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Abstract
A new direct-current microwave argon plasma source was designed and constructed for 
use in mass spectrometry. Solid samples and analytes on solid materials were examined 
by means of mass spectrometry. The microwave source was used to generate argon plasma 
allowing the ionization of analyte particles thermally released from the heated crucible 
whose temperature could be regulated from 100 to 250  °C. A microwave argon plasma 
ionization source in ambient mass spectrometry was used for analysis of pure compounds, 
analytes in molecular imprinted polymers (MIPs) and drugs in medical tablets. Results 
suggest that ionization occurred mainly through protonation, with only a small contribu-
tion of fragmentation and adduct formation. In this technique, ion fragmentation analysis 
 (MS2) gives good results in the analysis of low molecular weight compounds in complex 
matrices. Limits of detection and limit of quantification for several small organic molecules 
were determined for investigation of the analytes in difficult matrixes.

Keywords Microwave argon plasma · Mass spectrometry · Chemical analysis · Molecular 
imprinted polymers · Drugs in medical tablets

Introduction

For many years attempts have been made to design a system in which a mass spectrom-
eter would have an independent external source of sample ionization working under atmos-
pheric pressure. In the commercial mass spectrometers the most popular technique of 
sample ionization is the direct analysis in real time (DART). In this technique ions are 
produced electronically or vibronically from excited-state species in gases such as helium, 
argon, or nitrogen that ionize atmospheric molecules or dopant molecules [1–6]. The ions 
generated from atmospheric or dopant molecules undergo ion–molecule reactions with the 
sample molecules to produce analyte ions. DART has been successfully used for analysis 
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of chemicals, including chemical agents, pharmaceutics, metabolites, pesticides and envi-
ronmentally significant compounds.

Flowing atmospheric pressure afterglow mass spectrometry (FAPA) is an analytical 
chemistry technique for sensitive detection of low molecular weight organic compounds 
[7–13]. The method of analysis of organic compounds by mass spectrometry with the flow-
ing atmospheric pressure afterglow ion source in the ambient atmosphere and has been 
proven to be a promising tool for direct and rapid determination of numerous compounds. 
The construction of the argon plasma torch and its operating parameters have a direct 
impact on the quality of the spectra obtained in the mass spectrometer. Argon plasma is 
generated between the two electrodes inside the quartz tube. The first electrode is inside 
quartz tube and the second electrode is outside at the end of the quartz tube. The analytes 
were thermally desorbed and ionized by FAPA and identified in the mass spectrometer ana-
lyzer. Thermal desorption of analytes is a specific method of introducing a sample into 
a plasma stream. The order of release of the compounds depends on their volatility. The 
method offers fast and reliable structural information, with no need of pre-separation, and 
can be an alternative to the Electron Impact, GC/MS, and ESI for fast analysis of organic 
compounds.

Zeiri et al. [14] have presented a direct-current microplasma-based flowing atmospheric 
pressure afterglow for the use in ambient desorption-ionization mass spectrometry. The 
annular-shaped microplasma is formed in helium between two concentric stainless-steel 
capillaries that are separated by an alumina tube. Their results suggested that ionization 
occurred mainly through protonation, with only a small contribution of fragmentation and 
adduct formation. Limits of detection for several small organic molecules were in the sub-
picomole range. Dai et al. [15] have demonstrated the application of a microwave induced 
plasma ionization (MIPI) source to ion mobility spectrometry (IMS). The MIPI source is 
composed of a copper cavity and a hollow quartz discharge tube. MIPI-IMS was used to 
detect some volatile organic compounds in monitoring of air pollutants.

The compact microwave discharge, termed the microstrip plasma (MSP) that was pre-
viously used for optical emission spectrometry has been used as an afterglow ion source 
for mass spectrometry by Pfeuffer et al. [16]. The primary background ions present in the 
afterglow were the ionized and protonated water clusters. An exponential dilution cham-
ber was used to introduce volatile organic compounds into the MSP and yielded limits of 
detection in the 40–7 ppm range (v/v). The MSP afterglow was found capable of desorp-
tion and ionization of analyte species directly from a solid substrate, which suggested its 
possible use as an ion source for ambient desorption/ionization mass spectrometry.

We present the construction and application of a new microwave argon plasma torch 
which was designed to be used in the ion trap mass spectrometry. The application of this 
technique is presented on the example of analysis of pure compounds, analytes included in 
molecularly imprinted polymers (MIPs) and commercial drugs in the form of tablets.

Experimental

Instruments

MS and  MSn spectra were recorded using an amaZon SL ion trap (Bruker, Bremen, Ger-
many) equipped with an electrospray ion source in infusion mode or microwave argon 
plasma. The apparatus was operated using the so-called “enhanced resolution mode” (mass 
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range: 50–2,200 m/z, scanning rate: 8100 m/z per s). The typical ESI–MS source settings 
were found to be optimal also for the microwave ionization source, with the exception of 
the mass spectrometer entrance glass capillary voltage, which was lower l (1 kV) than the 
standard ESI setting (4.5 kV). The temperature of the glass capillary was set to 200 °C, the 
drying gas flow was maintained at 3 L min−1. The mass spectrometer was operating in the 
positive ion mode. For  MS2 experiments, the isolation width was set to 2 m/z and the frag-
mentation amplitude was in the range from 0.5 to 0.8 unit. The microwave argon plasma 
ionization source was positioned on the axis of the inlet of the mass spectrometer with the 
tip located ca. 50 mm from the MS inlet. The vapors generated in such a way were directly 
introduced into the argon plasma jet stream, which resulted in their ionization. The over-
all average time of analysis was ca. 5 min. The mass spectrometer was equipped option-
ally in an outside microwave argon plasma source (Fig. 1). The microwaves were used to 
generate argon plasma allowing the ionization of analyte particles thermally released from 
the heated crucible whose temperature could be changed from 100 to 250 °C, with a tem-
perature increase rate of 3 °C s−1. The mini crucible allowing the temperature-controlled 
desorption was placed ca. 10 mm below the ion stream. The temperature of the compounds 
desorption was 200 ± 10 °C.

Argon plasma torch, made of a 4/2  mm diameter (DIA) quartz tube through which 
argon was flown at the rate of ca. 100 ml min−1, powered by a 100 W/2450 MHz micro-
wave power generator. The impedance tuning is accomplished using a dual dielectric tuner 
that tunes to the maximum discharge volume and stability. The argon plasma cavity (quar-
ter wavelength, ca. 3 cm) is made of stainless steel. The diameter of the external screen is 
10 mm, and the total length of the resonator section is 4 cm. The construction of the argon 
plasma source is shown in Fig. 2.

Materials and Chemicals

The compounds used in the studies are presented in Table 1. The compounds were pur-
chased from Sigma-Aldrich (St Louis, MO, USA).

Molecularly imprinted polymers (MIPs) are those that have been processed using the 
molecular imprinting technique, which leaves cavities in the polymer matrix strictly cor-
responding to a particular template molecule. All reagents used for the synthesis of MIPs 
were commercial products. Atrazine, pendimethalin, acrylic acid (AA), methacrylic acid 
(MAA), ethylene glycol dimethacrylate (EGDMA), 2,2′-azobisisobutyronitrile solu-
tion 0.2  M in toluene (AIBN), Aluminum Oxide Activated, basic, 4 Brockman I, and 

Fig. 1  The measuring system: microwave argon plasma ionization source, heated crucible and amaZon SL 
mass spectrometer
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chloroform solvent were of the p.a. grade were obtained from Sigma-Aldrich (St. Louis, 
MO, USA).

Synthesis of Atrazine‑MIP, Quercetin‑MIP and Pendimethalin‑MIP

A portion of 0.4 mmol of the template molecule-atrazine and 1.6 mmol functional mon-
omer-MAA were dissolved in 25 ml of methanol, while 0.6 mmol of the template mol-
ecule-pendimethalin and 2.4  mmol the same functional monomer were dissolved in 
10 ml chloroform. A portion of 1 mmol of the template molecule-quercetin and 4 mmol 
functional monomer-AA were dissolved in a mixture of 5  ml chloroform and 5  ml 
DMF. Subsequently, previously purified with Aluminum Oxide Activated, basic, Brock-
man I, 8  mmol or 12  mmol cross-linking agent-EGDMA was added. The ratio of the 
template:monomer:cross-linking agent was 1:4:20, respectively. The pre-polymerization 
solution was sonicated and purged with nitrogen for 20 min. Afterwards, 0.5 ml or 1 ml 
initiator-AIBN was added. The tube was sonicated and purged with nitrogen for additional 
20 min, sealed and placed in an oven for 24 h at 60 °C. After polymerization, MIPs were 
dried under reduced pressure, and ground using mortar and pestle. The particles of used 
templates were extracted with a mixture of ethanol and acetic acid (9:1, v:v) via Soxhlet 
extraction for 90 h. Then, the final product MIPs was dried at 60 °C under vacuum and 
ground. The structure of MIP is presented in Fig. 3.

In order to confirm the binding of analytes in the polymer structures, FT-IR and TG 
analysis were performed. The concentration of the analytes in the obtained MIPs was 
48 mg/1 g of atrazine, 101 mg/1 g of quercetin and 71 mg/1 g of pendimethalin.

Synthesis of NIPs

As a control experiment, non-imprinted polymers (NIPs), with no templates during the 
polymerization, were also prepared and treated in the identical manner.

Fig. 2  The construction of the argon plasma source
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Table 1  The compounds studied

Compounds Molecular 
weight (g/
mol)

Structure

Theophylline 180.16

Caffeine 194.19

Quinine 324.42

Atrazine 215.68

Pendimethalin 281.31

Quercetin 302.23

Ketoprofen 2-(3-benzoylphenyl)propionic acid 254.28

Propyphenazone 230.30



1006 Plasma Chemistry and Plasma Processing (2019) 39:1001–1017

1 3

LOD Determination Procedure

The results of microwave argon plasma ionization source-MS experiments, obtained 
with the use of a solution of pure analytes, analyte-MIPs, and bioanalytes in medical 
tablets, were used for evaluation of the work of the new measurement system. All exper-
iments were repeated three times. The relative standard deviation (RSD) obtained for 
all data did not exceed 20%. In order to determine the background signals, the spectra 
of particular matrices (NIPs) without the analytes were recorded. The limit of detection 
(LOD) is the concentration of a substance below which the identity of the substance 
cannot be distinguished from analytical artefacts. The limit of detection (LOD) was cal-
culated according to the definition: LOD = mean blank value + 3 × standard deviation. 
The signal m/z analyte was three times higher than the noise level. In the experiments 
in which the LOD of pure compounds was determined, 20 μL of the solution of the ana-
lytes at different concentrations in methanol was introduced into the crucible and heated 
to about 200 °C, whereas in the case of composite matrices, 100 mg of the mixture of 
MIP/NIP or tablets/NIP with different concentrations of the analytes were introduced 
into the crucible and also heated to ca. 200 °C.

Table 1  (continued)

Compounds Molecular 
weight (g/
mol)

Structure

Bisoprolol 1-[4-[[2-(1-methylethoxy)ethoxy]-
methyl]phenoxy]-3-[(1-methylethyl)- amino]-
2-propanol

325.44

Fig. 3  The structure of analyte/template-MIP

ANALYT/Template

Polymer

Cavity
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The limit of quantification (LOQ) is the concentration of a substance below which the 
concentration cannot be determined with an acceptable accuracy. The LOQ value was cal-
culated as LOQ = 3 × LOD.

Results and Discussion

To assess the application of the microwave argon plasma source in mass spectrometry anal-
ysis we used the following pure compounds: theophylline, caffeine and quinine. Theophyl-
line is a methylxanthine drug used in the therapy of respiratory problems and asthma under 
a variety of brand names. Theophylline bears structural and pharmacological similarity to 

(a)

(b)

N

N

H

O

N

CH3

Fig. 4  The microwave argon plasma source-MS (positive ions) spectrum (a) and fragmentation  (MS2) spec-
trum of theophylline (b)
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theobromine and caffeine, and it is readily found in in tea and cocoa. Caffeine stimulates 
nervous system and reversibly blocks the action of adenosine on its receptor and conse-
quently prevents the onset of drowsiness induced by adenosine. Quinine is a medication 
used to treat malaria and babesiosis. Quinine is also an ingredient of tonic water that gives 
it its bitter taste.

In order to determine the suitability of the method for analysis of functional poly-
mers, MIPs containing in their structure the analytes atrazine, pendimethalin and querce-
tin trapped in the cavities were obtained. Atrazine is a herbicide of the triazine class used 
in preemergence and postemergence applications. Pendimethalin is an herbicide used to 
control annual grasses and certain broadleaf plants. Quercetin is a plant flavonol found in 
many fruit, vegetables, leaves, and grains.

The third group of materials used for testing was that of active ingredients contained 
in commercial drugs in the form of tablets. Ketoprofen is one of the propionic acid class 

(a)

(b)
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Fig. 5  The microwave argon plasma source-MS (positive ions) spectrum (a) and fragmentation  (MS2) spec-
trum of caffeine (b)
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of nonsteroidal anti-inflammatory drugs with analgesic and antipyretic effects. It acts by 
inhibiting the body’s production of prostaglandin. Propyphenazone is a derivative of phen-
azone with similar analgesic and antipyretic effects, while bisoprolol is used specifically in 
the treatment of hypertension and heart failure.

The first groups of analyzed systems were pure compounds. The microwave argon 
plasma ionization source-MS spectra as well as  MS2 spectra were analyzed for this group 
of compounds (Figs. 4, 5 and 6). For all analyzed low molecular weight compounds in the 
positive ion spectrum, the m/z signals [M + H]+ were recorded, whereas in the  MS2 spectra 
the main decay product of this ion was recorded.

The second group of analyzed compounds included MIPs containing the analytes in 
their structure. Molecularly imprinted polymers are the polymeric matrices obtained using 
the imprinting technology for defined analytes, useful to separate and analyze complicated 

(a)
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Fig. 6  The microwave argon plasma source-MS (positive ions) spectrum (a) and fragmentation  (MS2) spec-
trum of quinine (b). The fragmentation spectrum of ions [M + H]+ confirms the paths of fragmentation 
obtained in the ESI-MS2 fragmentation of protonated quinine as reported by Kudlacek et al. [17]
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samples such as biological and environmental samples. The analytes from the polymer 
structures thermally released into the argon plasma stream were ionized. The recorded 
microwave argon plasma ionization source-MS spectra (Figs. 7, 8 and 9) for these com-
pounds (positive ions) showed an intense ion signal [M + H]+ while the fragmentation ions 
in the  MS2 spectrum were characteristic of these compounds and additionally confirmed 
the correct [M + H]+ signal assignment.

(a)

(b)

N

N

N

Cl

H2N NH

CH3

Fig. 7  The microwave argon plasma source-MS (positive ions) spectrum (a) and fragmentation  (MS2) spec-
trum of atrazine direct from the atrazine-MIP (b). The fragmentation spectrum of ions [M + H]+ confirms 
the paths of fragmentation obtained by Dong et al. [18]
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The microwave argon plasma source-MS technique makes it possible to analyze com-
pounds from complex matrices. The analyzed compounds are released from these matrices by 
thermal desorption and directed to the argon plasma stream. The active ingredients from com-
mercial medical tablets were analyzed. Very good results were obtained for all studied systems 
(Figs. 10, 11 and 12). In the MS spectra (positive ions), intense signals were observed m/z 
[M + H]+, whereas the fragmentation spectra  (MS2) of ions [M + H]+ confirmed the structure 
of the analyzed analytes.

(a)

(b)

H3C

H3C

NO2

NH2

NO2

Fig. 8  The microwave argon plasma source-MS (positive ions) spectrum (a) and fragmentation  (MS2) spec-
trum of pendimethalin direct from the pendimethalin-MIP (b)
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For all tested systems: pure compounds, MIPs with absorbed analyte and medical tablets 
with active ingredients, the linear range of determinations and the limit of analyte detection 
were determined (Table 2).

The LOD value depended on the structure of the analyte and ranged from 0.002  μg to 
0.005 μg for the analyzed compounds, and the LOQ value ranged from 0.006 μg to 0.015 μg.

(a)

(b)

HO

OH

O

O

OH

OH

Fig. 9  The microwave argon plasma source-MS (positive ions) spectrum (a) and fragmentation  (MS2) spec-
trum of quercetin direct from the quercetin-MIP (b)
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Conclusion

A new microwave argon plasma ionization source was designed and constructed for the 
use in ion trap mass spectrometry for analysis of solid samples and analytes on solid 
materials. The microwave plasma ionization source was used to generate argon plasma 
allowing the ionization of analyte particles thermally released from the heated crucible 
whose temperature could be regulated from 100 to 250 °C. The system with a microwave 

(a)

(b)

O

CH

CH3

Fig. 10  The microwave argon plasma source-MS (positive ions) spectrum (a) and fragmentation  (MS2) 
spectrum of ketoprofen (b) direct from the medicine tablet
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argon plasma torch was used to determine low molecular weight compounds from dif-
ferent matrices. The obtained results indicate that the proposed microwave burner with 
argon as the plasma gas, can be used in MS analysis in which the ionization source of 
samples is exchangeable. In the proposed method, analytes are thermally released from 
solid matrices without any sample preparation steps prior to qualitative and quantitative 
analysis. This method significantly reduces the time of analysis without analyte loss, as 
in the classical sample isolation by filtration or sludge spinning phases.

N

N

H3C

O

CH3

(a)

(b)

Fig. 11  The microwave argon plasma source-MS (positive ions) spectrum (a) and fragmentation  (MS2) 
spectrum of propyphenazone (b) direct from the medicine tablet
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(a)
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Fig. 12  The microwave argon plasma source-MS (positive ions) spectrum (a) and fragmentation  (MS2) 
spectrum of bisoprolol (b) direct from the medicine tablet. The fragmentation spectrum of ions [M + H]+ 
confirms the paths of fragmentation obtained by M.F.Tutunji et al. [19]

Table 2  Comparison of analytical parameters for studied materials

Analyte Matrix Linear range (µg) LOD of analyte 
(µg)

LOQ of 
analyte 
(µg)

Theophylline Pure compounds 0.008–3 0.005 0.015
Caffeine Pure compounds 0.008–3 0.005 0.015
Quinine Pure compounds 0.008–3 0.005 0.015
Atrazine Analyte-MIP 0.003–10 0.002 0.006
Pendimethalin Analyte-MIP 0.003–10 0.002 0.006
Quercetin Analyte-MIP 0.003–10 0.002 0.006
Ketoprofen Drug in a tablet 0.005–10 0.003 0.009
Propyphenazone Drug in a tablet 0.003–10 0.002 0.006
Bisoprolol Drug in a tablet 0.005–10 0.003 0.009
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