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Gaseous discharges are high energy environments that can effectively enhance chemical 
reactivity by multiple collisions among atoms and molecules in excited states, radicals and ions. 
Especially at high pressure, chemical rearrangements proceed through complex pathways 
involving both charged and neutral species. The simultaneous knowledge of ionic and neutral 
products is a key for understanding the complex chemistry occurring in non thermal plasmas. 
We have pursued this goal by combining different techniques such as gas chromatography mass 
spectrometry (GC-MS), optical spectroscopy, mass spectrometry, and guided ion beam 
experiments. In addition, products in condensed phase have been analyzed by FT-IR and NMR 
spectroscopies. 
Ion-molecule reactions contribute in different ways to the overall chemistry of ionized gases. 
Significant processes are addition and polymerization reactions, which eventually result in 
molecular growth, as it happens in the much studied case of the nanoparticle growth in 
acetylene plasmas [1], finally leading to dust production. An interesting outcome from recent 
research in this topic is that the polymerization of ionized acetylene clusters efficiently evolves 
in the formation of benzene ions [2]. This finding establishes an important link between small 
and complex organic compounds as implied in the synthesis of the polycyclic aromatic 
hydrocarbons.    
While ion-molecule reactions control directly the final ion composition, they may also play a 
role in establishing the final neutral composition, depending on parameters such as the ion 
density and the ion energy distribution function [3]. A well known example is given by the 
behaviour of the metal ions, which act as catalysts and therefore promote specific neutral 
reactions [4].  
Mechanisms of ion formation in a gaseous discharge are crucial in mass spectrometry, since ion 
formation is the first (and necessary) step in any mass spectrometric investigation. Especially in 
modern mass spectrometry, which relies on atmospheric pressure ion sources, understanding the 
ion chemistry occurring in these environments is crucial for decoding mass spectra. An 
intriguing example is the Atmospheric Pressure Chemical Ionization (APCI) of commercial 
methanol, as obtained in a corona discharge of methanol and air. In our recent research we have 
shown that the equilibrium distribution of the reaction products favours ions peculiar of trace 
impurities rather than those of the major components of the sample, and thus the mass spectrum 
is dominated by ions resulting from organic impurities, in spite of their very low concentrations 
[5]. 
Actually, gaseous discharges at atmospheric pressure can act as true chemical reactors, and in 
the last few years we have investigated several examples of chemical synthesis occurring in cold 
plasma. In the corona discharge of a mixture of acetonitrile, CH3CN, and nitrogen, N2, beside 
the expected radical cation CH3CN+ at m/z 41, we have observed several heavier ions, which 
result from self-addition processes initiated by the discharge [6]. Among them, we have 
characterised the dehydrogenated dimer at m/z 81, the protonated dimer at m/z 83 and the 
protonated trimer at m/z 124. In contrast with the common belief that these species should be 
electrostatic adducts, we have demonstrated that they arise from covalent bond rearrangements 
leading to true covalent molecules. In particular we have proposed that the structure of the 
trimer should be 2,4,6-trimethyl-4-amino-pyrimidine, a stable heterocyclic ring system.    
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The plasma chemistry of benzene/air mixture has attracted our interest since a while. First of all 
benzene is a model for studying more complex organic molecules; it is a volatile organic 
compound of proved carcinogenic activity whose destruction has been pursued by various 
plasma technique, and finally it is the building block of polycyclic aromatic hydrocarbons 
(PAHs), which play a relevant role in different environments, from flames to astrophysical 
plasmas. A recent example is given by the discovery of benzene in the atmosphere of Titan. We 
have investigated benzene/nitrogen/oxygen mixtures at atmospheric pressure both in corona 
discharges and in dielectric barrier discharges. We have detected ionic and neutral products, the 
latter in the gas phase as well as in the condensed phase. In addition we have studied some 
transient species formed in the plasma, such as the CN radical, by optical spectroscopy [7]. In 
absence of oxygen, the main molecular products are biphenyl compounds. Since the synthesis of 
diaryl molecules is of paramount importance, a major effort is currently devoted to gaining 
knowledge of mechanisms for coupling of aromatic compounds. The contemporary detection of 
biphenyl as the most abundant neutral molecule by GC-MS, and of protonated biphenyl as the 
most abundant ion by APCI-MS suggests that ion chemistry should play an important role. Our 
conclusion is that the production of biphenyl from benzene in an atmospheric pressure discharge 
relies on the catalytic role of the plasma, which oxidizes C6H6 to C6H5

+. The latter acts as a 
powerful attacking electrophile on the benzene molecule, and initiates the direct arylation 
process through the mechanism of electrophylic aromatic substitution. Lately we have been 
studying in detail the reaction mechanisms of phenylium ions with benzene [8]. The main ionic 
products in the reaction of C6H5

+ with C6H6 are detected at m/z 155 (C12H11
+), 154 (C12H10

+), 
153 (C12H9

+), 129 (C10H9
+) and 115 (C9H7

+). Minor products have been observed as a result of 
charge transfer processes and hydride abstraction. At low collision energies, the reactivity is 
dominated by the formation of a stable intermediate complex C12H11

+, having the structure of 
protonated biphenyl, which can be considered the Wheland intermediate in the mechanism of 
the electrophylic aromatic substitution. A significant mobility of the H atoms over both rings 
has been demonstrated by the statistical H/D scrambling observed in the fragmentation products 
by using mixed isotopic reagent pairs C6H5

+/ C6D6 and C6D5
+ / C6H6. Loss of H or H2 from the 

protonated biphenyl leads to the C12H10
+ and C12H9

+ product ions respectively, with the latter 
proposed to be the protonated biphenylene cation. Ab initio calculations suggest that C10H9

+ is 
protonated naphthalene, produced via a barrierless elimination of an acetylene molecule from 
the intermediate complex. Therefore the reaction might be relevant for the production of 
condensed aromatic rings not only in gaseous discharges but also in cold environments, such as 
Titan’s ionosphere, where benzene and its ions are present.  
An interesting process observed in corona discharge in air/benzene mixtures is the gas phase 
synthesis of benzenediazonium C6H5N2

+ ions, studied by means of atmospheric pressure 
chemical ionization mass spectrometry. Arenediazonium cations are topic of continuous interest 
because of their importance in both synthetic and physical organic chemistry. The elemental 
composition and the structural assignment of the ion at m/z 105 have been supported by 
measurements carried out by using isotopically labelled reactants, and by MS2 experiments 
performed in an ion-trap analyzer. In addition, for elucidating the mechanism whereby such ion 
can be produced in the APCI source, we have investigated a series of conceivable reactions in a 
guided ion beam tandem mass spectrometer, focusing our attention on the addition reaction of 
C6H5

+ and N2. Finally, we have carried out ab initio calculations to characterize reaction 
energetics [9].   
The study of oxidation processes of aromatic compounds is also of significant interest. Benzene 
can be hydroxylated in non thermal atmospheric plasma and efficiently converted into phenol. 
We have detected phenol produced by corona discharge in an atmospheric pressure chemical 
ionization source as the corresponding radical cation C6H5OH+ at m/z 94 by means of an ion trap 
mass spectrometer. In addition we have observed phenol as a neutral product by GC-MS after 
treatment in a dielectric barrier discharge. Experiments aimed at shading light on the elementary 
processes responsible for benzene oxidation were carried out (i) by changing the composition of 
the gas in the discharge; (ii) by using isotopically labelled reagents; (iii) by investigating some 
relevant ion-molecule reactions (i.e. C6H6 + O2, C6H5

+ + O2) through guided ion beam 
measurements and with the help of ab initio calculations [10]. When C6H6

+ is reacted with O2 



no evidence is found of phenol cation production. The reaction of phenylium ions C6H5
+ with O2 

produces C4H5
+, C5H5O+ and in minor amount the phenoxy cation C6H5O+. Our results indicate 

that ionic mechanisms do not play a significant role in phenol production, which can be better 
explained by radical reactions resulting in oxygen addition to the benzene ring followed by 1,2 
H transfer. 
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