode was connected 

to the ground. The FAPA source was operated in constant-current mode at 20 mA. Helium flow 

rate was controlled by a mass flow controller (model C50L-AL-DD-2-PV2-V0-SCR; Sierra 

Instruments Inc., Monterey, Ca, USA) that can flow maximum of 5 litre/min. Another mass flow 

controller (model C50L-AL-DD-2-PV2-V0-SCR; Sierra Instruments Inc., Monterey, Ca, USA) 

that can flow up to 25 mL/min was used to control helium/oxygen, helium/hydrogen mixtures or 

nitrogen flow, which was mixed with helium flow in a T-junction just before the discharge 

chamber. A translational stage (PT3; Thorlabs Inc., Newton, NJ, USA) was used to precisely align 

the FAPA source with the mass spectrometer inlet. Volatile analytes were introduced to the FAPA 

afterglow through a fused-silica capillary with helium as the carrier gas with 10 mL/min flow rate. 

Solid analytes were introduced to the FAPA afterglow with a glass probe fixed on a one-

dimensional translational stage (PT1; Thorlabs Inc., Newton, NJ, USA), similar to the methods 

described before.22, 83 

Different mass flow controllers were used at Prof. Paul Farnsworth lab at Department of 

Chemistry and Biochemistry, Brigham Young University, where high-resolution emission spectra 

were collected. For the He:H2 and He:O2 mixtures the flows from two sources, UHP He and 1% 

H2 in He, were combined using two matched mass flow controllers (MKS model 1170A, Andover, 

MA). The flows from the two sources were varied to give a final support gas ranging from pure 

He to 1% of the dopant gas in He, at a total flow rate of 1 L min-1. For the He-N2 mixture, low 
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flows of pure N2 gas were metered into a flow of UHP He to give the desired N2 percentages. The 

N2 flows were delivered by a mass flow controller (Teledyne Model HFC-302, Thousand Oaks, 

CA) that had been calibrated with a primary calibrator (Definer 220, Mesalabs, Butler, NJ) to 

ensure accurate final concentrations of N2 between 0% and 1%. 

Mass spectrometry 

Mass spectra were acquired with Thermo LTQ XL linear ion trap mass spectrometer 

(Thermo Scientific, San Jose, CA, USA). The LTQ-XL mass spectra were collected with 

maximum injection time of 100 ms and three microscans per spectrum with capillary temperature 

of 275 °C. Capillary and tube lens voltages of 15 and 65 V, respectively, were used to acquire 

higher mass-to-charge ratio detection. To acquire reagent-ion mass spectra in positive-ion mode, 

capillary and tube lens voltages were held at 2 and 31 V, respectively. 

Emission spectroscopy 

Optical emission spectra were recorded in two locations with two different spectrometers.  

For one case, an Avantes six channel spectrometer (Model: AVS-RACKMOUNT-USB2, Avantes 

Inc., Apeldoorn, Netherlands) capable of simultaneously measuring emission from 175 to 1100 

nm was used to measure low-spectral resolution emission profiles from FAPA source. Spatially 

resolved emission was collected from localized space as small as 50 µm. Automated stage was 

used to move the FAPA source.  

Higher-resolution optical spectra were needed to determine rotational temperatures and 

electron number densities and were obtained at Brigham Young University.  For these 

measurements, the plasma was imaged on the entrance slit of a monochromator (model 2061, 

McPherson, Chelmsford, MA) with unit magnification. Matched achromats were used for 



 

58 

 

collection of the N2
+ and Hβ spectra, and matched plano-convex fused silica lenses were used to 

collect the N2 and OH spectra. In the latter case, the positions of the lenses were adjusted to 

compensate for chromatic aberration at the UV wavelengths. The entrance slit of the 

monochromator was 2 mm high and 20 µm wide. Because the negative glow was a thin layer very 

near the tip of the stainless-steel pin cathode, the discharge was positioned such that the upper 2 

mm of the cathode was in the viewing region during collection from the negative glow. For 

collection of emission from the anode glow, the discharge was lowered by 7 mm, resulting in 

collection of radiation from the region immediately below the brass cap that served as the anode. 

The high-resolution spectra were obtained with a 1200 groove/mm grating installed on the 

1-meter monochromator, which, combined with the 20-µm entrance and exit slits, produced a 

nominal instrumental linewidth of 17 pm. Given the stigmatic optics of the monochromator and 

the relatively small slit height, the actual instrumental width is close to the nominal value. 

Radiation emerging from the exit slit of the monochromator impinged on a photomultiplier tube 

(R928, Hamamatsu, Hamamatsu City, Japan), and the resulting photocurrent was converted to a 

voltage with a commercial amplifier (Keithley, model 428, Beaverton, OR). Voltages were then 

digitized and stored for further analysis. 

OH rotational temperature determination 

 The method used here to calculate rotational temperature is same as explained by Chan et 

al.92 and Shelley et al.25 Briefly, four emission lines in Q1 branch were used to construct a plot of 

ln(Iλ/gA) versus Eexc, where λ, I, A, g, and Eexc are the emission wavelength, intensity of the line, 

the transition probability, the degeneracy of the excited energy level, and the energy of the excited 

state in eV, respectively.25, 92 The slope of the linear plot obtained was equal to (-1/kTrot), where k 
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is the Boltzmann constant in eV K-1 and Trot is the rotational temperature in K.25, 92 The relative 

slope error was used to calculate the relative standard deviation of calculated temperatures.25   

Result and discussion 

He:O2-FAPA source for mass spectrometry 

Significant presence of molecular gases in the atomic plasmas (e.g., He, Ar, etc.) quench 

reagent-ion formation, which results in little or no analyte signals. Therefore, most plasma-based 

ADI sources are operated with ultra-high purity gases; even then, ultra-high purity helium 

(99.999%) contains small amounts of water (<0.5 ppm) and other impurities. In addition, water 

molecules adsorbed on inner wall of transfer lines gets in to the discharge. In this study, small 

fractions of molecular gases were controllably added to the helium glow discharge of a FAPA 

source to study the effects on plasma processes and ionization chemistries. Previously, it has been 

shown that the addition of small fraction (0.1%, v/v) of O2 enhances the protonated water cluster 

signal with corresponding enhancement in ion signal for small polar analytes like acetone and 

methanol.91 Whereas, compounds with aromatic rings undergo chemical modification with He:O2-

FAPA afterglow to produce pyrylium species. Formation of pyrylium was confirmed with the help 

of exact mass measurement, tandem mass spectrometry, measurement of isotopically labelled 

species, and reaction of pyrylium ions formed in the FAPA afterglow with ammonia.  

He:H2-FAPA source for mass spectrometry 

The effect of another molecular gas hydrogen (H2) addition to He-FAPA was also studied. 

It was found that a small fraction of H2 (0.17%, v/v) quenched almost all the reagent ions in the 

afterglow of FAPA (cf. Figure 4-1). Specifically, protonated water dimer signal decreased by more 

than three orders of magnitude, which is due to the quenching of helium metastable atoms by 

collision with hydrogen molecules which eventually leads to low reagent ion signals as helium 
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metastable atoms play a significant role in reagent ions formation.9, 49, 93 Similar results were also 

observed by Heywood et al.93 where collisionally assisted laser-induced fluorescence (LIF) was 

used to map the helium metastable densities in the afterglow of a helium DBD. In the presence of 

1% H2, helium metastable atoms could not be detected in the afterglow plasma. In spite of the 

decreased abundance of helium metastable atoms and reagent ions, enhancement in ion signal for 

a range of analytes was observed .49  

 

Figure 4-1: Reagent-ion mass spectra obtained with A) He-FAPA and B) He:H2-FAPA (inset shows the zoomed in view of y-axis). 

Protonated acetone ion signal is due to the presence of acetone in ambient air. 

In the present case, introduction of H2 to the helium discharge of FAPA did not enhance the analyte 

signal. However, signal for analyte ions did not decrease to the same degree as that of the reagent 

ions. As can be seen in the Figure 4-1 reagent ion signal drastically decreased on 0.17% H2 

addition, but aniline, naphthalene and anthracene ion signals decreased only by 3.1, 6.4, and 12.0 

times, respectively (cf. Figure 4-2, Figure 4-3, Figure 4-4) Additionally, there was a noticeable 

change in the ionization pathway of analytes with He:H2-FAPA compared to pure He-FAPA. For 

aniline, protonated molecular ion (MH+) was the only detected species with a He:H2-FAPA, while 

He-FAPA yielded a molecular ion (M+·) at 30% relative abundance compared to MH+ (cf. Figure 

4-2). In another case, the molecular cation of naphthalene dominated the mass spectrum when a 



 

61 

 

He:H2-FAPA was used, while MH+ as base peak with 50% M+· signal was obtained with He-FAPA 

(cf. Figure 4-3).  Mass spectra of anthracene obtained with He:H2-FAPA contained small ion signal 

of M+ with mostly MH+ which also differs from the mass spectra obtained with He-FAPA (cf. 

Figure 4-4).  In all cases, oxidation of analytes was significantly decreased with He:H2-FAPA.  

Overall, He:H2-FAPA produced chemically cleaner mass spectra with lower ion signal and fewer 

analyte ion types. The ionization process could be led by the formation of other reagent ions such 

as H3
+, HeH+, etc. as suggested by Wright et al.49 as regular reagent ions such as protonated water 

clusters, O2
+, NO+, etc. are not available (cf. Figure 4-1). In addition, photoionization could be 

another source of ionization of analytes. 

 

Figure 4-2: Mass spectra of aniline with A) He-FAPA and B) He:H2-FAPA with 0.17% v/v H2. 
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Figure 4-3: Mass spectra of naphthalene with A) He-FAPA and B) He:H2-FAPA (0.17% H2). 

 

Figure 4-4: Mass spectra of anthracene with A) He-FAPA and B) He:H2-FAPA (0.17% H2). 

He:N2-FAPA source for mass spectrometry 

For plasma-based ADI-MS sources, N2 plays a vital role in afterglow chemistry and reagent 

ion formation.9, 10 To monitor the effect of N2 gas on plasma processes and ionization chemistry 

of FAPA source, small fractions of N2 was precisely introduced to the He plasma. Addition of N2 

to He-FAPA also quenched the reagent ion signal in the positive-ionization mode, which led to 

decreased ion signal for analytes. However, in negative-ionization mode, reagent-ion  signals for 

NO2
‒ and NO3

‒ increased with the addition of 0.2% N2 (cf. Figure 4-5). Furthermore, the ratio of 

NO3
‒ to NO2

‒ changed from 2.25 to 177.2 on 0.2% nitrogen introduction to He-FAPA. 
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Interestingly, RDX ion signal also significantly increased with He:N2-FAPA compared to 

He-FAPA. The RDX molecule generally forms NO2
‒ and NO3

‒ adduct ions when ionized with 

FAPA. The [RDX+NO3]
‒ signal increased by ~7.2 times with 0.2% N2 in He-FAPA compared to 

pure He-FAPA. In addition, the [RDX+NO3]
‒  to[RDX+NO2]

‒ ratio increased from 2 to 16.78 (cf. 

Figure 4-6) with the introduction of 0.2% N2 to He discharge. Overall, with He:N2-FAPA mass 

spectra for RDX had better ion signal and contained mostly NO3
‒ adduct. Harper et al.18 reported 

mass spectra for RDX with LTP probe with helium and air as discharge gas. The mass spectra with 

helium LTP probe contained [RDX+NO2]
‒ almost 40% of [RDX+NO3]

‒, whereas, the ion 

abundance of [RDX+NO2]
‒ was ~5% relative to [RDX+NO3]

‒ signal with air as discharge gas. 

These results show that small fraction of N2 addition to He-FAPA provides better result on 

detection of explosives which tend to form NO2
‒ and NO3

‒ adducts.  

 

 

Figure 4-5: Reagent ion mass spectra in negative-ionization mode obtained with A) He-FAPA and B) He-N2-FAPA with 0.2% N2.  
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Figure 4-6: Mass spectra of RDX in negative-ionization mode obtained with A) He-FAPA and B) He:N2-FAPA with 0.2% N2.  

 

Optical characterization of He:O2-FAPA 

Mass-spectral data provides limited information on plasma processes and ionization 

chemistry and lacks the information on neutral excited atoms and molecules which might play 

significant role on ionization chemistry. To better understand the ionization chemistry and plasma 

processes with mixed-gas FAPA, optical emission from excited species within the discharge was 

measured. Emission spectra obtained from He:O2-FAPA discharge showed that addition of O2 

decreases the He, N2
+, N2, and  OH emissions, whereas, O emission increased at anode glow up to 

0.3% of oxygen addition and decreased on further O2 addition. Decrement on He emission could 

be explained by quenching of excited He atoms by molecular oxygen. At the negative glow (i.e. 

near the cathode), all He emission lines decreased with 0.1% O2 addition, whereas, it increased on 

further addition of O2. Other emission lines such as N2
+, OH, and H(α) emission decreased by 

more than 80% with as small as 0.1% O2 addition. Interestingly, N2 emission decreased on 0.1% 

O2 addition and slightly increased on further O2 addition. In addition, N2 emission did not decrease 

to the same level as N2
+, OH, and H(α) emission. Although the FAPA consists of a non-equilibrium 



 

65 

 

plasma, decrement in N2
+ emission might have shifted the steady state towards N2. Therefore,

 

Figure 4-7: Relative emission intensity of NO, OH, N2, N2
+, O, and He from anode and negative glow with respect to O2 composition on 

He discharge of FAPA source.  

the effect of O2 addition had relatively smaller impact on N2 emission. Atomic oxygen emission 

increased significantly with 0.1% O2 addition and did not change much with higher O2 

composition. Helium emission also significantly decreased (~70%) with 0.1% O2 addition and 

slightly increased with further addition, which is counterintuitive. With more than 0.3% O2 in the 

plasma, the pin cathode became red hot and an arc started to form. So, the emission data from 

negative glow with more than 0.3% O2 might not represent the proper atmospheric pressure 

glow-discharge emission. Overall, the emission data showed an abrupt change in emission 

characteristics with 0.1% oxygen and relatively small change with further O2 addition. The optical 

findings corroborate the mass-spectral characterization where the biggest impact on reagent-ion 

signal was also observed with 0.1% O2.
91  

 Gas-kinetic temperature is an important parameter for plasma-based ADI sources as gas 

temperature plays vital role in desorption of analytes. Approximate gas-kinetic temperature can be 

obtained by measuring rotational temperatures (Trot) of OH. Here, the OH rotational temperature 

was calculated for both the anode and negative glow as a function of O2 composition (cf. Figure 
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4-8A). In the negative glow, the rotational temperature remained approximately the same. At the 

anode glow, the OH rotational temperature increased monotonically with O2 composition. 

Thiyagarajan et al.94 and Motret et al.95 also observed the rise in rotational temperature with 

molecular gas composition in helium and argon plasma. Rise in rotational temperature with 

molecular gas composition could be due to the vibrational modes of molecules to hold the energy.  

 

Figure 4-8: OH rotational temperatures estimated from rotational emission band from anode and negative glow with respect to A) O2 

composition, B) H2 composition, and C) N2 composition. 

Optical characterization of He:H2-FAPA 

With He:H2-FAPA, a monotonic decrease in He emission intensity was observed in both 

the negative glow and the anode glow with increasing H2 composition (cf. Figure 4-9) Emission 

from O and OH decreased by more than 70% on 0.17% H2 addition and decreased further with 

more H2 at both anode and cathode. In the anode glow, emission from N2
+ decreased by more than 

~40% on 0.17% H2 addition and kept decreasing on further addition, while it decreased by ~35% 

on 0.17% and remains approximately same even with further H2 addition. Interestingly, N2 

emission increased with increasing H2 composition at both anode and cathode, which might be due 

to the shift of equilibrium back to N2 from N2
+ due to the addition of H2. Hydrogen alpha and beta 

lines, both increased on H2 addition at anode glow. However, at negative glow H-emission 
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decreased on 0.17% H2 addition and remained approximately same on further H2 addition which 

is counterintuitive. Currently, the reason for H-emission decrement in the negative glow is not 

known.  With H2 addition, most emission intensity changed significantly with respect to the 

He-FAPA on 0.17% addition for almost all species and effect was little to none on further addition. 

The emission data shows that addition of H2 quench excited helium atoms. Mass spectrometric 

observation of decreased reagent ion population also supports the fact that addition of H2 to He-

FAPA quenches the excited helium atoms (cf. Figure 4-1). 

 

Figure 4-9: Relative emission intensity of NO, OH, N2, N2
+, O, He, and H from anode and negative glow with respect to H2 composition on 

He discharge of FAPA source.  

 Addition of H2 to He-FAPA also slightly increased the rotational temperature (cf. Figure 

4-8).  The monotonic patterns for rotational temperatures in both the anode glow and the negative 

glow on H2 addition were more consistent compared to O2 or N2 addition. It was also visually 

observed that the discharge is still quite stable with H2 addition, in contrast to what was observed 

when O2 was added at 0.3%. Again, the overall slight increment in temperature with H2 addition 

might be due to availability of vibrational levels to impart energy into.  

Optical characterization of He:N2-FAPA 
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Mass spectrometry data showed that addition of even small fraction (0.2%) of N2 to He 

plasma of FAPA source also decreased the reagent ion signal in positive-ionization mode. Similar 

to H2 addition, N2 also quenched the excited helium atoms, but, the effect was less compared to 

the addition of O2 and H2 as shown in the emission data (cf. Figure 4-10).  Unlike He:O2 and He:H2-

FAPA, NO emission increased with N2 addition, which could be related to the enhancement on 

NO3
‒ signal in negative-ionization mode. To abstract the actual relation between these excited 

atoms and molecules with the ions observed with mass spectrometer, a through computational 

study is needed.96   

 

Figure 4-10: Relative emission intensity of NO, OH, N2, N2
+, O, He, and H from anode and negative glow with respect to N2 composition 

on He discharge of FAPA source.  

 Rotational temperature of OH slightly increased at both anode and cathode also on addition 

of N2 and the increment pattern seemed smooth except at negative glow with 0.75% N2 addition. 

The negative glow at pin cathode is very thin and the glow changes on coverage and uniformity 

occasionally. The irregular rotational temperature data obtained at 0.75% N2 addition could be due 

to such change in coverage of negative glow. For the anode glow, OH rotational temperature 

increased by approximately 187 K, 105 K, and 140 K on addition of 1.00% O2, H2, and N2, 

respectively. 
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Conclusions 

 Addition of molecular gases to He-FAPA resulted unique plasma chemistries. Addition of 

small fraction of oxygen to He-FAPA increased protonated ion cluster signal. Corresponding 

enhancement in signal was also observed for small polar analytes such as acetone and methanol, 

but, compounds with aromatic rings underwent significant chemical modification to produce 

pyrylium ions. Addition of hydrogen produced chemically cleaner mass spectra with reduced ion 

signal for analytes. Nitrogen addition increased the NO3
‒ ion signal and, correspondingly, 

[RDX+NO3]
‒ also enhanced in negative ionization mode. Optical characterization of mixed-gas 

FAPA suggested that addition of molecular gas to He-FAPA significantly quenches the metastable 

helium atoms which are responsible for the formation of reagent ions in the afterglow of FAPA. 

This study sheds light on how presence of molecular gasses on helium plasma of FAPA source 

affects the plasma processes and ionization chemistries. Mostly addition of molecular gases to He-

FAPA is disadvantageous but for some specific applications, like explosive and small polar analyte 

detection, mixed-gas plasma provides better results.  
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5. Direct-current atmospheric-pressure glow discharge 

(DC-APGD) as a photoionization source for mass spectrometry 

Abstract 

 Atmospheric-pressure photoionization (APPI) has been shown to complement other 

atmospheric-pressure ionization sources as it can ionize low-polarity and non-polar analytes. 

Generally, APPI is performed with vacuum-ultraviolet (VUV) lamps that can be complex in design 

or rely on expensive discharge gases (e.g., krypton, xenon). Here, we demonstrate the use of a 

helium-based direct-current atmospheric-pressure glow discharge (DC-APGD) as an APPI source 

for mass spectrometry. The design is fairly simple (based on the Flowing Atmospheric-Pressure 

Afterglow source) and low power (< 10 W) but is also quite effective.  Species from the discharge 

were separated from high energy photons by sealing the open end of the FAPA chamber with a 

MgF2 window; thus, only the high-energy, vacuum ultraviolet (VUV) photons interact with gas-

phase analytes. This He-APGD APPI source was found to be effective at ionizing a range of 

analytes such as perfluorohexane, perfluorooctanoic acid, diisopropyl methyl phosphonate, 

mesitylene, etc. The effect of discharge parameters, such as discharge current and discharge gas 

composition, on analyte ion signal was also studied. It was found that analyte-ion signal increases 

linearly with discharge current, while addition of molecular gases (O2, H2, or N2) to the 

helium-APGD decreased analyte ion yield. Furthermore, the use of dopants (e.g., acetone and 

toluene) in the ionization region was found to enhance analyte signal by up to 1000 times. To 

gauge the approximate energy of photons responsible for ionization, different window materials 

were tested with only MgF2 and LiF producing ion signal, which indicates that (blah). Finally, 

ionization pathways of analytes with APPI and FAPA were compared by simply removing the 

window. These studies show the capability of a DC-APGD lamp as an APPI source that could also 
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shed light on alternative ionization mechanisms for FAPA source. Feasibility of DC-APGD lamp 

as ionization source for GC-MS analysis is also demonstrated.  

Introduction 

 Of the past 45 years, many atmospheric-pressure plasmas have been used as ionization 

sources for mass spectrometry. Atmospheric-pressure chemical ionization (APCI) described by 

Horning et al.1 was the first plasma-based source used for ionization at atmospheric pressure. An 

insurgence in the number of configurations and types of atmospheric-pressure plasmas used for 

ionization occurred after 2005 with the inception of the first plasma-based ambient 

desorption/ionization (ADI)6 source direct analysis in real time (DART)97. Some plasma-based 

ionization sources that soon followed include dielectric barrier discharge ionization (DBDI),82, 98 

the low temperature plasma (LTP) probe,18 flowing atmospheric-pressure afterglow (FAPA),9 and 

plasma-assisted desorption/ionization (PADI)99. These major advantage of plasma sources for ADI 

is that they require minimal sample preparation as they can directly desorb/ionize analytes from 

their native environment. Sources such as DART and FAPA uses DC voltages, whereas, LTP, 

DBDI, PADI, etc. uses AC voltages.5 However, there is some commonality in the operation and 

performances of these devices.  For instance, it is frequently reported that the optimal discharge 

gas is helium.  Additionally, all of these plasma-based ADI sources produce similar reagent ions 

such as protonated water clusters ([H2O]2H
+), O2

+, NO+, and N2
+, in the positive-ionization mode 

and O2
‒, NO2

‒, and NO3
‒ in the negative-ionization mode.5, 21 For the most part, analytes undergo 

proton-transfer or charge-transfer ionization to produce either MH+ or M+ in positive-ionization 

mode. In negative-ionization mode, electron attachment or proton abstraction or adduct formation 

can take place to produce [M]‒ or [M-H]‒ or [M+A] ‒.5 An unfortunate consequence of the chemical 

ionization processes with these plasmas is that several other analyte-related ions are also produced 
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due to oxidation,22, 40, 47, 84 fragmentation,100 or some unusual chemical reactions91, 101, 102; these 

deleterious effects are especially pronounced when the plasma directly interacts with analytes.100 

Mass spectra can become quite complex due to the presence of ions formed by such reactions. Due 

to no direct interaction of plasma with analytes, DART source produces mass spectra with lesser 

oxidation of analytes compared to other plasma-based ADI sources. Shelley et al.22 also showed 

that by increasing the distance between plasma and the sampling region with a capillary, mass 

spectra obtained with FAPA are simplified.   

 In contrast to plasma-based APCI, atmospheric-pressure photoionization (APPI) sources 

produce relatively simple mass spectra. Photoionization sources use high-energy photons 

(9-11 eV) to ionize gaseous analytes.11, 103 Analytes (denoted as M) can be ionized if the photons 

have energy greater than the ionization energy (IE) of the analyte (Reaction 5.1). Irradiating 

photons ionize analytes in chemically simpler manner to produce mostly [M]+, [M+H]+, [M]‒, or 

[M-H]‒.11, 103 The APPI ionization approach has been shown to complement other 

atmospheric-pressure ionization sources, such as APCI and electrospray ionization (ESI), as low-

polarity and non-polar analytes can be ionized since the ionization process does not depend on 

proton affinities of analytes.103, 104 However, due to the low penetration depth of high-energy 

photons in ambient air, APPI sources often suffers from low ionization efficiency. To overcome 

this issue, easily ionizable compounds, known as dopants, are used to enhance the ion signal by 

several times.3, 11, 103, 105 The dopant (D) is ionized via direct photoionization with APPI photons, 

which, in turn, ionizes analytes (Reactions 5.2-5.7). Solvent molecules (S) can become involved 

in ionization and lead to the formation of protonated solvent ions. Protonated solvent ions, in turn, 

protonates analyte molecules to form protonated molecular ions ([MH]+) (Reactions 5.8-5.10).  

M + hѵ→ M+· + e- (5.1) 
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D + hѵ → D+· + e- (5.2) 

D+·+ M → M+· + D (5.3) 

S + hѵ → S+· + e-                  (5.4) 

D+· + nS → [D+·Sn (5.5) 

[D+·Sn] → Sn
+ + D·     (5.6) 

[D+·Sn] → [Sn+H]+ + [D-H]· (5.7) 

[Sn+H]+
 + M → [M+Sn-1+H]+ + S (5.8) 

[Sn+H]+
 + M → [M+Sn+H]+ (5.9) 

[M+Sn+H]+ → [M+H]+ + nS (5.10) 

  

In negative-ionization mode, reactions are initiated by thermal electrons released during 

the photoionization process which could lead to the formation of [M]‒, [M-H]‒ [M-X+O]‒, or 

[M+A]‒ (Reactions 5.11-5.20).103  

M + e- → M-· (5.11) 

S + e- → S-·                                   (5.12) 

O2 + e- → O2
-· (5.13) 

M + O2
-· → M-· + O2

                  (5.14) 

M + O2
-· → [M-H]- + HO2 (5.15) 

S + O2
-· → [S-H]- + HO2 (5.16) 

M + [S-H]- → [M-H]- + S (5.17) 

M + O2
-· → [M-X+O]- + OX· (5.18) 

M-· + O2
 → [M-X+O]- + OX (5.19) 

M + A- → [M+A]- (5.20) 

  

Generally, APPI is performed with reduced-pressure, vacuum-ultraviolet (VUV) lamps. 

Most commercial VUV lamps emit at either 10 eV (123.98 nm) or 10.6 eV (116.96 nm) from 

krypton discharge.11 These lamp designs are complex and uses expensive discharge gases. Laser-

based photoionization sources are also complex and expensive. In this study, a simple, low power 

(~7 W) DC-APGD is used as an APPI source. This new lamp is a simple modification of an 

existing FAPA source. Mass spectra of a range of analytes were collected with the DC-APGD-PI 

source. Effects of discharge operating parameters on ionization efficacy were also monitored. Due 

to the simple design, this DC-APGD-PI source is also easily convertible to regular FAPA source, 

so, mass spectra from both designs were acquired and compared.  
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Experimental section 

Reagents 

All reagents used were analytical grade. Ultra-high purity (UHP) helium (99.999%), UHP 

nitrogen (99.999%), helium/oxygen mixture (80%/20%), and helium/hydrogen (60%/40%) 

mixture were obtained from Airgas (Radnor, PA, USA). Mesitylene, acetone, perfluorohexane, 

perfluorooctanoic acid (PFOA), methyl salicylate, diisopropyl methylphosphonate (DIMP), 

dimethyl methyl phosphonate (DMMP), 2-chloroethyl ethyl sulphide (2-CEES), and triethyl 

phosphate (TEP) were purchased from Sigma-Aldrich (St. Louis, MO, USA).  

Instrumentation 

The FAPA source of pin-to-plate geometry9, 91 was modified to use as an atmospheric-

pressure glow discharge photoionization (APGD-PI) source. The hole in the plate electrode of the 

FAPA source was blocked with 2-mm thick optical windows and the gas flow was directed other 

way (cf. Figure 5-1). The APGD was sustained with a tungsten cathode and brass plate anode with 

a 1.6 mm hole to transmit photons. Direct-current potential (ca. 500 V) was applied to the cathode 

from a high-voltage power supply (Prosolia Inc., Indianapolis, IN, USA) with grounded plate 

anode and operated in constant current mode of 20 mA. A mass flow controller (model C50L-AL-

DD-2-PV2-V0-SCR; Sierra Instruments Inc., Monterey, Ca, USA) was used to maintain the 

helium flow rate of 1 L/min. Another mass flow controller (model C50L-AL-DD-2-PV2-V0-SCR; 

Sierra Instruments Inc., Monterey, Ca, USA) was used to maintain the precise flow of 

helium/oxygen, helium/hydrogen mixtures or nitrogen. The gas flows were mixed in a T-junction 

just before the discharge chamber as described previously.91 Different windows were tested to 

block reagent ions; windows used were MgF2, LiF, UV-fused silica, sapphire, and borosilicate 

glass (N-BK7) all purchased from Thorlabs Inc. (Newton, NJ, USA). The windows would transmit 

photons, while preventing discharge species from interacting with gas-phase analytes. Gaseous 
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samples were introduced with a helium carrier gas at 10 mL/min flow rate that was passed through 

a vial containing sample. 

 

Figure 5-1: A) Schematic of the modified FAPA source used as a photoionization source and B) Discharge power (black symbols and 

axis) and discharge voltage (red symbols and axis) as a function of discharge current.  Both APGD-PI and FAPA sources were operated 

in a current-controlled mode. 

  

High-resolution and tandem mass spectra were collected with Thermo Q-Exactive mass 

spectrometer (Thermo Scientific, San Jose, CA, USA). Capillary temperature and S-lens rf level 

were set to 320 °C and 65%, respectively. A gas chromatograph (model 7890A, Agilent 

Technologies, Wilmington, DE) was coupled with APPI source and mass spectrometer by 

extending the 60 cm of a 30 m DB-5MS column (0.25 µm i.d., 30 m, Agilent Technologies, 

Wilmington, DE) outside of the oven. The column outside the oven was kept at high temperature 

by putting it inside of a 3.175 mm heated copper tubing. The temperature of copper tubing was 

monitored with a thermocouple and maintained constant at ca. 200 °C.  This method is similar to 

the method explained previously.16, 106 The outlet of GC column was exposed to mass spectrometer 

inlet with an in-line configuration and APPI source was oriented orthogonal to the MS inlet. To 

determine the limit-of-detection (LOD) of DIMP, solutions of DIMP was made in methanol with 
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different concentrations. One microliter of each solution was injected to the GC column with split 

ratio of 2:1. 

Result and discussion 

Uncoated magnesium fluoride (MgF2), lithium fluoride (LiF), sapphire (Al2O3), UV-fused 

silica (SiO2), or N-BK7 window was used to block the reagent ions from the APGD. Mass spectra 

of mesitylene (M+ = 120.093, ionization energy = 8.4 eV) were acquired with the APGD-

photoionization source with different window types. However, mesitylene ion signals were only 

detectable with MgF2 and LiF windows (cf. Figure 5-2). This result suggests that the photons 

responsible for ionization of analytes are less than 150 nm (8.26 eV), as the sapphire window had 

a cutoff wavelength at around 150 nm. Furthermore, ionization energy of mesitylene is 8.4 eV 

which corresponds to 147.6 nm, which further suggest photons responsible for ionization should 

be less than 147.6 nm. Since MgF2 is more stable in harsh thermal conditions compared to LiF, 

the remained of studies were carried out with a MgF2 optical window. 

 

Figure 5-2: A) Photon transmission efficiency as a function of wavelength for the windows types tested (data obtained from 

www.thorlabs.com). Data for LiF is missing as it was not available. B) Mass spectra of mesitylene obtained from APGD-PI-MS with 

different window materials. Note: Vertical offset was used for the clarity. Spectrum at top with sapphire, UVFS, and NBK-7 windows 

looks as a line as there was no ion signal. 
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To compare the ionization chemistry of APGD-PI with FAPA, mass spectra were acquired 

and compared for DIMP, mesitylene, perfluorohexane, and PFOA. Mass spectra obtained with 

FAPA-MS had more fragments compared to those obtained with APGD-PI-MS (cf. Figure 5-3) as 

FAPA imparts additional energy into the analytes during ionization100 and DIMP is a fragile 

analyte. Mass spectra of DIMP obtained with APGD-PI-MS contained protonated dimer ion 

(M2H
+) with less than 20% (relative abundance) of the protonated monomer ion (MH+) and other 

fragments of DIMP. While, fragment ions can aid in the determination of analyte structure, a single 

analyte ion is preferred in the analysis of complex mixtures analysis or when quantification is 

needed. Although the mass spectra obtained with APGD-PI-MS did not consist of only protonated 

dimer, is the spectrum is much simpler compared to that obtained with FAPA-MS (cf. Figure 5-3). 

A non-polar analyte, mesitylene often produce complex mass spectra with FAPA-MS as it 

is highly susceptible to oxidation and other side reactions in FAPA afterglow. It is often difficult 

to determine mesitylene with pin-to-plate design of FAPA source due to the complexity of mass 

spectra obtained (cf. Figure 5-4A). Unlike with FAPA-MS, mass spectra of mesitylene obtained 

with APGD-PI-MS were significantly easier to interpret and contained molecular ion (M+) and a 

few minor derivatives, such as [M-CH3]
+ and [M+O]+ (cf. Figure 5-4B). Undoubtably, mass 

spectra obtained with the APGD-PI-MS for analytes like mesitylene are better for both qualitative 

and quantitative purposes. Of course, the major advantage of FAPA is the ability to desorb analytes 

directly from solid or liquid samples for direct analysis. Due to the simple design, this He-APGD 

APPI lamp can be easily converted to FAPA source just by removing the window.  Due to such 

simply convertible design, the benefits of both ionization sources could be exploited. However, 

the FAPA-MS and APGD-PI-MS presented in this study were acquired with different sources.  
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Figure 5-3: Mass spectra of diisopropyl methylphosphonate (DIMP) with FAPA (A) and APGD-PI (B) sources. 

 

Figure 5-4: Mass spectra of mesitylene with FAPA (A) and APGD-PI (B) sources. 

Mass spectra of analytes such as perfluoroalkane and PFOA were acquired in negative 

ionization mode with both APGD-PI and FAFA sources. Mass spectra of perfluorohexane obtained 

with FAPA-MS contained [M-F+O]‒, [M-F]‒, and [M-3F]‒ with very low relative abundance 

(<0.5%) of [M]‒. In contrast, APGD-PI-MS produced mass spectra with more than 50% relative 

abundance of [M]‒ with respect to base peak ([M-C2F5+O]‒) (cf. Figure 5-5). Molecular ion signal 

(M‒) certainly helps in molecular weight determination. Relatively complex mass spectra 

containing [M-H]‒, [M2-H]‒, [M-HCO2]
‒, etc. were obtained for PFOA with FAPA-MS, whereas, 

mostly [M2-H]‒ was obtained with APGD-PI-MS with less than 10% relative abundance for other 
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ions (cf. Figure 5-6). All of these findings suggest that APGD-PI source can be an alternative 

ionization source for the analytes, which produce complex mass spectra with FAPA.  

 

Figure 5-5: Mass spectra of perfluorohexane with FAPA (A) and APGD-PI (B) sources. 

 

Figure 5-6: Mass spectra of perfluorooctanoic acid with FAPA (A) and APGD-PI (B) sources. 

Effects of discharge current (or power) ionization efficacy were studied for APGD-PI-MS. 

Ion signal for protonated DIMP dimer (M2H
+) was monitored while changing the discharge 

current. It was found that ion signal increases linearly with increasing discharge current (cf. Figure 

5-7A). Higher discharge current should result in a greater number of excited plasma species that, 

in turn, would increase the number of emitted photons. Greater number of high energy photons 

leads to the higher abundance of analyte ions when photon counts is the limiting factor.  
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The effect of discharge gas composition on analyte ion signal with APGD-PI source was 

also studied. A continuous flow of DIMP vapor was introduced to the APGD-PI source while the 

gas composition was altered by adding molecular gases such as O2, N2, or H2. Addition of 0.5% 

(v/v) of O2 to helium plasma decreased the analyte ion signal approximately by 3 times (cf. Figure 

5-7B). Addition of small fraction (0.5%, v/v) of other molecular gases (H2 and N2) also decreased 

the analyte ion signal to a similar degree as was observed with O2 addition. The possible reason 

for decreased ion signal with mixed-gas APGD-PI could be that the addition of molecular gases 

quenches the excited species emitting high energy photons.49, 93 Heywood et al.93 also observed 

that addition of 1% H2 to He plasma quenches the He metastable as excited atoms follow more 

collisional relaxation than radiative relaxation in the presence of molecular gases. 

 

Figure 5-7: A) Ion signal vs discharge current for protonated DIMP dimer and B) Chronogram of protonated DIMP dimer with and 

without the addition of 0.5% oxygen to the discharge gas (indicated by red arrows). Addition of other molecular gases, such as H2 and N2, 

also produced similar results. 

The APGD-PI source was coupled with gas chromatography and mass spectrometry 

(GC-MS) analysis. Photons from APGD-PI source were exposed to the effluent from a GC column 

positioned in front of the mass spectrometer inlet. A solution of five chemical warfare agent 

(CWA) simulants, dimethyl methyl phosphonate (DMMP), 2-chloroethyl ethyl sulfide (2-CEES), 

diisopropyl methyl phosphonate (DIMP), triethyl phosphate (TEP), and methyl salicylate was 
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made in methanol with concentrations of 22 ppb, 2.14 ppm, 18.8 ppm, 15 ppb, and 2.34 ppm, 

respectively. Among these analytes, DMMP, DIMP, and TEP are simulants for sarin gas, while 

2-CEES and methyl salicylate are simulants for mustard gas. One microliter of the mixture was 

injected on to the GC column with split ratio of 2:1. The inlet temperature was maintained at 

200 °C. The oven temperature was kept at 90 °C for 0.1 min and then ramped to 220 °C at a rate 

of 40 °C/min. Figure 5-8 shows the chromatograms for all analytes where DMMP, DIMP, and 

TEP produced MH+ ions, while methyl salicylate produced M+ ion and 2-CEES produced an 

M-H+H2O
+ ion. All analytes were separated and detected within two minutes of GC-MS analysis. 

Limit of detection (LOD) for DIMP was found to be 9 fmol (cf. Figure 5-9). The LOD here refers 

to the least amount detected as there was no background signal. These results demonstrate that the 

APGD-PI source could be used as ionization source for very sensitive detection of analytes with 

GC-MS.  
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Figure 5-8: Chromatograms for DMMP, 2-CEES, DIMP, TEP, and methyl salicylate obtained with GC-APGD-PI-MS. 

 

Figure 5-9: Ion signal of fragment of DIMP at m/z 97.005 (obtained with MH+ ion at m/z 181.098 as isolated ion fragmented with 10% 

high energy collision induced dissociation (HCD) energy) versus amount injected in column. 
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Acetone and toluene were used as dopants to see the effect on analyte ion signal with 

APGD-PI-MS. A continuous flow of DIMP vapor was maintained at sampling region in front of 

mass spectrometer and 10 µL of acetone (or toluene) was sprayed on the dry wipes placed below 

the sampling region between the APGD-PI source and mass spectrometer inlet. The ion signal for 

DIMP rapidly increased up to 1000 times (cf. Figure 5-10). Similar dopant assisted enhancement 

in analyte ion signal was reported for chromatographic techniques before.105 No dopants were used 

for the aforementioned GC-APGD-PI-MS experiment for CWA simulant mixtures (cf. Figure 5-8) 

and the experiment to determine LOD (cf. Figure 5-9). Future experiments will be focused on 

determination of LOD for several analytes with dopant assisted photoionization.    

 

Figure 5-10: Change in DIMP ion signal in the absence and presence of acetone. Acetone was used as a dopant to examine the effect of 

dopant chemistry on APGD-PI source. Addition of toluene also produced the similar result. 

Conclusion 

The low power (~7 W) DC-APGD-PI source is introduced, which is able to ionize a variety 

of analytes such as aromatic hydrocarbons, perfluoroalkane, PFOA, and CWA simulants. Higher 

discharge power and helium as discharge gas was found to give best ion signal. Like other APPI 

sources, presence of dopants such as acetone and toluene enhanced the ion signal up to 1000 times. 

The usefulness of the APGD-PI source for GC-MS was also demonstrated by the analysis of a 
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mixture of five CWA simulants. Simple design, low power, portability, and flexibility to easily 

convert this DC-APGD-PI source to FAPA makes it perhaps more versatile than traditional 

photoionization sources. Future experiments will focus on comparison of performance of 

commercial APPI lamps with the DC-APGD-PI source used here. Furthermore, the VUV spectra 

of the emission from DC-APGD-PI source will be acquired to understand the photons responsible 

for photoionization of analytes.  
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6. Multimodal imaging approaches that involve mass spectrometry 

Abstract   

 Mass spectrometry imaging (MSI) provides a spatial distribution of chemicals with the 

atomic or molecular identity. Depending on the types of ionization source and the mass analyzer 

used, it can provide either elemental, molecular, or macromolecular information. However, every 

ionization source and mass analyzers are not capable to provide all these information. The MSI 

technique alone cannot also provide the topographical information of the sample surface as well. 

To overcome these issues, MSI has been coupled with several other techniques in different ways, 

either in parallel or in series, to obtain additional or complementary information from the same 

sample. Here, we summarize the recent advances in such multimodal imaging approaches that 

involve mass spectrometry.  

Introduction 

 Chemical imaging techniques can provide spatial distribution of chemical contents in a 

complex sample. Several chemical imaging methods have been reported based on various 

analytical approaches that are catered to specific application yet are capable of yielding spatial 

distributions of molecules or atoms in complex samples. There are several key parameters of the 

analytical method that dictate the quality of chemical images generated, which include spatial 

resolution, selectivity, and sensitivity. One of the highest resolution techniques is 

energy-dispersive X-ray (EDX) spectroscopy based imaging.107 Atomic level resolution has been 

reported with EDX spectroscopy performed under ultrahigh vacuum condition with high 

brightness field emission gun source in a spherical aberration corrected microscope along with 

detectors with high collection efficiency.107 These X-ray based imaging techniques are capable of 
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providing high spatial resolution distribution of elements but it lacks molecular information. In 

another case, vibrational spectroscopies, such as imaging methods based on Fourier Transform 

Infrared (FTIR) reflectance/absorbance and Raman scattering, based methods provide molecular 

bonding characteristics. Significantly improved sensitivity compared to conventional Raman 

spectroscopy is demonstrated with the addition of plasmon-enhancing materials, as is done in 

surface enhanced Raman spectroscopy (SERS)108 and tip-enhanced Raman spectroscopy 

(TERS),109 or by tuning the excitation light source to an absorption band of the molecule of interest, 

referred to as resonance Raman.110 Single molecule detection has been demonstrated with SERS 

and TERS.111, 112 However, there are several challenges associated with these techniques, including 

changes in substrate configuration, photobleaching, photo-chemical effects, molecular surface 

diffusion, which need to be overcome to achieve such results.111 Furthermore, FTIR and Raman 

spectroscopies provide molecular bonding character and not definitive molecular identity nor do 

they provide elemental information.  

Mass spectrometry (MS) is one of the fastest growing fields in analytical chemistry. It has 

several capabilities ranging from compound identifications to structural elucidation. With all these 

capabilities, MS has quickly become one of the most powerful techniques in analytical labs. 

Preparative mass spectrometry,113 trace gas analysis,114 proteomics,115 metabolomics,116 glycan 

analysis,117 isotope ratio analysis,118 etc. are just a few examples of the areas that MS covers. Mass 

spectral imaging (MSI) has also become an attractive field of study as it provides the spatial 

distribution of elements or molecules with their identity at complex surfaces. With MSI techniques, 

analytes from sample are first extracted/desorbed and ionized to get either elemental or molecular 

information depending on the type of ionization source. Mass-spectral data from each well-defined 

location on a sample surface is collected and used to reconstruct chemical-specific images based 
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on the ion signals of the analyte of interest.  High spatial resolution (1.4-200 µm)119-121 with 

elemental or molecular identity provided by MSI offers detailed chemical information from 

localized areas of sample surface. However, mass spectrometry is an inherently destructive 

technique and requires costly instrumentation, especially when compared to optical-spectroscopic 

approaches. Furthermore, only one combination of ionization source and mass analyzers cannot 

provide all the aforementioned capabilities of mass spectrometry. The type of ionization source 

used dictates sample preparation requirements, the type of information obtained, and the time 

requirements for data acquisition.  

Among the varieties of ionization sources used for MSI, matrix-assisted laser 

desorption/ionization (MALDI) source is one of the most widely used ionization methods for MSI. 

In MALDI, the sample is first covered with matrix which consists of small organic molecules that 

absorbs energy from the laser. The absorbed energy from laser causes desorption of the matrix 

along with analyte molecules which gets incorporated into the matrix crystals during 

crystallization. Spatial resolution of 1.4 µm has been achieved with MALDI-MS.119 The MALDI-

MS method is specially suitable for high molecular weight analytes, but low molecular weight 

analytes suffer isobaric interferences from matrix-related ions.  

Another extensively used technique for MSI is secondary-ion mass spectrometry (SIMS). 

In SIMS, high velocity primary ion beams are focused on the sample surface to produce secondary 

ions of analytes. The mass-to-charge (m/z) ratios of the secondary ions are determined with a mass 

analyzer. Spatial resolutions of 10s of nanometers have been achieved with monoatomic primary 

ion beams.122, 123 Conventional SIMS experiments with monoatomic primary ion beams were 

limited in mass range of up to 1000 Da.124 After the development of C60 and other cluster ion beam, 

higher molecular weight ions also become possible to detect with SIMS.125, 126  Use of cluster ion 
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beams also provides better depth resolution of sample compared to monoatomic ion beams for 

depth profiling experiments.127, 128 However, the sample analysis is done under ultra-high vacuum 

which limits the types of sample that could be analyzed.  

In recent years, several ambient desorption/ionization (ADI)6 methods have also been used 

for MSI.77, 121, 129-131 One major benefit of ADI methods is that samples are analyzed in ambient 

conditions (i.e. not in a vacuum) with minimal sample preparation. The first ADI source used for 

MSI was desorption electrospray ionization (DESI).12, 77 In this technique, charged solvent droplets 

bombard the sample surface at high velocities (120 m/s)132 in a localized area (few square 

centimeters).133 The initial solvent droplets form a thin film on the sample surface where analyte-

solvent interactions (i.e. extraction) take place.134  Impact of subsequent droplets creates a splash 

of secondary droplets containing analyte.134  These secondary droplets are captured by the 

atmospheric-pressure inlet of the mass spectrometer where they desolvate and produce analyte 

ions for mass analysis.12  Spatial resolution of ca. 35 µm has been demonstrated with DESI-MS 

by optimizing the operating parameters like emitter capillary size, solvent composition, solvent 

flow rate, MS scan rate, and step size.120, 135  

Liquid extraction-based techniques like nano-DESI has shown to provide resolution better 

than 10 µm.121, 136, 137 In nano-DESI, analytes are extracted with a solvent bridge formed between 

two capillaries and sample surface. One capillary continuously supplies the solvent to the liquid 

bridge and another capillary transports the dissolved analytes to mass spectrometer. Analytes are 

introduced to mass spectrometer by self-aspirating nanospray generated by applying high voltage 

between capillary and mass spectrometer inlet. Nano-DESI consumes smaller volume of solvents 

(200 nL/min)137 compared to DESI (3-15 µL/min).12 However, without the technique to maintain 
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the probe-to-sample surface distance, probe often crashes or lose contact with the sample 

surface.129 

Several ambient ionization sources for MSI applications have been coupled with laser 

ablation (LA). In these techniques, a laser is used to ablate small areas (10-200 µm) of the sample 

surface. The resulting ablation aerosol is transported to an ionization source followed by 

subsequent detection with a mass spectrometer. Raster scanning the laser beam across the sample 

surface followed by appropriate data treatment provides chemical images. Laser ablation 

electrospray (LAESI)-MSI was demonstrated by Nemes et al.138 in 2007. Later Vikkinen et al.139 

reported laser ablation atmospheric-pressure photoionization (LAAPPI)-MSI, which is more 

suitable for ionization of low-polarity and non-polar analytes. Robichaud et al.140, 141 demonstrated 

infrared matrix-assisted laser desorption electrospray ionization (MALDESI)142 for MSI. Although 

the experiments are performed under atmospheric-pressure, requirement of matrix application on 

sample surface makes it different compared to other ADI sources. However, matrix as simple as 

ice can be used for MALDESI imaging experiments.140 The LA-flowing atmospheric-pressure 

afterglow (FAPA)-MSI was demonstrated by Shelley et al.78 in 2008 with good spatial resolution 

(~20 µm) and high sensitivity (limit-of-detection of 5 fmol for caffeine). Recently, Fowble et al.79 

also coupled LA with direct analysis in real time (DART)-MS for the mapping of metabolites on 

tissue samples. These plasma-based sources are suitable for molecules of both high and low 

polarity.16, 84 The aforementioned ADI-MSI methods provide information about the molecular 

composition, but lacks elemental information as no atomic ions are detected with these methods.  

A technique that can generate elemental maps is LA coupled to inductively-coupled plasma 

mass spectrometry (LA-ICP-MS).143, 144  Inductively coupled plasma (ICP) ionization source is 

known as hard ionization source which produces ions of individual elements. The ICP-MS is well 
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known technique for elemental analysis mostly because of impressive sensitivity (~ppb) compared 

to other optical spectroscopies. In LA-ICP-MS, ablation aerosol from the sample is passed through 

the ICP torch where analytes are atomized and ionized followed by detection with a mass 

spectrometer. This LA-ICP-MS method provides high resolution spatial distribution which is 

mostly dictated by spot size of the laser. However, since all the analytes are atomized, no molecular 

ions are detected with LA-ICP-MSI techniques.   

Every chemical imaging technique is inherently limited by the requirements of 

spectroscopic method employed. One approach to overcome these limitations is to combine 

multiple analytical imaging methods that provide complementary information to yield a more 

comprehensive view of the interrogated sample. Such an approach of employing two or more 

imaging techniques in a single acquisition to obtain complementary data from the sample is termed 

“multimodal chemical imaging”. These multimodal chemical imaging approaches are even more 

important for the inherently destructive techniques like mass spectrometry. Several multimodal 

imaging methods that involved mass spectrometry have been reported in the past which will be 

discussed in the subsequent sections. 

 

 

Multimodal molecular imaging 

 Small molecules can be easily desorbed/ionized and introduced to the MS to get molecular 

information, however, specific, specialized mass spectrometers and ionization sources are required 

to desorb/ionize and detect macromolecules. At the same time, optical-spectroscopic techniques 

can easily visualize the molecular bonding information of macromolecules in a non-destructive 
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manner. Information of macromolecules through other optical spectroscopies and small-molecule 

information with MSI could provide complementary information about samples as complex as 

tissues and cells. Few non-destructive optical spectroscopic methods have been coupled with MSI 

to obtain complementary or additional information. Combination of MALDI-MSI and confocal 

Raman microscopy was reported by Ahlf et al.145 to study the cell culture sections. In this 

approach, MALDI-MSI provided the molecular spatial distribution of small molecule, whereas, 

confocal Raman microscopy revealed the cellular integrity and protein secretion at different 

location. Two techniques used in a combinatory fashion provided complementary chemical images 

which were then correlated using principle component analysis. The confocal Raman microscopy 

technique was also combined with SIMS for in situ characterization of quinoline metabolite and 

signaling molecules distribution in a bacterium.146 The confocal Raman microscopy with principle 

component analysis was used to distinguish two isomeric analyte distribution which is then used 

to guide tandem MS imaging. Proteins, carbohydrates, and quinoline signaling molecules are 

detected with confocal Raman microscopy. Subsequent SIMS study provided quinoline 

distribution in agreement with confocal Raman microscopy. The combined result was able to 

characterize the complex biological system and reveal important chemistry in biofilm formation. 

This multimodal approach helped to resolve the ambiguous compound assignments based on 

confocal Raman microscopy data with the help of specific molecular identity revealed by MSI.  
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Figure 6-1: (a) Experimental design of the coupled liquid vortex capture (LVC)/ESI-MS system. (b) Schematic of the LVC probe and 

positioning relative to the sample. (c) Photograph of the top of the LVC probe. Reprinted with permission from “Cahill, J. F.; Kertesz, 

V.; Van Berkel, G. J. Analytical chemistry 2015, 87, 11113-11121. Copyright (2015) American Chemical Society”. 

Combination of optical microscope, laser microdissection instrument with electrospray 

ionization (ESI) MS through liquid vortex capture probe was demonstrated by Cahill et al.147 This 

combination provided optical as well as MS images of sample surface. Experimental design is 

shown in Figure 6-1. The instrument possessed bright-field and fluorescence microscopy 

capabilities with a well-focused UV laser beam which was used for the laser ablation of the sample. 

Liquid vortex capture probe was used to capture the ablated material which is subsequently 

transported in solution to ESI mass spectrometer. Areas as small as ~0.544 µm X ~0.544 µm was 

ablated. Known features of ~1.5 µm on a model photoresist surface were resolved. Sub-micrometer 

resolution with optical as well as MS imaging were demonstrated on a blended polymer thin film. 

Trace amount of cocaine in mouse brain tissue section were also imaged with 15 µm spatial 

resolution with lane scanning mode with both mass spectrometry and optical imaging.  
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Figure 6-2: Experimental set up for simultaneous LIBS and LA-ICP-MS. Reprinted with permission from “Chirinos, J. R.; Oropeza, D. 

D.; Gonzalez, J. J.; Hou, H.; Morey, M.; Zorba, V.; Russo, R. E. Journal of Analytical Atomic Spectrometry 2014, 29, 1292-1298. 

Copyright (2014) Royal Society of Chemistry”. 

Multimodal elemental imaging 

 The LA-ICP-MS is one of the most commonly used methods for elemental imaging. 

Excellent detection limits (<ppb) with a wide dynamic range (>5 orders of concentration range)148 

and reliable quantitative results, makes ICP-MS the gold-standard method for elemental analysis, 

although some elements remain difficult to measure with LA-ICP-MS. Isobaric and polyatomic 

interferences mask some element masses, and insufficient ionization of high-ionization potential 

elements reduces the sensitivity which makes detection of elements such as F, O, H, N, Si, Se, As, 

Ca, S, challenging.149, 150 Chirinos et al.149 used laser-induced breakdown spectroscopy (LIBS) in 

combination with LA-ICP-MS to take advantage of LIBS method to detect aforementioned 

elements which are hard to detect with LA-ICP-MS. The schematic of the experimental set up is 
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shown in Figure 6-2. They demonstrated the 2D and 3D imaging capabilities of LIBS and LA-

ICP-MS as a multimodal imaging platform. They were able to visualize multiple elemental and 

isotopic distributions with computed tomography imaging principles in a Bastnasite mineral ore 

matrix. In this method both measurements were performed in parallel on exact same location and 

sampling volume. Bonta et al.150  used the tandem LIBS/LA-ICP-MS system for elemental 

mapping of biological sample such as human tumor. Trace level detection of Fe, Zn, Cu, and Ni 

was performed with LA-ICP-MS, whereas, C, H, and O distribution was obtained with LIBS 

system. The LIBS system also provided the elemental maps of K and Mg, which is affected by 

high background signal and polyatomic interferences with ICP-MS. Similar experimental set up 

was also reported previously to study multi-phase magnesium-based alloy sample.151 Such 

combination of LIBS and LA-ICP-MS is able to detect elements from almost entire periodic table 

without much difficulty.  

Simultaneous elemental and molecular imaging 

 As mentioned previously, due to the inherent destructive nature of MS, both elemental and 

molecular information is unattainable with only one combination of an ionization source and a 

mass analyzer. Combining two of these techniques or a combination with other optical methods 

with complementary capabilities is required to obtain both elemental and molecular information. 

Some studies have been reported with the capabilities of simultaneous elemental and molecular 

imaging. Herdering et al.152 reported the use of LA-atmospheric-pressure chemical ionization 

(APCI)-MS and LA-ICP-MS in parallel where the aerosol from ablated material is divided 

between two transfer lines from the LA system to obtain simultaneous molecular and elemental 

information. Molecular information was obtained with APCI-MS, whereas, elemental information 

was obtained with ICP-MS. Spatial resolution down to 25 µm was reported with the method for 
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the staining agents eosin Y and haematoxylin in thin tissue sections. In this setup, splitting the 

aerosol flow causes a decrease in the limit of detection as analytes are divided between two mass 

spectrometers. To overcome poor sensitivity of APCI-MS, uneven lengths of transfer line was 

used for each method.  The transfer line of greater length directed aerosol towards the ICP-MS so 

that larger portion of analytes goes towards APCI-MS as the sensitivity of APCI is poor compared 

to ICP-MS. Although this method can provide simultaneous elemental and molecular images, 

requirement of two mass spectrometers certainly increases the cost of instrumentation.

 

Figure 6-3: A) LIBS spectrum from one laser shot on tablet named ‘immune support tablet’ with 7.2 mJ/pulse, 50 µm spot, 0.1 µs 

spectrometer delay, and 0.5 L/min helium gas flow to the chamber. B) Mass spectrum obtained from the LA-halo-FAPA-MS system 

simultaneously with the LIBS showing the ion signal from α-tacopheryl acetate (vitamin E). 

 A different approach has been taken by our research group to obtain simultaneous 

elemental and molecular maps.153 The LIBS measurement was acquired from a laser ablation event 

to obtain elemental information and ablation aerosol from same ablation event was carried to 

FAPA-MS system to obtain molecular mass spectra. Ablation aerosol and FAPA effluent were 

mixed with a T-junction attached to the FAPA source, which, led to desorption/ionization of 

analytes from ablated particles from solid samples. Figure 6-3 shows the LIBS spectrum and mass 

spectrum obtained simultaneously by ablating a 50 µm spot of an immune support tablet. The 

LIBS spectrum shows the presence of Mg, Zn, Na, and H elements whereas, the mass spectrum 
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shows the presence of α-tacopheryl acetate (vitamin E) from the exact same location of the sample. 

Such approach opens the door for new analytical possibilities to achieve maximum information 

from the analysis of complex samples like human tissue.  

Topographic information with mass spectrometry imaging 

 The common MSI methods such as MALDI-MS, SIMS, DESI-MS, and laser ablation 

followed by elemental or molecular MS do not provide topographic information of sample surface. 

Most of the time the sample surface is not completely flat. However, the chemical images obtained 

will be plotted as two-dimensional flat images considering the sample surface is flat and smooth. 

In many cases, the minute roughness on sample surface might not have much effect on the overall 

results, but, sample with complex topography certainly requires a method that can provide 

topographical information along with chemical information for better representation of data 

obtained. In addition, sometimes precise control of the sample and probe is needed which could 

be readjusted only after obtaining the high-resolution topographic information. 

Few multimodal MSI methods have been reported which can provide chemical information 

along with topographic information. Vacuum AFM and SIMS were used on one platform to 

achieve simultaneous topographic and elemental imaging.154-158 The platform even provided the 

capability to produce 3D chemical images with accurate topographic information. The AFM 

measurements were taken before, during, and after SIMS analysis and compiled with SIMS data 

to properly reconstruct chemical images. Since it is SIMS experiment, all these experiments were 

performed under vacuum which significantly limits the types of sample that can be analyzed154, 157 

Bradshaw et al.159 described the use of AFM coupled with a pulsed laser and a linear ion trap mass 

spectrometer to obtain topographical and chemical image at atmospheric pressure. Sub-micrometer 

spatial and height resolution was obtained with AFM, whereas, 100X100 µm chemical image was 
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obtained with microprobe laser desorption/ionization mass spectrometry. The resolution was 

limited by the sensitivity of the instrumentation rather than the focused spot size of the laser.27 In 

this study, ionization depends on the laser desorption/ionization process which is not very efficient 

ionization method. Ovchinnikova et al.160 developed hybrid atmospheric pressure AFM/mass 

spectrometry imaging system in which they used APCI as post ionization method.  Ability to 

obtain topographic images with AFM and chemical images with APCI-MS without moving the 

sample from the system was demonstrated. Spatial resolution of (0.2 µm X 0.8 µm) for topography 

images and (2.5 µm X 2.0 µm) for mass spectral images were obtained. Later, the technique was 

enhanced to obtain images based on topography, elastic modulus and chemicals with hybrid atomic 

force microscopy/mass spectrometry platform.161  Elastic modulus, i.e. Young’s modulus, was 

measured by the shift on the measured contact resonance frequency of the AFM cantilever probe. 

They reported the sub-micrometer data point pixel size for all, but, the data voxel size largely 

differed from uniquely surface to 20 nm deep to 140 nm deep for topography, band excitation, and 

mass spectrometry, respectively. The images obtained showed that the spatial resolution for 

chemical image was between 1.5 and 2.6 µm. Tai et al.162 used combined AFM/infrared (IR) 

spectroscopy/MS platform on a phase separated poly(2-vinylpyridine)/poly(methyl methacrylate) 

polymer thin film to acquire nanoscale surface sample topography along with chemical images 

based on IR spectroscopy and MS. Figure 6-4 shows the schematic of workflow followed to obtain 

the IR and mass spectral images along with AFM-based topographic information. The infrared 

chemical imaging was performed by detecting photothermal expansion of sample at the AFM tip 

as a function of IR wavenumber. Sample at the AFM tip is exposed to IR source with specific 

wavenumber related to compound of interest. If the target compound is present at the tip, the 

analyte absorbs the photons and undergoes a rapid thermal expansion resulting the cantilever to  
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Figure 6-4: Schematic representation of the workflow followed for obtaining the AFM-based topographic images, IR images (a), and 

mass spectral images (b) and then correlation of spatially resolved physical and chemical data (c, d). Reprinted with permission from 

“Tai, T.; Karácsony, O.; Bocharova, V.; Van Berkel, G. J.; Kertesz, V. Analytical chemistry 2016, 88, 2864-2870. Copyright (2016) 

American Chemical Society”. 
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vibrate. The vibration frequency and amplitude were used to obtain IR absorption data. They 

estimated the spatial resolution for MS images was 1.6 µm. Later, Somnath et al.163 improved the 

desorption efficiency from cantilever tip and spatial resolution by 381X and 8X, respectively, with 

rapid heating function. 

Near field laser ablation can ablate material from a very small area (~100 nm) of the sample 

surface.164 If laser beam is guided through a tapered optical fiber tip, like a tip for scanning near-

field optical microscopy (SNOM), near-field ablation occurs. The SNOM can obtain the 

topographic image and the ablated material could be analyzed with MS to get chemical 

information. The combination of SNOM and MS could provide very high resolution topographic 

and chemical images. Stockle et al.165 combined SNOM-based laser ablation with MS to achieve 

topographic and chemical information in which ablated material was transported to mass 

spectrometer and ionized by electron impact. Combination of near-field laser ablation with 

inductively-coupled plasma ionization MS was also developed which provided topographic and 

elemental information.166, 167 Later, Nudnova et al.168 combined SNOM with active capillary 

plasma source, based on dielectric barrier discharge,169 for mass spectrometry to achieve 

topographic information and molecular information of sample surface. The work was focused on 

optimization of parameters to achieve the optimal resolution and sensitivity. They used the setup 

to analyze MALDI matrices and achieved the sensitivity of 1 fmol and spatial resolution of 2 µm 

which was limited by the sensitivity of mass spectrometer. 

Liquid extraction based techniques like Nano-DESI137 requires constant distance between 

the extraction probe and sample for reproducible operation. To maintain the constant 

probe-to-sample distance, nano-DESI mass spectrometry has been coupled to shear force 

microscopy.121, 129 The distance between sample and nano-DESI probe was maintained by 
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readjusting the position of the probe after getting the topographic information with shear force 

microscopy. Spatial resolution of 10 µm has been achieved with this method.121 This multimodal 

approach is used to obtain simultaneous topographical and chemical images of living bacterial 

colony with complex topography (cf. Figure 6-5). 

 

Figure 6-5: Shear-force microscopy 3D surface topography image of three days old (A) and seven days old (C) bacterial colonies. B and D 

are topographic images overlaid with the interpolated chemical ion image of surfactin-C15 (m/z 1058.6). Reprinted with permission from 

“Nguyen, S. N.; Liyu, A. V.; Chu, R. K.; Anderton, C. R.; Laskin, J. Analytical chemistry 2016, 89, 1131-1137. Copyright (2016) 

American Chemical Society”. 

All the methods used to obtain topographic information along with mass spectral data assist 

in achieving optimal representation of MSI data. Since MSI is a destructive technique, topography 

of sample is also constantly changing during the experiment. So constant monitoring of 
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topographic information becomes even more important during 3D mapping of samples. Although 

topographic information with MSI data provides great details of sample, it takes expensive 

instrumentation, highly sophisticated software for data treatment, and extreme care during 

experiments. 

Serial vs parallel multimodal imaging 

 Most imaging approaches based on single analytical technique have been explored in 

detail, but, multimodal imaging techniques are just emerging in last decade or so. Although 

multimodal imaging platforms provides comprehensive information about the sample, there are 

multiple challenges associated with it. One of the biggest challenge is correlation of images 

obtained from different techniques.170  Correlation becomes especially difficult when the imaging 

experiments with different techniques are performed in series. If the sample is moved from its 

place to perform another experiment, then relating the exact sample locations and sampling volume 

would be challenging. On top of that MSI and other imaging techniques could provide different 

spatial resolutions. Accurately matching all the pixel sizes of multiple images needs extreme care 

and precisely controlled experimentations. Few degrees of freedom would be reduced if the 

multiple imaging experiments are performed parallelly or simultaneously without moving the 

sample from its place. With such parallel or simultaneous sampling, it will be easy to correlate 

sampling locations which eventually lead to more accurate correlation. For example, the sampling 

volume and location would be exactly same when LIBS and LA-FAPA-MS is performed from 

only one ablation event.153 Equivalent results will be obtained with the technique described by 

Hendering et al.152 in which laser ablation aerosol is divided into two parts and analyzed with 

APCI-MS and ICP-MS. Other optical spectroscopic techniques could also be coupled to LA-MSI 

techniques to perform parallel imaging. For example, Raman spectra could be collected by 
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irradiating the same laser pulse used for ablating the sample. Molecular bonding information of 

macromolecules could be obtained with Raman imaging and small molecules or elements could 

be detected with subsequent LA-MSI method. Thus, multimodal imaging, whether it is in series 

or parallel, provides additional details of sample characteristics, but, in terms of correlation of 

images, parallel imaging results will be easy to deal with.  

Conclusion and future perspective 

 Multimodal chemical imaging that involved mass spectrometry has already shown great 

potential to decipher chemical distribution of analytes in complex sample with multidimensional 

information obtained with each technique involved as described in previous sections. These 

multimodal approaches were used to obtain complementary information or similar information for 

cross-validation. These multimodal approach with MSI could also help in quantitative imaging 

which has always been a great challenge. Use of chemical information obtained with other 

analytical techniques could be used to correct the ionization matrix-effects in MSI which might 

eventually lead to better quantitative data.  
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7. Initial demonstration of simultaneous elemental and molecular 

chemical imaging with laser-induced breakdown spectroscopy 

and mass spectrometry 

Abstract 

 Mass spectrometry imaging can provide elemental or molecular maps with single to 

hundreds of micrometer level spatial resolution.  Due to the destructive nature of mass 

spectrometry, acquiring both elemental and molecular information from the exact same location 

of the sample is not possible with only one combination of an ionization source and a mass 

analyzer. Here, we demonstrate a multimodal chemical imaging approach capable of providing 

simultaneous elemental and molecular information from the exact same location of the sample. 

The method uses laser-induced breakdown spectroscopy (LIBS) to provide elemental information 

and laser ablation flowing atmospheric-pressure afterglow mass spectrometry (LA-FAPA-MS) to 

yield molecular information. Simultaneous elemental and molecular maps of printed images and 

pharmaceutical tablets with lateral spatial resolution of 125 µm were acquired to demonstrate the 

feasibility of dual imaging approach.  

Introduction 

Matrix assisted laser desorption/ionization (MALDI)171 imaging172 is one of the most 

widespread method of mass spectrometry imaging (MSI).  In MALDI-MS imaging, the sample is 

evenly coated with matrix which absorbs energy from laser.  The absorbed energy from laser 

causes desorption of the matrix species along with analyte molecules incorporated into the matrix 

crystals during the coating process.  The major advantage of MALDI  is that is can produce singly-

charged, gas-phase ions of very large and labile molecules;173 however, determination of low 
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molecular mass analytes is challenging due to the large background signals from the matrix in the 

low mass range.  In addition, methods to evenly apply matrix to the sample can cause diffusion 

and delocalization of molecules within the sample, which hampers imaging.124, 174   

Secondary-ion mass spectrometry (SIMS) is another MSI technique that has been used for 

obtaining high-resolution chemical images.175  The SIMS technique uses a focused beam of high-

velocity ions (5 eV-40 keV)176 that impacts the sample surface and produces secondary ions from 

the surface and near sub-surface; these secondary ions, which consist of atomic, molecular-

fragment, and intact molecular ions, are subsequently analyzed by mass spectrometer.  With a 

monoatomic beam of primary ions, tens of nanometer lateral spatial resolution can be obtained.122, 

123, 177  Due to the extensive fragmentation of analytes caused by the high-energy primary ion beam, 

the detectable mass range is often limited to less than 1000 Da.124, 176, 178  Another notable issue in 

using SIMS for MSI is that the sample is analyzed at ultra-high vacuum conditions (~10-9 Torr),179 

which extends analysis times and adds complexity to analysis.  

 Overcoming issues associated with placing samples in very low pressure environments, 

ambient desorption/ionization mass spectrometry (ADI-MS) techniques6 have seen increased use 

in MSI applications.  In fact, several ADI sources have been used for molecular MSI, in which, 

desorption electrospray ionization (DESI)12, 77 is most extensively used.  In this technique, charged 

droplets of solvents are used to desorb/ionize analytes from sample surface, which are pulled into 

the atmospheric-pressure inlet of mass spectrometer for mass analysis.12  Spatial resolutions of  

35 µm has been demonstrated with DESI-MS.120, 135   

 Several ambient MSI techniques which rely on laser sampling have also been reported for 

molecular imaging.  In these methods, laser is used to ablate the materials from sample and analytes 
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are desorb/ionize from aerosolized particles with ADI sources. Advantages of laser-based 

sampling ADI MSI techniques include a small sampling spot (4-400 µm), operation under 

atmospheric pressure, and minimal sample preparation.  Laser ablation electrospray ionization 

(LAESI), 138 laser ablation flowing atmospheric-pressure afterglow (LA-FAPA),78 and laser 

ablation direct analysis in real time (LA-DART)79 are the ADI techniques reported for molecular 

MSI that involved laser sampling.  Laser ablation atmospheric-pressure photoionization (LA-

APPI)139 and laser ablation atmospheric-pressure chemical ionization (LA-APCI)180 are also 

similar atmospheric-pressure ionization (API) sources coupled with laser ablation for molecular 

MSI.  

 Laser ablation-inductively coupled plasma (LA-ICP)-MS143, 181-183 is the gold-standard 

method for the elemental analysis.  In this method, ICP torch is used to atomize and ionize analytes 

in ablation aerosol obtained with LA. Generally, LA-ICP-MS methods provides elemental 

information with very good spatial resolution as well as below ppb level sensitivity.  LA-ICP-MS 

offers coverage of almost the entire periodic table, but it is not well suited for elements such as H, 

O, N, F, Cl, etc.150  To overcome this limitation, LA-ICP-MS has been coupled with laser-induced 

breakdown spectroscopy (LIBS).150  

Laser-induced breakdown spectroscopy uses laser to ablate the materials from the sample 

and create a plasma plume, from which, emission lines are measured with a spectrometer for 

elemental analysis.  Elemental maps could be obtained by raster scanning the laser across the 

sample and appropriate data treatment. Laser-induced breakdown spectroscopy has proved to be 

an important analytical method due to its compact instrumentation, low cost, requirement of little 

to no sample pre-treatment, and fast analysis time. The LIBS technique offers wide variety of 

applications from analysis of different forms of solid, liquid, and gas samples.184, 185 Other 
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advantages of LIBS are ability to perform experiment at room temperature and atmospheric 

pressure, standoff applications,186 depth profiling,187 2-D/3-D imaging,149 etc. Imaging biological 

tissues,150, 185 ore samples,149 archaeological artifacts,188 etc. are some of examples of applications 

explored with LIBS.  It can also provide spatially resolved elemental information, i.e. elemental 

maps, in shorter amounts of time compared to other analytical techniques available for similar 

purpose.150 Spatial resolution and sensitivity are two of the most important analytical parameters 

during elemental mapping and LIBS has shown promising results in this regard.189, 190 Zorba et 

al.189 achieved LIBS signal for sodium from ablated mass of as low as 220 ag.  They found that 

use of a femtosecond laser, which limits thermal effects, provided the best possible resolution and 

sensitivity.  Spatial resolutions as low as 3 µm have been achieved with nanosecond lasers.190   

  To achieve simultaneous elemental and molecular imaging, Herdering et al.152 split the 

flow from a laser-ablation chamber and used each line to obtain molecular mass spectra from 

atmospheric-pressure chemical ionization (APCI)-MS1 and elemental information from ICP-MS.  

However, the method requires two separate mass spectrometers and separate ionization sources, 

which significantly increases the cost of analysis.  Here, a different approach is demonstrated that 

is capable of providing simultaneous molecular and elemental information from the exact same 

spatial location with high spatial resolution.  The method uses LIBS to yield elemental information 

and mass spectrometry to get molecular information.  Emission spectra were collected from the 

laser ablation plume for elemental analysis and ablated materials were transported with carrier gas 

to halo-FAPA-MS system for molecular analysis.   

 

Experimental 
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Reagents  

Ultra-high purity helium (99.999%, Airgas, Albany, NY) was used as halo-FAPA 

discharge gas and aerosol carrier gas in all cases.  Imaging of Rensselaer seal was performed on 

original Rensselaer Polytechnic Institute business card printed by Dupli Envelop and Graphics 

Corporation (Syracuse, NY). An immune support tablet that contained vitamin A (as retinyl 

palmitate), vitamin C, vitamin E (α-tacopheryl acetate), MgO, MgSO4, ZnO, Se (as selenium 

amino acid complex), MnSO4, etc. (Target Brands, Inc., Minneapolis, MN), was purchased from 

a nearby over-the-counter drug store. Sodium chloride was purchased from Fisher Chemicals (Fair 

Lawn, NJ, USA) and caffeine was purchased from Alfa Aesar (Ward Hill, MA, USA). 

 

Figure 7-1: Schematic of the LIBS/LA-halo-FAPA-MS set-up. Note that the figure is not to scale. 

Instrumental set up 

The dual-imaging approach was demonstrated through laser sampling followed by optical-

emission and mass spectrometric measurements.  A J200 Tandem LA/LIBS instrument (Applied 

Spectra, Fremont, CA) was interfaced to a halo-FAPA source85 on a Thermo Scientific Q-Exactive 

(Bremen, Germany) orbitrap mass spectrometer as shown in the schematic in Figure 7-1. The 

LA/LIBS instrument utilized a frequency-quadrupled Nd:YAG laser at 266 nm. Laser energies 
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between 0.8-7.2 mJ/pulse and laser spot sizes between 50 - 200 µm were used for the study.  The 

LIBS spectra were recorded with a multichannel CCD spectrometer connected to an optical fiber 

and focusing lens with 0.05-1.00 µs laser delay.  Ablation aerosol from laser ablation chamber was 

guided to the FAPA source through 3.175 mm PTFE tubing with helium carrier gas at flow rate of 

0.1-0.5 L/min.  The FAPA source was operated with helium discharge gas at 0.5 L/min flow rate 

and a discharge current of 25 mA, which required ca. -400 V to maintain.  Mass spectra were 

acquired with 1 ms injection time and a resolving-power setting of 17,500 for the fastest possible 

spectral-acquisition rate (13.3 spectra/sec).  The MS inlet capillary temperature, capillary voltage, 

and S-lens rf level was set to 320 ˚C, 0 V, and 55% (manufacturer’s unit), respectively.  For 

acquisition of MS/MS spectra, 35% high-energy collision-induced dissociation (HCD) energy was 

used with 1.5 Da isolation width. 

FAPA source  

The halo-FAPA source used was the similar design as described by Pfeuffer et al.85  

Briefly, two concentric stainless-steel capillaries (3.18 mm o.d., 2.67 mm i.d., and 1.59 mm o.d., 

1.07 mm i.d., McMaster-Carr, Robbinsville, NJ) were positioned within each other to obtain halo-

shaped discharge. Ceramic insulator (Scientific Instruments Services Inc., Ringoes, NJ) was used 

as an insulating material between two capillaries.  A 3.175 mm brass tee was used to secure both 

capillaries and provide a port to introduce discharge gas between the two tubes.  The gas flow from 

the laser-ablation (LA) system was passed through a PTFE tube to the hole of the inner capillary 

of the halo-FAPA.  The discharge gas flow rate was maintained at 0.5 L/min by a mass flow 

controller (model C50L-AL-DD-2-PV2-V0-SCR, Sierra Instruments, Inc., Monterey, CA).  

Precise alignment of the halo-FAPA source with mass spectrometer inlet was achieved with a 

manual three-dimensional translational stage (PT3, Thorlabs Inc., Newton, NJ).  
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Printed images  

Rensselaer seal and 1951 USAF resolution target were printed with NaCl and caffeine 

doped ink to use them as sample of known features for chemical imaging. In order to do that 

regular ink in inkjet printer cartridge ink was replaced with 0.1 M NaCl and/or 8.5 mM caffeine 

solutions with some ink for visualization. Images were printed with HP Deskjet 1000 printer 

(Hewlett-Packard Company, Palo Alto, CA).      

Data processing  

Axiom software provided with the J200 Tandem LA/LIBS instrument was used to 

construct the elemental images based on LIBS data.  Mass-spectral data were manipulated 

manually in Microsoft Excel (Microsoft office 2016, Microsoft Corporation, Redmond, WA) 

based on the experimental parameters such as laser spot size, scan rate, and image size.  Mass-

spectral images were plotted in Origin (Origin 2017, Originlab Corporation, Northampton, MA).  

Results and discussion  

Laser-induced breakdown spectroscopy 

In this study, Rensselaer Polytechnic Institute (RPI) seal printed on a business card was 

mapped with LIBS (cf. Figure 7-2). Laser sampling of the black ink printed on the card produced 

titanium emission lines as shown in Figure 7-3 which was not found when white portion of the 

paper was sampled.  It was found that the titanium, possibly in the form of TiO2, is present in the 

black ink.191  Titanium dioxide is a commonly added to inks to give a matte finish.  The laser was 

raster scanned across the RPI seal with LIBS spectra recorded for each laser pulse.  An elemental 

image was reconstructed based on the titanium emission line at 498 nm (cf. Figure 7-2).  The 

reconstructed image shows many of the features of the printed ink.  To determine spatial resolution 
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for LIBS elemental maps with the J200 system, a U.S. Air Force 1951 resolution target was printed 

on paper with NaCl-doped ink.  A LIBS image was obtained with Na(I) emission at 589 nm for a 

portion of the image (cf. Figure 7-4A). The spot size of the laser, stated to be 100 µm, was used 

for the experiment. The lines located at -1,3, which have a spacing of 125 can be resolved.  Use of 

50-µm laser spot size could resolve the smaller features. However, since the instrument was in 

loan for very short amount of time and this is the only experiment performed with resolution target, 

no data is available to show the resolution with 50 µm laser spot size.  Furthermore, since the laser-

beam profile was Gaussian, the width of the ablation crater is dependent on the laser fluence and 

absorption properties of the sample material.192  Fixing such problems would lead to better spatial 

resolution. 

 

Figure 7-2: A) White light image of RPI seal obtained by image stitching tool from Applied Spectra Axiom software and  B) 

Reconstructed elemental map of RPI seal from business card based on the emission line of Titanium element at 498 nm. LIBS 

parameters were 50 µm laser spot size, 7.2 mJ/pulse laser energy and 1 µS spectrometer delay.  



 

111 

 

 

Figure 7-3: LIBS spectra of a blank space (blue) and the black ink (black) from the Rensselaer Polytechnic Institute seal printed on a 

business card. LIBS parameters were 50 µm laser spot size, 7.2 mJ/pulse laser energy and 1 µS spectrometer delay.  

 

 

Figure 7-4: A) White light image of USAF 1951 resolution target printed with NaCl-doped ink. B) LIBS elemental image of Na (I) at 589 

nm. The parameters used were: 100 µm spot size, 0.8 mJ/pulse laser energy, 0.05 µs spectrometer delay, 2 Hz laser repetition rate, 0.3 

mm/s scan rate, 0.3 L/min He carrier gas flow rate, (26.8 mm*11.1 mm) image size. 

Laser ablation-flowing atmospheric-pressure afterglow-mass spectrometry 

Molecular images were obtained by coupling LA with halo-FAPA-MS.85  Aerosol 

transported from the laser-ablation chamber was introduced from the central capillary of the 

halo-FAPA such that the aerosol passed through the middle of the halo shaped discharge for 

desorption/ionization before entering the Q-Exactive Orbitrap mass spectrometer.  As a test target, 

the RPI seal was printed on paper with caffeine-doped ink and laser was raster scanned across the 

image with area of 3.822 cm2.  Mass spectra of caffeine were acquired in MS/MS mode with 

protonated molecular ion of caffeine at m/z 195.087 as isolated ion with isolation width of 1.5 and 
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30% collision induced dissociation (CID) energy.  The LA-FAPA-MS image of the RPI seal was 

reconstructed based on the fragment ion signal of caffeine at m/z 138.066 as shown in Figure 7-5.   

 

Figure 7-5: A) White light image of RPI seal and B) Mass spectral map based on the fragment ion signal of protonated caffeine at 

m/z 138.066. Parameters used were: 200 µm spot size, 10% laser power, 0.3 L/min helium carrier gas flow rate, 200 µm/s scan rate, 2 

hertz laser repetition rates. 

 

Tandem LIBS/LA-FAPA-MS 

Due to the inherent destructive nature of the both LIBS and MS, these measurements 

cannot be performed serially/sequentially, which restricts the analytical output to either elemental 

or molecular information.  However, both measurements can be performed at the same time with 

a single laser pulse (i.e. in parallel) to simultaneously provide elemental and molecular 

information.  After a single laser pulse, LIBS spectra were collected from the ablation event, while 

the ablation aerosol was transferred to halo-FAPA-MS system to measure molecular mass spectra.  

The spot sampling experiment was performed on an immune support pharmaceutical tablet that 

contained several metals including Zn, Mg, Na, Se, and Mn as well as organic species such as 

vitamins A, C, E, etc.   Emission lines from Zn, Mg, Na, O, H, and C were observed in LIBS 
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spectra (cf. Figure 7-6B), while ion signals from protonated α-tacopheryl acetate or vitamin E at 

m/z 473.397 (MH+) was detected with the mass spectrometer in positive-ionization mode (cf. 

Figure 7-6C).  

  

 

Figure 7-6: A) Photograph of a portion of the immune-support tablet. B) LIBS spectrum from one laser shot on the tablet with 7.2 

mJ/pulse, 50-µm laser spot, 0.1-µs spectrometer delay, and 0.5 L/min helium gas flow to the chamber. C) Mass spectrum obtained from 

the LA-halo-FAPA-MS system simultaneously with the LIBS showing the ion signal from α-tacopheryl acetate (vitamin E). D) Mass 

spectrum of Zn(NO3)3
‒ detected in negative-ionization mode from another spot. 

Zinc ions, in the form of nitrate adducts, were also detected with halo-FAPA-MS in 

negative-ionization mode (cf. Figure 7-6D).  Nitrates (NO2
− and NO3

−) are some of the main 

reagent ions produced in FAPA afterglow in negative ion mode.21  Previously, MacLean et al.193 

also reported that some metals could be detected as nitrate-adducted ions when directly introduced 
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to the FAPA afterglow.  Here, Zn can be detected with both LIBS and LA-FAPA-MS from the 

exact same location of the sample.  Such similar information from two different analytical 

technique could be used to cross-validate the information obtained from each measurement.   

Interestingly, [Zn(NO3)3]
−  signal was obtained with mass spectrometry when PTFE tubing 

was used for transfer of ablation aerosol, whereas, no [Zn(NO3)3]
−

 ion signal was obtained when 

PEEK (polyether ether ketone) tubing was used as transfer line., This experiment shows that tubing 

material used for transfer has significant effect on effective transfer of materials.  Further study in 

this regard is beyond the scope of this proof-of-concept study and will be studied in future.  

 

Figure 7-7: A) White light image of group logo, B) LIBS image based on sodium emission line at 489 nm, and C) mass spectral image 

based on ion signal at m/z 138.066 corresponding to fragment ion of protonated caffeine.  Other parameters used were 0.2 mm/s scan 

rate, 150 µm spot size, 10% laser power, 0.05 µs spec delay. 

To understand the performance of tandem LIBS/LA-FAPA-MS on a sample with a known 

chemical pattern, research group logo was printed on paper with caffeine and NaCl doped ink 

(cf. Figure 7-7A).  Then LIBS and LA-FAPA-MS measurements were performed simultaneously. 

Emission line from sodium was monitored with LIBS and caffeine signal was monitored with mass 

spectrometer in MS/MS mode. Elemental image based on sodium emission line (cf. Figure 7-7B) 

and the molecular image based on signal of a caffeine fragment ion at m/z 138.066 were 

reconstructed (cf. Figure 7-7C).  The elemental image with LIBS data has the better spatial 

resolution compared to image obtained from mass spectrometry data (cf. Figure 7-7B and Figure 

7-7C).  This disparity is due to the long washout time (~2 seconds) for LA-halo-FAPA-MS 

experiment. Washout time here means the amount of time taken for the analyte ion signal to die 
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down to base label after the signal arise with one laser shot.  Here for this proof-of-concept 

experiment, parameters like washout time, laser power, scan rate, etc. are not optimized. With full 

optimization of these parameters and better design of aerosol transport system, the spatial 

resolution of LA-halo-FAPA-MS image will improve. Overall, this experiment shows the 

feasibility of tandem LIBS/LA-halo-FAPA-MS system.  

Conclusion and future work 

 Simultaneous elemental and molecular imaging are demonstrated with tandem LIBS and 

LA-halo-FAPA-MS system. Current spatial resolution with LIBS was limited by laser spot size, 

whereas, LA-FAPA-MS spatial resolution was limited by washout time of ablation chamber and 

laser spot size.  Use of flat-top laser beam profile that can provide spot size of as small as 4 µm 

will be used in future experiments.  Furthermore, two-volume ablation chamber will be used to 

obtain better washout time which will also improve the spatial resolution for LA-FAPA-MS 

system.  Furthermore, ICCD detector will be used to improve the sensitivity for LIBS.  Overall, 

future works will be focused on developing instrumentation which could provide high spatial 

resolution images with high sensitivity.  Such dual imaging approach should find great application 

for bio-imaging where several metal species, small organic molecules, and biomolecules are 

involved.  Other than that, the analysis of archaeological samples, pharmaceutical tablets, etc. 

could also find good use of this method.  
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8. Conclusion 

 A countless number of methods are available to counter the analytical challenges of today’s 

world. Whether it is a medical diagnostic or space exploration or a simple every day task, we have 

some methods to answer our questions. However, the available methods are not capable or 

sufficient enough to provide complete details of all the analytical problems. In some cases, the 

methods capable to decipher the extreme details of problems might come at the cost of tremendous 

amount of money and time. Hence, the scientific world is always trying to improve the capabilities 

of the existing techniques and also developing new analytical methods. The ambient 

desorption/ionization methods discussed in this dissertation, are also examples of such 

improvement in the capabilities of the analytical methods to decipher the chemical composition of 

sample.  

In this dissertation, various aspects of an atmospheric-pressure glow discharge-based ADI 

source, FAPA, for mass spectrometry were discussed. The range of detectable analytes was 

improved on top of the already existing direct analysis capabilities of the FAPA source. This 

improved range of detectable analytes makes FAPA source a useful ionization source for the 

analysis of samples like petroleum products which contains high concentrations of non-polar 

analytes.  In addition, the same discharge was also used for photoionization source which is a very 

simple and inexpensive way of photoionization that can be used for the ionization of non-polar as 

well as polar analytes. Furthermore, the simultaneous elemental and molecular imaging approach 

demonstrated here provides more details of chemical composition of the sample compared to 

conventional mass spectrometry imaging methods. This dual imaging method can be used for 

tissue imaging for medical diagnostics where both elemental and molecular information are 

equally important. Overall, the studies discussed in this dissertation demonstrates the improved 

capabilities of the method which has the potential to be used in a variety of real-world applications. 
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APPENDIX 

Ambient desorption/ionization mass spectrometry: evolution from 

rapid qualitative screening to accurate quantification tool3 

 

Abstract 

In this article, some recent trends and developments in ambient desorption/ionization mass 

spectrometry (ADI-MS) are reviewed, with a special focus on quantitative analyses with direct, 

open-air sampling. Accurate quantification with ADI-MS is still not routinely performed, but this 

aspect is considered of utmost importance for the advancement of the field. In fact, several research 

groups are devoted to the development of novel and optimized ADI-MS approaches. Some key 

trends include novel sample introduction strategies for improved reproducibility, tailored sample 

preparation protocols for removal of matrix and matrix effects, and multimode ionization sources. 

In addition, there is significant interest in semi-quantitative mass-spectral imaging, for example, 

to rapidly classify brain tumors. 

 

KEYWORDS 

Ambient mass spectrometry, quantification, internal standard, matrix effects, selectivity, ADI-MS  

                                                 
3 This chapter previously appeared as Shelley, J. T.;  Badal, S. P.;  Engelhard, C.; Hayen, H. 

Ambient Desorption/Ionization Mass Spectrometry: Evolution from Rapid Qualitative Screening 

to Accurate Quantification Tool. Anal. Bioanal. Chem. 2018, 410 (17), 4061-4076. 
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Introduction 

Ambient desorption/ionization-mass spectrometry (ADI-MS), also referred to as ‘ambient-

mass spectrometry,’ involves the direct sampling and ionization of analytes from samples under 

ambient conditions and requires minimal or no sample pretreatment. While the ionization process 

in mass-spectrometric analyses was traditionally performed in vacuo inside the mass spectrometer, 

the advent of differentially pumped interfaces and atmospheric-pressure ionization (API) methods 

(e.g., electrospray ionization (ESI),1 atmospheric pressure chemical ionization (APCI),2 and 

atmospheric pressure photoionization (APPI) 3, 4) allowed the ionization step to be performed at 

atmospheric pressure, greatly simplifying sample introduction. In late 2004, the introduction of 

desorption electrospray ionization (DESI)5 by Cooks and co-workers, followed by that of direct 

analysis in real time (DART)6 by Cody et al. in early 2005, further simplified ionization for MS 

by moving into the open-air environment, where the samples are present in native forms. Since the 

introduction of these methods, there has been a rapid boom in the development of these types of 

ionization techniques, resulting in now more than 40 different ambient ionization techniques, 

which have been compiled in a recent review article.7 

Thirteen years since the first description of DESI and DART, a multitude of papers have 

been published on ADI-MS methods and applications spanning a large range of scientific 

disciplines. In fact, as of October, 2017, more than 1,000 manuscripts involving ADI-MS 

approaches appear on ISI Web of Knowledge. However, the vast majority of papers utilize ADI-

MS methods to obtain qualitative information, while only a small selection of papers detail 

quantitative aspects of ADI-MS. Is the lack of quantitative analyses due to inherent limitations of 

ADI-MS techniques? If so, can these pitfalls be addressed or circumvented? To shed some light 

on these questions, this article highlights trends and developments in ADI-MS with a special focus 
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on quantification and emerging applications. Progress in the field of plasma-based and non-

plasma-based ADI sources is reviewed from research papers published from 2014 and 2011, 

respectively, to early 2017 to avoid overlap with earlier reviews.8-10 

 

Concept of ambient desorption/ionization mass spectrometry 

In order to judge the strengths and weaknesses of ADI-MS with respect to quantitative 

capabilities, it is necessary to give a brief introduction of the technique. The compelling feature of 

ADI-MS is that it allows mass-spectrometric analysis without sample preparation or sample 

pretreatment by relying on the mass spectrometer to be the analyte separator as well as the detector. 

Furthermore, the term “ambient” does not only refer to a mere operation of the ionization source 

at atmospheric pressure (as it is the case with APCI, APPI, and ESI), but also includes the concept 

of a freely accessible open space, i.e. large sampling area, in front of the atmospheric-pressure 

interface of the instrument (see, for example, ref. 11). 

The primary purpose of ambient desorption/ionization mass spectrometry is to enable 

analysis of samples in their native state without sample preparation. This approach enables rapid 

screening with analysis times much less than one minute per sample, which is significantly faster 

than chromatography-based MS techniques (e.g. gas chromatography, GC-MS, or liquid 

chromatography, LC-MS), and also offers higher throughput than flow-injection analysis-mass 

spectrometry methods (FIA-MS).12 

In a traditional ADI-MS experiment, analytes are desorbed from a solid or liquid sample 

in the open air with the effluent from a specially designed desorption/ionization source (cf. Figure 

A-1). The gas-phase analytes become charged, through ionization processes common to 
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established ionization sources, and are pulled into the reduced-pressure environment of the mass 

spectrometer, where the analyte ions are separated based on their mass-to-charge ratio (m/z), and 

detected. The desorption/ionization source becomes the most essential part of this setup as it is 

responsible for assuming the roles of many analytical tools including sample collection, sample 

preparation (e.g., dissolution, digestion, solid/liquid extraction), analyte separation/selection (e.g., 

chromatographic or similar methods), analyte vaporization, ionization, and transport into the mass 

spectrometer.

 

Figure A-1: Conceptual diagram of the ambient desorption/ionization mass spectrometry approach with different desorption/ionization 

probes. Reagent ions from the ion-generation region are carried to the untreated sample with a sweep gas, aerosol, and/or liquid. This 

desorption/ionization beam releases analytes into the gas phase and subsequently ionizes them. Ions are drawn into the mass-

spectrometer inlet, separated by m/z, and detected. (ASAP, atmospheric solids analysis probe; DART, direct analysis in real time; FAPA, 

flowing atmospheric-pressure afterglow; LTP, low temperature plasma; DBDI, dielectric barrier desorption ionization, PADI, plasma-

assisted desorption ionization; DESI, desorption electrospray ionization; LAESI, laser ablation electrospray ionization; LMJ-SSP, liquid 

microjunction surface-sampling probe). 
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Analyte separation is mainly based on the mass analyzer and, to a lesser extent, the 

desorption/ionization source. Therefore, high-resolution MS and/or MS/MS are used to increase 

selectivity. MS/MS techniques work best with intact molecules and only little fragmentation and 

thus, soft ionization is required. Fortunately, this potential issue is usually mitigated by the 

significant amount of collisional cooling that occurs at atmospheric pressure after the ionization 

step. Therefore, mass spectra generated by ADI-MS should be simple and easy to interpret, but, in 

practice, that is not always the case. Usually, screening ADI-MS experiments are performed as 

qualitative analyses of the surface of solid samples or in solutions with low matrix content. 

However, quantitative analysis of complex samples by ADI-MS is quite challenging due to the 

aforementioned analytical load placed on the desorption/ionization source. To make ADI-MS 

techniques more quantitative and analytically useful, the following aspects need to be addressed 

carefully and in total: 

• Sample introduction 

• Reproducibility (in each of the sampling/sample introduction, desorption, 

ionization, and mass-transport steps) 

• Sensitivity 

• Selectivity (in the desorption and/or ionization steps) 

• Matrix effects 

• Linearity, precision, accuracy 

• Method validation 

Not all aspects can be addressed here due to page limitations, but they are certainly important for 

the advancement of the field. 

Sample introduction 
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Sample introduction and the subsequent desorption/ionization processes have a great 

influence on the quantitative capabilities of ADI-MS techniques. For example, changes in the type 

of pseudo-molecular ions formed (e.g., sodiated vs. protonated) caused by variations in cations 

from the source or sample may affect reproducibility.13 Of greater concern is poor reproducibility 

in analyses caused by sample heterogeneity and ion-collection location. Sample-surface properties 

including hardness, shape, roughness, etc. also greatly affect analyte signal.14 In the case of 

plasma-based sources, the distribution of reagent ions, ionization chemistries, and temperature 

vary significantly in the region between the ionization sources and the inlet of the mass 

spectrometer.15-18 As such, it is important to have reproducible sample introduction to ensure 

reproducible desorption and consistent analyte-ion formation.16, 19-21 Additionally, the sampling 

geometry has a strong influence on signal levels and detectability, particularly for DESI. The initial 

designs of DESI sources were highly flexible with more than ten adjustable parameters. However, 

it was shown early-on that analyte signal was heavily impacted by each of these variables, which 

include various geometrical settings and distance relationships between the spray tip, sample 

surface, and mass spectrometer orifice. Consequently, geometry-independent DESI22 was 

introduced, which significantly improved reproducibility as well as simplicity of operation.  

In another attempt to improve reproducible sample introduction and reduce the number of 

adjustable variables, transmission-mode methods were developed, where samples are placed on a 

transmissive mesh and the source effluent passes through this mesh. In transmission-mode DESI,23 

for example, the emitter is oriented perpendicular to a sample-containing mesh, while the 

electrospray droplets dissolve, desorb, and ionize analytes from the mesh as they pass through. 

This configuration works well for liquid samples, in particular, and needs less optimization of 

angles and distances than standard DESI.11 The reproducible signals offered by transmission-mode 
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sample introduction coupled with DART ionization were successful enough that it led to a 

commercial product in 2011 from IonSense, Inc., the DART ID-CUBE.24 For the DART ID-

CUBE, samples are placed on the narrow waist of a metal mesh held within a cardboard frame. 

An external power supply is used to resistively heat the mesh to volatilize analytes, effectively 

separating the desorption and ionization steps, which provides an additional means of analyte 

separation during analysis. In the future, automated sample dosing onto the device could be one 

way to further improve the reproducibility of the overall approach. 

Further improvement in sampling through selective preconcentration has been achieved by 

coating the transmission mesh with polydimethylsiloxane (PDMS).25 The PDMS layer served as a 

solid-phase microextraction medium for extraction and preconcentration of semi-volatile species 

in aqueous samples (Solid Phase Mesh Enhanced Sorption from Headspace, SPMESH),25 which 

could then be analyzed by DART-MS. Through the use of DART-MS/MS and isotopically labeled 

internal standards, a detection limits of 71 μg/L for linalool in water was achieved. However, 

accuracy and precision for linalool in grape macerate was compromised by isobaric interferences 

present at the monitored MS/MS transition for the unlabeled form demonstrating the difficulty in 

performing quantitative analyses with ADI-MS. While the transmission-mode approaches have 

greatly improved reproducibility of sample introduction and quantitative capabilities of these 

methods, it is somewhat removed from the original concept of ADI-MS in that solid samples are 

not directly probed in their native environment. 

Paper spray 26 is an ambient desorption/ionization method which has shown great promise 

for quantitative analyses for a number of applications usually with the aid of isotopically labeled 

standards.26-30 For instance, Manicke et al. 28 demonstrated paper-spray MS for quantification of 

pharmaceuticals in dried blood spots. The relative standard deviation of replicate analyses was as 



 

141 

 

low as 8% when an isotopically labeled internal standard was added to the paper either before or 

after sample deposition. The variability worsened to 16% when the internal standard was added to 

the solvent eluent. In a following study, 15 different therapeutic drugs in dried-blood-spot samples 

were detected with LODs as low as 1 ng/mL.31 Quantitative information was achieved over 

approximately three orders of magnitude with accuracies within 10% of actual concentration and 

variability of 10% when an internal standard was deposited prior to the application of the blood 

spots. Recently, Jeong et al.32 reported on the quantification of ephedrines in human urine with 

paper-spray mass spectrometry. The RSDs between analyses were better than 13%, while 

accuracies varied from 96.4% to 106.2%. While PS-MS has been shown to be very useful for 

quantitative analyses with internal standards, significant variation in absolute signals has been 

observed with different types of filter papers or even within the same batch of a certain type of 

paper; the reasons for this variability are not yet fully understood 33. 

More recently, the use of robotics has been explored as a means to improve reproducibility 

of sample introduction as well as to probe large, awkwardly shaped samples. Bennett et al.34 

introduced a robotic plasma-probe ionization (RoPPI) source for spot analysis and imaging of non-

planar surfaces. This method used acupuncture needles to extract chemical species from complex 

sample surfaces followed by plasma-based chemical ionization in front of the mass spectrometer 

inlet. While no explicit analytical figures of merit are presented, one of the robotic arms used for 

this study had motion precision as good as 0.02 mm with three-dimensional spatial resolutions of 

ca. 1 mm. 

Coupling of laser-sampling approaches with ADI sources, such as laser-ablation 

electrospray ionization (LAESI),35 matrix-assisted laser desorption electrospray ionization 

(MALDESI),36 laser-ablation flowing atmospheric-pressure afterglow (LA-FAPA),37 have also 
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improved reproducibility of sample introduction, while simultaneously providing localized sample 

information that can be used to generate chemical images. With regard to the aforementioned 

approaches, LODs of 8 and 25 fmol for verapamil and reserpine, respectively, have been achieved 

with LAESI-MS with four orders of linear dynamic range for quantification.35 Infrared-MALDESI 

was used to quantify the antiretroviral drug emtricitabine in incubated human cervical tissue.38 

Stable isotope-labeled emtricitabine was used for quantification, whereas a different but 

structurally similar compound, lamivudine, was used as an internal standard to account for voxel-

to-voxel variation. The incorporation of a structurally similar normalization compound allows for 

the normalization of analyte-ion abundances on a per voxel basis. The quantitative IR-MALDESI 

analysis proved to be reproducible with an emtricitabine concentration of 17.2±1.8 μg/g tissue. 

This amount corresponds to the detection of 7 fmol/voxel in the imaging experiment. For LA-

FAPA-MS, spatial resolution of ~20 µm with a LOD of 5 fmol was achieved for caffeine.37 While 

the use of robotics, automated motion control, and lasers can improve sampling precision, these 

approaches are significantly more complex and expensive.  

Another approach to improve reproducibility of sampling makes use of a liquid 

microjunction surface sampling probe (LMJ-SSP)39, 40 interfaced with an atmospheric-pressure 

spray-based ionization source. With the LMJ-SSP, a liquid microjunction is formed between the 

probe and the sample surface to perform in situ microextraction. The LMJ-SSP can be applied to 

virtually all species that can be dissolved and transferred into the probe. Detection limits in the 

low-nanogram range were reported for mixtures of dyes on TLC plates.40 After several years of 

development, a commercial product is now available from Prosolia, Inc. (FlowprobeTM) that can 

be used for spot sampling and imaging of cells and tissues. Though not yet demonstrated, it should 
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be feasible to also integrate sample preconcentration and cleanup into the workflow of LMJ-SSP 

in the future. 

Sensitivity  

One of the greatest challenges in analytical chemistry is to develop techniques, which are 

sensitive enough to detect trace levels of many different analytes in a short amount of time. While 

ADI-MS certainly reduces the analysis time compared to LC-MS, that speed can come at the 

expense of compromised sensitivity.41 While ionization matrix effects are mitigated by analyte 

separation in time with LC-MS, that luxury is not offered in ambient mass spectrometry due to the 

lack of analyte separation prior to ionization. Furthermore, matrix effects can also occur during 

the desorption (or volatilization) step further complicating quantitative analyses. These desorption 

and ionization matrix effects can lead to poor sensitivity for analytes in certain matrices. In 

addition, ionization of non-polar analytes is also a challenge in ADI-MS analysis. These issues 

need to be properly addressed to achieve quantitative analyses with ADI-MS techniques. 

In plasma-based techniques, the type and density of reagent-ion production is highly 

dependent on the source operating parameters such as discharge voltage/current, gas flow rate, gas 

composition, and electrode configuration or spacing.15, 16, 42-45 Furthermore, discharge type (e.g., 

corona discharge, direct current (DC) glow discharge, radiofrequency (RF) glow discharge, 

dielectric-barrier discharge (DBD), etc.), and the associated ion-formation processes, also 

influence type, distribution, and density of reagent species. For instance, the FAPA is based on a 

DC atmospheric-pressure glow discharge (APGD)46 operated at ca. 10 W of power, which leads 

to a larger population of reagent ions and, in turn, better sensitivity as compared to the corona-to-

glow discharge of the DART source and the dielectric barrier discharge of the low temperature 

plasma (LTP) probe.47 
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Improved sensitivity with plasma-based sources has been achieved through the addition of 

small amounts of molecular gases to the discharge. For instance, three-fold enhancement in 

molecular-ion signal, as compared to pure helium plasma, and nine-fold increase in molecular-ion 

signal, as compared to a pure argon plasma, was observed for naproxen with an RF-APGD source 

when small fractions of oxygen were added to the helium or argon discharge gas, respectively.44 

In addition, electron-ionization-like fragmentation, which was NIST database searchable, was 

observed with a helium:oxygen plasma. Such an improvement in molecular-ion signal was 

attributed to the higher density of electrons produced in the presence of oxygen as compared to a 

pure helium or argon discharge. Wright et al.43 demonstrated that addition of molecular hydrogen 

gas to a helium DBD plasma jet resulted in an enhancement in protonated molecular ion signal of 

up to 68 times for a number of analytes. In a follow-up study, it was shown through optical 

spectroscopy that the same mixed-gas conditions led to a drastic decrease in the density of helium 

metastable atoms (Hem), believed to be an important species in protonated water cluster 

formation48. As such, the authors postulated that the enhancement in protonated molecular ion 

signal could be due to alternative, unique acidic reagent ions such as H3
+, HeH+, and H2

+.43 

Some studies have been performed with plasma-based sources to improve the ionization 

efficiency of non-polar analytes. In one example, desorption atmospheric-pressure chemical 

ionization (DAPCI) was optimized to successfully ionize and detect petroleum constituents such 

as hydronaphthalenes, thiophenes, alkyl substituted benzenes, pyridines, fluorenes, and polycyclic 

aromatic hydrocarbons (PAHs).49 Experimental conditions were optimized to achieve analyte 

ionization by proton transfer (inert gas only conditions) or electron transfer (inert gas plus dopant 

naphthalene). In another example, operating parameters of the FAPA source, such as discharge 

current and gas flow rate, were tuned to enhance sensitivity for non-polar analytes by increasing 
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the density of charge-transfer reagents.16 Under the charge-transfer mode, which occurs at high 

discharge currents and low gas flow rates, molecular-ion signal for the non-polar analyte 2,2’-

dichloroquaterphenyl improved by more than two orders of magnitude over the more conventional 

proton-transfer mode. Enhanced molecular-ion signals for non-polar analytes with DART-MS was 

also observed by Cody50 by adjusting several operating parameters. Namely, high grid potentials, 

close distances between the DART source and mass spectrometer inlet, and high gas-heater 

temperatures led to the formation of molecular ions for non-polar aliphatic compounds. Desorption 

atmospheric-pressure photoionization (DAPPI)51 was also found to be equally or more effective 

for the determination of non-polar analytes compared to DESI with detection limits in the range 

of 56-670 fmol.  

Since the introduction of these ADI sources, several technological developments have been 

employed to improve analytical performance. Yu et al.41 coupled the DART source with a triple-

quadrupole MS with additional pumping attached to the inlet of MS to compensate for the 

increased vacuum loading from the high-flow rate of helium. This arrangement, which is similar 

to a jet separator in gas-chromatography-MS, enhanced sensitivity between 10 and 100 times. The 

original design of the FAPA source, which utilized a hole in a plate anode to form the flowing 

afterglow, produced a substantial amount of chemical background across a broad mass range as 

well as exhibited significant oxidation of aromatic analytes. These issues complicated analyte 

detection and identification as well as compromised the analytical performance of the source.52 A 

redesigned FAPA source, with a pin-to-capillary geometry was devised and led to a drastic 

decrease in chemical background levels in both positive- and negative-ionization modes as well as 

less oxidation of aromatic analytes. A detection limit of 4 amol was found for the direct 

determination of the agrochemical ametryn with the pin-to-capillary FAPA source in neat solvent.  
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Because ADI sources are typically coupled to mass spectrometers that were optimized to 

sample ions from ESI/APCI, optimization of the ion sampling efficiency/transfer is mostly done 

empirically, if done at all. Moving forward, computer modeling of the ion sampling/transport and 

MS interface/ion optics is considered a valuable tool that should be used more in the future for the 

improvement of the overall sensitivity of ADI-MS. 

Selectivity 

Sufficient selectivity is a prerequisite not only for analyte identification and prevention of 

false-positives, but also for reliable quantification. Selectivity can be improved through the use of 

instrumental means, such as tandem mass spectrometry (e.g., MS/MS or MSn),53, 54 high-resolution 

mass spectrometry (HR-MS),55, 56 coupling with ion-mobility spectrometry (IMS),57, 58 physical 

sample-preparation approaches (e.g., derivatization or selective extraction/preconcentration), 55, 59 

or by altering the desorption and/or ionization chemistry of the source.60 

The ability to perform high-resolution, exact mass measurements, such as with an orbitrap, 

Fourier transform ion cyclotron resonance (FT-ICR), or time-of-flight mass analyzer (TOF-MS), 

offers additional selectivity over a large mass range. Accurate mass measurements provide 

elemental composition and can reduce isobaric interferences in the spectra. Additionally, with 

resolving powers offered by current FT-ICR and orbitrap instruments, chemical noise levels can 

be quite low and improve sensitivity and LODs. For instance, Jillian et al.25 observed one order of 

magnitude improvement in LODs for linalool with DART-MS when high-resolution orbitrap mass 

spectra were acquired as compared to those from a low-resolution triple quadrupole instrument. 

Accurate mass measurements alone, though, cannot be used to separate or differentiate between 

isomeric species commonly encountered in natural systems,61-63 which can complicate non-

targeted analyses.  
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In ADI-MS, the mass spectrometer itself serves as a separation device as well as a detection 

tool. Therefore, in the analysis of extremely complex samples, additional selectivity in the form of 

separation of analyte-ion signals becomes quite important. Tandem mass spectrometry methods 

provide an additional means of selectivity via isolation and fragmentation of the analyte ions. The 

masses of the resultant fragment ions, along with the mass of the intact molecule, can be used to 

confirm identity through known fragmentation transitions, in the case of targeted analyses,64 or 

can be compared to libraries of tandem mass spectra, in the case of non-targeted analyses.65, 66 

Tandem mass spectra also provide lower chemical noise, which further improves sensitivity of 

ADI-MS analyses.67 However, current MSn approaches are performed serially in time and, as such, 

cannot be reasonably applied to more than a few analyte ions, let alone the entire mass range.  
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Figure A-2: Mass spectra of melamine recorded by DAPCI-MS: (a) mass spectrum of authentic melamine (1 ng) on filter paper surface; 

(b) MS/MS product-ion spectrum of protonated melamine at m/z 127; (c) MS/MS product-ion spectrum of deuterated melamine at m/z 

134; (d) MS3 spectrum of the ionic fragments (m/z 85) produced from protonated melamine; (e) MS3 spectrum of the ionic fragment at 

m/z 90 produced from deuterated melamine; (f) mass spectrum of powdered milk on a filter paper surface, the signal detected at m/z 127 

yielded the same MS/MS spectrum as that of protonated authentic melamine (shown in Figure A-2b). Reprinted with permission from 54. 

 

Yang et al. applied DAPCI for melamine detection in milk products.54 For improved 

selectivity, they performed MS3 experiments in a linear ion trap MS. To shed light on the 

fragmentation behavior, additional experiments were carried out with deuterated melamine. 

Melamine-d6 contains three deuterated amine groups, which are susceptible to proton-deuterium 

exchange. Therefore, the measurements were presumably carried out in deuterated solvent as a 
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mass shift of seven (m/z 127 vs 134) was abserved. For MS quantification, usage of isotopically 

labeled 15N- or 13C-melamine is recommended, because these isotopes do not exchange in solvent. 

Additional rapid orthogonality to ADI-MS analyses, and improved selectivity, can be 

obtained with temperature-programmed vaporization of analytes. Programmed thermal desorption 

with external heating leads to separation of sample components in time as a result of their different 

vapor pressures. In the DIP-APCI-MS determination of coumarin in woodruff-flavored liquor,68 

the analyte signal at m/z 147.0441 exhibited a delayed rise as compared to the chronogram of an 

isotopically labeled internal standard, coumarin-d4.  

The time profiles of these isotopologues are vastly different, so much so that it could not 

be due to differences in vaporization (or desorption) of the analytes, even in the presence of a 

matrix; therefore, one of the signals is likely due to an isobaric interference from the sample matrix. 

A subsequent LC-MS analysis of the liquor doped with coumarin-d4 revealed that the isobar did 

not originate from the matrix alone. Instead, the authors rationalize that the species detected near 

m/z 147 with DIP-APCI-MS originated from chemical modification of matrix components during 

the desorption/ionization process, likely due to the high temperatures applied directly to the 

sample.  

Additional selectivity, without compromise to the analysis time, can be achieved by 

introduction of a complementary rapid ion separation/filter device, such as IMS or differential 

mobility spectrometry (DMS).58, 69, 70 The biggest strength of DMS coupled with ADI-MS lies in 

the removal of background interferences in targeted analyses. The differential mobility system can 

be readily implemented in ADI-MS methods, because it separates ions on the basis of a 

complementary mechanism. Clearly, it also adds complexity to the MS instrument and is 
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associated with higher costs. Furthermore, in the case of spray-based ADI sources, an additional 

heater is needed before the IMS/DMS device to ensure sufficient desolvation of ions prior to 

mobility separation. In the case of plasma-based methods, the plasma gas can present a change in 

the drift gas composition within the IMS/DMS device and can lead to a significant variance in ion 

mobilities. Galhena et al.71 demonstrated a hybrid DESI-DMS-MS platform on a commercial mass 

spectrometer. An additional heater cartridge and desolvation chamber were added to ensure proper 

desolvation of analyte-containing droplets prior to the DMS device. By allowing only ions of a 

specific mobility to pass through the DMS device, chemical noise was suppressed and analyte ions 

could be filtered from interfering ions of similar mass. 

Performance of DESI-DMS-MS was demonstrated for the separation and detection of 

isobaric compounds, 5-HMF and melamine. When the DMS device was off, the two species were 

marginally differentiated with the relatively high resolving power of the TOF mass analyzer (cf. 

inset of Figure A-3). However, when the DMS cell was turned on and the compensation voltage 

swept during analysis, the isobaric species were baseline resolved and could be identified (cf. 

Figure A-3). 
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Figure A-3: Application of DESI-DM-MS to the analysis of chemical standards on PTFE surfaces. The analysis of a binary mixture of 

pyrimethamine (100 μM) and 5-HMF (100 μM) in DM-on mode (SV = 900 V, CV = −15 to 5 V). Inset shows the marginally resolved TOF 

MS spectra of melamine and 5-HMF. Taken and modified from ref. 71. 

 

In a different approach, a miniaturized DMS device was coupled to an LTP ionization 

source to investigate the potential for such a portable system for rapid, on-site monitoring.72 

Analytical performance was determined for six environmentally relevant model compounds 

(benzene, toluene, ethylbenzene, pxylene, 1,2,4-trimethylbenzene, and naphthalene) and directly 

compared to APPI-DMS and APCI-DMS (with a 63Ni source). The determined LODs in the tens 

of ng/L range were achieved. 

Another strategy to increase the selectivity and, by extension, the sensitivity of ADI-MS 

analyses is to alter the chemistry of the desorption/ionization process in what is often referred to 

as ‘reactive ambient mass spectrometry.’ Cotte-Rodríguez et al. 60 used additives in spray solvents 

of DESI to form characteristic adduct ions of explosives, which enhanced selectivity and improved 

LODs by up to an order of magnitude. In another case, direct and rapid detection of cholesterol in 
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dried serum samples and animal tissue sections was drastically improved by addition of betaine 

aldehyde to the DESI spray solvent 73. The experiment combined desorption by DESI with in-situ 

chemical derivatization as betaine aldehyde selectively and rapidly reacts with the hydroxyl group 

of cholesterol to form a hemiacetal salt. The study also demonstrated the quantitative analysis of 

free cholesterol in serum using reactive DESI with cholesterol-d7 as an internal standard.73 An 

LOD of 1 ng was achieved for cholesterol and related compounds with this reactive DESI system. 

Nyadong et al. 74 used a reactive DESI system based on a competitive host-guest 

complexation reaction of two crown ethers with oseltamivir in Tamiflu capsules to achieve rapid 

semi-quantitative results without an internal standard. A sensitivity enhancement of up to 14 fold 

compared to reagent-less DESI was achieved when 12-crown-4 was used as reactive DESI reagent. 

The improvement in sensitivity was attributed to the increased surface activity of oseltamivir-

crown ether complexes, which leads to higher ion yields. The resultant analyte complex was also 

stabilized by localization of positive charge on the amine. In another example of reactive ADI-

MS, the selective reaction of 2-phenyl-4,5,5,5-tetramethylimidazoline-1-oxyl-3-oxide with NO· 

was used for quantification of exhaled nitric oxide (eNO) in human breath with extractive 

electrospray ionization-mass spectrometry (EESI-MS).75 The EESI-MS response of 1-oxyl-2-

phenyl-4, 4, 5, 5-tetramethylimidazoline (PTI) product was used to calculate the eNO 

concentration. Quantification of eNO in the sub-ppb level (~0.02 ppbv) with relative standard 

deviation of 11.6% was achieved with the method. 

A common misconception about increased selectivity offered by instrumental approaches 

(e.g., MS/MS, HR-MS, and IMS) is related to its capabilities in addressing matrix effects, in 

particular ion suppression. Though these approaches often aid in filtering or separating ions 

produced from the sample matrix, ion-suppression and other matrix effects still exist as they occur 
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in the desorption/ionization step. As such, it is important to not confuse ion suppression with 

chemical background interference, because ion suppression is a phenomenon that occurs in the 

ionization source and adversely affects formation of the ions of interest. Because the instrumental 

approaches to improve selectivity listed above are carried out after the desorption/ionization 

process, they cannot compensate for any ion suppression or other matrix-effect issues. Therefore, 

matrix effects need to be investigated and actively monitored meanwhile appropriate quality-

control procedures should be implemented. 

Even with the instrumental advantages discussed above, interferences and matrix effects 

remain the biggest issues limiting quantitative ambient mass spectrometry. Because mass 

spectrometry is a chemically active analytical method, the desorption and ionization processes can 

also be a source of interferences via chemical modification of species in a sample. For example, 

the creation of 5-hydroxymethylfurfural) (5-HMF, m/z 127.03897) from carbohydrates in the 

desorption/ionization process has complicated the detection of melamine (m/z 127.07267) in milk 

powders due to isobaric interferences.76, 77 Fortunately, in that case, tandem MS and HRMS can 

be used to resolve those species. 

 

Matrix effects 

Without prior separation of analytes, matrix effects can severely degrade quantitative 

capabilities and even inhibit identification of analytes in ADI-MS analyses. As mentioned by 

Cooks et al.,78 matrix effects ultimately limit the quantitative accuracy of MS methods. Although 

the matrix effects in plasma-based ADI sources are typically considered to be less severe compared 

to spray based methods, they are still quite significant.47 Shelley et al.47 compared ionization 
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matrix effects among three plasma-based ADI sources: FAPA, DART, and LTP. They found that 

all three methods suffer from ionization matrix effects with FAPA being least susceptible to the 

ion-suppression process compared to the other two methods for species that will only undergo 

proton-transfer ionization. In LTP and FAPA, a different type of matrix effects can occur, namely 

an inhibition of the formation of protonated reagent species by the presence of non-polar 

compounds.47 

Today, only a limited number of publications discusses matrix-effect theory and means to 

mitigate this problem in ADI-MS. Song et al.79 proposed a transient microenvironment mechanism 

(TMEM) to address matrix effects for DART. According to the mechanism, a transient 

microenvironment (TME) shields analytes from direct ionization when the DART gas stream 

impinges on the sample. Matrix molecules are ionized first and analytes are ionized later in time 

by gas-phase ion/molecule reactions with matrix ions. As little as 10 nL of liquid or 10 µg of solid 

material was reported to be sufficient to create a transient microenvironment. Furthermore, this 

TME can dictate the ionization pathways of analytes below a certain analyte-to-matrix ratio, 

depending on the DART temperature and boiling points of analyte and matrix. 

Chen et al.80 used a separate neutral gas stream with EESI-MS to sample the surface of 

solid biological objects such as human skin, frozen meat, and plant tissue without sample 

pretreatment, which produced a neutral aerosol that was subsequently analyzed online. Desorption 

of volatile and semi-volatile analytes with the neutral gas stream effectively separated the sampling 

process from ionization process in both time and space, which resulted in less ion-suppression. 

Harris et al. reported a spatial-dependence of sensitivity and ion suppression in DART 

analysis of nerve-agent simulants.20 Sampling locations with a high degree of analyte response 
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(“ion yield hot spots”) did not always correspond with the highest temperature regions within the 

ionization space (cf. Figure A-4). Interestingly, they found that the volatility of analytes seems to 

play a smaller role in ion suppression than differences in proton affinity. 

 

Figure A-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 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 highest intensity recorded for a given 

concentration. Reprinted with permission from 20. 

Reduction of matrix effects by tailored sample preparation 

No sample preparation was one of the initial selling points of ADI-MS. Today it is 

increasingly reported that tailored sample pre-treatment seems to be advantageous over no sample 



 

156 

 

preparation at all. For example, when samples are directly analyzed from their native environment, 

improved sensitivity and selectivity can be achieved by rapid preconcentration of analytes within 

the sample prior to analysis. Several preconcentration methods coupled with ADI-MS analyses 

have been reported.55, 59, 81, 82 For example, quantitative analysis of mycotoxins was performed 

with the use of matrix-matched standards or by employing commercially available 13C-labeled 

internal standards55. The authors observed serious ion suppression by co-extracted matrix 

compounds. To reduce these matrix effects, dispersive solid phase extraction (SPE) with primary-

secondary amine (PSA) sorbents and MgSO4 was employed to clean up the sample. A significant 

improvement in analyte signal response (deoxynivalenol, m/z 331.0943) as a function of amount 

of PSA sorbent added (0-100 mg/mL of extract) is illustrated in Figure A-5. Ultimately, more 

severe matrix effects and poorer sensitivity (LOD of 648 µg/kg) was noted with DART-HRMS 

analyses as compared to LC-MS methods (LOD = 60 µg/kg), the standard approach for mycotoxin 

detection. Furthermore, slightly worse repeatability of the measurements with DART-HRMS 

(RSD between 7.9 and 12.0%) as compared to those with UPLC-TOFMS (RSD less than 5.6%) 

was achieved when examining certified reference material (CRM) extracts. 
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Figure A-5: The impact of dispersive SPE clean-up employing PSA and MgSO4 on deoxynivalenol (m/z 331.0943 ± 4 ppm) signal intensity 

in wheat extract (spike 500 µg/kg). Given sorbent amounts were used for 4ml of acetonitrile extract containing equivalent 800 mg of 

matrix; solvent standard concentration was 100 ng/mL. Reprinted with permission from. 55. 

In another study, liquid-phase micro-extraction (LPME) in combination with DESI-MS 

was used for identification and quantification of basic drugs in human urine.82 Significant 

reduction in matrix effects was observed with the use of LPME compared to direct analysis with 

DESI-MS due to the selective extraction capabilities of three-phase LPME. The LPME extracts 

were deposited on porous Teflon, allowed to dry, and analyzed with DESI-MS. The limit of 

quantification for diphenhydramine was 140 ng/mL when an internal standard (diphenhydramine-

d5) was used. 

Pre-concentration of UV-filter compounds in environmental water samples with stirbar 

sorptive extraction (SBSE) was performed followed by DART-MS analysis.83 After pre-

concentration with SBSE, LODs better than 40 ng/L were achieved for several organic UV filters 

standard solutions, but RSDs were as large as 30%. Microextraction by packed sorbent (MEPS) 

was used by Jagerdeo et al.81 for fast extraction and preconcentration of drugs of abuse followed 

by rapid analysis with DART-MS. Quantification of cocaine in human urine with internal 
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standardization (isotopically labeled cocaine) was reported with an LOD of 4.0 ng/mL. In another 

study, molecularly imprinted polymers (MIPs) as analyte sequesters were used with easy sonic-

spray ionization (EASI)-MS for the analysis of drugs in urine.84 This method was advantageous 

for complex sample analysis due to the ability to selectively trap target analytes with well-designed 

MIPs, which results in reduced matrix effects.  

Very recently, solid-phase microextraction (SPME) followed by thermal desorption of 

extracted analytes to introduce sample to a dielectric barrier discharge ionization (DBDI) source 

was reported85. The method separates the thermal desorption step from the ionization step, which 

enhanced reproducibility and minimized ion suppression. The approach features an in-line 

geometry (SPME, DBDI, interface), which results in an improved analyte-ion transmission. LODs 

as low as 0.3 pg/mL were achieved for cocaine and diazepam. In a similar study, Dumlao et al.86 

reported the use of a fabricated solid-phase microextraction sample probe, which also served as an 

ionization electrode in LTP-MS. LODs of chemical warfare agent simulants in the ppb range were 

reported. 

Based on the reports discussed above it is clear that microextraction techniques may 

certainly decrease matrix effects in the analysis of complex mixtures. In principle, however, they 

require additional, and sometimes time-consuming, preparation steps in the analytical protocol, a 

fact that is in contrast to the initial concept of fast and direct ADI analyses. 

Internal standardization 

The use of an internal standard in ambient mass spectrometry was already shown in the 

first publication on DESI 5. Clearly, the selection of an appropriate standardization approach 

depends on the sample phase, surface composition, and the target analytes themselves. In liquid-
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phase analysis, internal standards can be added to the sample solution before the dried droplets are 

probed with ADI sources. Similarly, to conventional mass-spectrometric protocols, 

standardization with deuterated standards is feasible, although the limited availability and high 

cost of deuterated standards might be a concern. For example, DART was coupled to a linear ion 

trap mass spectrometer and successfully used to detect and quantify glucose by use of a deuterated 

glucose standard.87 

 

Figure A-6: Reproducibility experiments: (a) extracted ion chromatogram (m/z 198) for one trial where nine 50 mM glucose standards 

spiked with 40 mM of deuterated glucose were analyzed by DART-LIT and (b) calculated peak area ratios (PAR) for standard solutions, 

where trial 1 is shown in (a) and additional trials represents a separate batch of samples (n = 9). Reprinted with permission from 87. 

In Figure A-6, extracted ion chronograms (ammonium adduct of glucose [M+NH4]
+ at m/z 

198, of the analyte are depicted. The peak height and the peak profile was found to vary among 
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nine repetitions, similar to what is observed with most ADI sources, but the peak area was 

successfully used for quantification after calculation of a peak area ratio (PAR), which considers 

the response of the deuterated form of glucose at known concentrations. A linear range from 10 to 

3000 µM was found. More details on the analytical performance (LOD, LOQ, etc.) were not 

reported.  

In the case of natural surfaces, however, the use of internal standards is not straightforward. 

Application of an internal standard to an amorphous solid sample in a consistent way can be quite 

difficult. For example, it was reported that both the addition of an internal standard to the solvent 

spray in DESI and doping of an internal standard by electrospray deposition do not yield proper 

quantitative results.11 Nyadong et al. showed that the internal standard-to-analyte response  in 

DESI-MS analysis of tablets is influenced by the hardness of the tablet samples 14. 

Recent applications 

Rapid and high-throughput analyses have expanded the field of ADI-MS to diverse 

applications. One interesting application is the rapid identification of pesticides in human oral 

fluids in self-poisoning cases. Lee et al. described a point-of-care method based on laser desorption 

(LD)-ESI-MS for targeted detection of pesticides (methamidophos, methomyl, paraquat, 

dimethoate, and chlorpyrifos) by MS/MS using a triple quadrupole MS.88 Pesticide-oral fluid 

mixtures were applied on a cotton swab and then transferred into methanol. A metallic probe was 

used to sample the methanol solution for subsequent LD-ESI-MS/MS analysis. Total analysis time 

(sampling, transfer, desorption, ionization, detection) was within 1 min. The LODs of the 

pesticides in oral fluid obtained from four human subjects were between 1 and 10 ppb with a 

relative standard deviation of 10.7%. 
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ADI-MS has found its way into the field of environmental sciences as well. For example, 

DESI-MS was used for the quantification of organic acids in aerosols and lengthy sample 

preparation steps such as extraction, concentration, and pre-separation could be completely 

eliminated.89 Li et al. reported LODs of approximately 1 pg/mm2 for selected organic acids (oxalic 

and oleic acids) in atmospheric aerosols within a little as 5–10 s sampling time were.89 Recently, 

the FAPA source was used for the analysis of organic aerosols.90 Changes in aerosol composition 

and concentration were detected in the time scale of seconds and in the ng/m3 range. The FAPA-

MS results from a field campaign in a mixed forest region were in good agreement with offline 

measurements of collected aerosols. 

In recent years, ADI-MS techniques are increasingly used for imaging applications. An 

indirect approach has been presented by Hemalatha et al.91 They used DESI-MS for imprint 

imaging. One prerequisite for imprint imaging is retention of spatial resolution. The study 

demonstrates the use of electrospun nanofiber mats made of nylon-6 surfaces for rapid detection 

or imaging by DESI-MS. The applicability was demonstrated on six different examples, including 

patterns formed by single drops with dissolved dyes, marker pen inks, and printing inks. Imprints 

of plant parts showed the suitability of nanofiber mats as substrate for identifying and preserving 

diverse classes of compounds. While the majority of the study focused on qualitative aspects of 

this approach, future experiments will have to evaluate, amongst others, the completeness of 

analyte transfer for subsequent quantification. 

Alternatively, ADI-MS analysis is increasingly utilized to obtain spatial and molecular 

information from biological samples with minimal or no sample pretreatment. Zou et al. 

demonstrated the use of a picosecond infrared laser (PIRL) for small molecule imaging by cutting 

through biological tissues without significant thermal damage to nearby tissue.92 The PIRL can be 
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used as a standalone surgical scalpel with the added bonus of minimal postoperative scar tissue 

formation. The combination of PIRL ablation with ESI (PIR-LAESI) further improved MS signals. 

The sensitivity of the method has been estimated by analysis of aqueous solutions with LODs in 

the range of 100 nM for reserpine and better than 5 nM for verapamil. 

The assessment of LODs in imaging applications is challenging. As described above, 

LODs were also determined by use of aqueous solutions by Lee et al. 93. They present a laser 

desorption/ionization droplet delivery mass spectrometry (LDIDD-MS) method which is capable 

of single cell analysis. For LDIDD-MS, a focused, pulsed UV laser was used for desorption and 

ionization of target molecules deposited on a surface. The combined effect of photoionization by 

the UV laser and ESI increased the ionization of analytes in an analyte-dependent manner. For 

example, the caffeine signal was five times higher compared to sole photoionization and more than 

ten times more intense than ESI alone. The combination of UV photoionization and ESI was also 

applied to the amino acid lysine, and a LOD as low as 2 amol was obtained. 

One of the most challenging prospective applications with respect to available analysis 

time and complexity of sample shown in literature is the intraoperative molecular diagnosis of 

human brain tumors.94 Eberlin et al.94 developed a method to rapidly classify brain tumors based 

on lipid information obtained by DESI-MS, which could be used to determine the boundaries 

between healthy and neoplastic tissue. Oligodendroglioma, astrocytoma, and meningioma tumors 

of different histological grades and tumor cell concentrations were analyzed. The results obtained 

from mass-spectral imaging were in agreement with histopathology diagnosis with very few 

exceptions. The method demonstrates the potential of ADI-MS to guide brain tumor surgery by 

providing rapid diagnosis, and tumor margin assessment in near-real time. 
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The group of Eberlin also developed and optimized an analytical approach integrating 

DESI and LMJ-SSP with a chip-based FAIMS device for imaging biological tissue samples.95 This 

method allows partial separation of singly charged metabolites, singly- and doubly charged 

glycerophospholipids and glycosphingolipids, and multiply charged protein analytes after 

desorption or extraction from biological samples, resulting in decreased chemical noise and 

increased detection of selected molecular species. Reducing interferences through FAIMS 

separation improved the S/N for the species of interest, aiding in spectral interpretation and 

improving ion image quality. For example, lipid identification was improved by a 50% increase in 

S/N for all detected cardiolipin species. 

The presented ADI-MS applications for bioimaging have one major commonality: no 

quantitative information was provided. Therefore, to complement the spatial and molecular 

information provided by ADI-MS, complementary analytical techniques could be beneficial for 

gaining some quantitative information. For example, laser ablation inductively coupled plasma 

time-of-flight mass spectrometry (LA-ICP-TOFMS) is successfully used for quantitative imaging 

of metal or heteroelement-containing species sometimes with sub-cellular resolution.96-99 While 

the quantitative sampling by LA and the species-independent response by ICP-MS offer several 

advantages, information on the molecular identity are completely lost upon atomization in the ICP 

source. However, combining tried-and-true quantitative analytical tools, such as LA-ICP-MS, with 

ADI approaches or alternative ways of using established ionization sources (e.g., see LA-APCI-

MS/ICP-MS100) could provide a means to generate reliable quantitative information in ADI 

imaging applications. Though such a specific combination has not yet been presented in the 

literature, these sorts of multimodal analytical (and imaging) methodologies will likely begin to 
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play an important role in ADI-MS analyses and particularly towards obtaining reliable quantitative 

information. 

 

Future perspectives 

Ambient desorption/ionization mass spectrometry has already demonstrated tremendous 

potential in different fields of analytical sciences. However, more efforts are required to develop 

reliable and quantitative information from these approaches. It is anticipated that key 

improvements to the analytical performance of ADI-MS will continue. However, the fundamental 

understanding of desorption and ionization processes and matrix effects is still very limited. As 

such, a greater push to understand these fundamentals is required for the field to progress and to 

develop successful quantitative ADI-MS methods. 

We expect a continued development with novel concepts not only for semi-quantitative 

screening, but also for accurate quantification. However, only the truly simple-to-operate, 

effective, and rugged sources are expected to make a long-lasting impact on the field, at least from 

a commercial standpoint. With an improved understanding of the advantages and limitations of a 

given ADI source (and compared to other sources), it would then be possible to define the useful 

range of applications, and to further improve the method’s selectivity, sensitivity, and 

reproducibility. To move the field forward, researchers should only publish data that was obtained 

following the guidelines and quality standards of the analytical sciences. For example, it should 

always be stated in a manuscript how quantitative results were obtained and if matrix effects were 

observed; these points are clearly lacking in many publications featuring ADI-MS methods. Also, 
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new methodologies should be tested on certified reference materials should be validated with an 

established method. 

Clearly, ADI-MS will not replace techniques such as LC-MS or GC-MS, but will become 

an indispensable and complementary tool, especially for in situ chemical analysis. For example, 

portability is something that the traditional benchtop mass spectrometers do not offer and it is 

assumed that portable miniature mass spectrometers equipped with ADI sources will become 

commercially available in the future. These unique instruments would open up new avenues for in 

situ chemical analysis with applications in the biomedical, environmental, and pharmaceutical 

field.  
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