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Abstract  

The detection of small alkanes in a chemical ionization reaction mass spectrometer (CIR-

MS) using conventional reagents presents an analytical challenge. The proton affinity of 

reagents such as H3O
+ is too high, whereas the alternatives, such as O2

+, give rise to 

excessive fragmentation. In this research, the use of CF3
+, generated from CF4, in CIR-

MS is shown to be suitable to detect light n-alkanes in the range C2-C6 with almost no 

fragmentation. CF3
+ ionization proceeds via hydride abstract ion and this is the critical 

difference in comparison with the proton transfer mechanism facilitated by H3O
+.  

Different reaction mechanisms are observed to be at work in the reaction of CF3
+ with a 

functionally varied range of volatile organic compounds (VOCs). For example, with the 

larger alkanes, fluoride extraction occurs and, with aromatic and nitrile VOCs, CF3
+ acts 

as a Lewis acid and a strong electrophile. Cases of charge transfer were observed as well 

as a metathesis reaction with aldehydes and ketones, where the oxygen in the C=O bond 

is replaced with C-F+. The weakness of the bonds in longer chain VOCs were found to 

exhibit the same tendency to fragment as experienced with reactions with every other 

type of reagent, including H3O
+. 

Application of CF3
+ as a reagent, in exhaled breath and urine headspace analysis of 

smokers and non-smokers was examined. The results showed that CF3
+ was more 

sensitive than H3O
+ in the detection of acetonitrile and toluene in exhaled breath.  In both 

cases of acetonitrile and toluene, an adduct is formed with CF3
+, which makes these 

molecules easily identifiable from interfering isobaric compounds. CF3
+ reactions were 

not affected by the large amounts of urea and ammonia found in urine samples. When 

using H3O
+ as a reagent, VOCs with lower proton affinities such as small n-alkanes 

cannot be detected. Hence CF3
+ has the potential to be a useful as a complementary 

reagent to H3O
+ to detect a wider range of VOCs in real-life samples. 

The data of breath and urine headspace were subject to multivariate analysis, mainly 

Principle Component Analysis (PCA) and Partial Least Squares Discriminant Analysis 

(PLS-DA) which provided excellent means for distinguishing between smokers and non-

smokers in breath and urine analysis. 
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Chapter One: Introduction  

Chemical ionization reaction mass spectrometry (CIR-MS) is an important tool for the 

real-time measurement of volatile organic compounds (VOCs) in a variety of 

environmental fields such as monitoring urban pollution as well as medical applications 

such as breath and urine analysis. The most popular reagent used in CIR-MS is H3O
+ but 

other reagent ions such as O2
+, NO+ and NH4

+ have been found to be useful for detecting 

VOCs in special circumstances. These reagents often cause fragmentation or do not react 

with a certain analytes thus making it hard or impossible to detect some VOCs. One of 

the most intractable situations arise with small chain alkanes. 

This thesis explores the utility of CF3
+ as novel reagent in CIR-MS and its application to 

detect small chain of alkanes and other VOCs. In addition, it explores the potential for its 

use in the detection of VOCs in breath and urine samples from smokers and non-smokers. 

This chapter provides context of this study through the application of the main reagent 

ions in CIR-MS and the chemistry of these reagents with different families of VOCs. 

1.1 Applications of Proton Transfer Reaction-Mass Spectrometry  

1.1.1 Environmental Measurements 

The importance of PTR-MS is apparent from its high sensitivity, selectivity and its ability 

to measure many VOCs online as emitted from biogenic and anthropogenic sources in 

application areas such as environmental science, biogenic/anthropogenic VOCs 

emissions, oceans and seas, food and medical applications [1].                     

Natural and anthropogenic sources emit a wide range of VOCs into the atmosphere. 

VOCs may affect the chemical properties of the atmosphere such as through the formation 

of secondary organic aerosols during the photochemical formation of ozone. As a result, 

the identification and the quantification of these VOCs helps the understanding of the 

chemical changes occurring in the atmosphere [2]. Owing to the relative selectivity of 

H3O
+ in reacting with the majority of VOCs, but not with the major constituents of air, 

PTR-MS can be applied to detect VOCs in the atmosphere with high sensitivity with a 

fast response time [2]. The first studies on the atmosphere by PTR-MS were carried out 

in 1990s to measure the variation of VOC concentrations in the atmosphere near 

Innsbruck in Austria [3, 4]. Other studies have been carried out to characterise the VOCs 

and their oxidation products from the forests of Surinam using PTR-M [5-7]. In another 
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example, PTR-MS was used to measure the aromatic and oxygenated VOCs which 

evaporated from an oil spill over the Gulf of Mexico [8]. Many studies have been carried 

out to calibrate and validate PTR-MS atmospheric measurements [1, 9-23].                                                                                         

Biogenic VOCs are released from biological processes within the environment and have 

an impact on the change of chemistry of the biosphere such as climate, formation of the 

tropospheric ozone, and production of aerosols [1, 2]. The major naturally occurring non-

methane VOCs are isoprene, monoterpenes, other reactive and relatively nonreactive 

VOCs. The tropical forests, particularly those with broadleaf trees, are considered to be 

the main source of isoprene emissions owing to a greater exposure to higher levels of 

photoactive radiation and higher temperatures [1]. Emissions of isoprene and its oxidation 

products from tropical forests have been measured through the use of PTR-MS.  PTR-

MS has been used to measure the concentration of several VOCs in European forests. The 

findings suggest a strong diurnal variation for a number of compounds. The results were 

classified into three groups depending on the behaviour of their concentrations. The first 

class contains reactive compounds such as methanol, methyl vinyl ketone, acetone, 

butanol, methacrolein and hexanal, which generally had their highest concentration 

during the afternoon and the lowest concentration during the night. This class is affected 

by air temperature and light levels. The second class of compounds, monoterpenes, were 

correlated with mixed timescales having their highest concentration at night and minimal 

concentrations during the day. The third class contained long-lived compounds such as 

benzene [1, 24]. 

Anthropogenic VOCs result from human activities such as factory emissions, vehicle 

exhaust, oil refining storage, burning fossil fuels and agricultural activities. These 

emissions may affect air quality and can damage ecosystems and, as result, affect the 

quality of life on Earth [2]. The PTR-MS instrument has been adapted for the 

measurement of VOCs in many cities such as Tokyo, Mexico City, Houston, Caracas and 

Barcelona [1, 12, 21, 25-28]. The PTR-MS measurement showed that the concentrations 

of VOCs in Tokyo were very high in summer compared with autumn, while aromatic 

compounds showed less seasonal variation [1, 12]. The results of measurements in 

Caracas showed relatively low levels of pollutions [1, 27]. Langfored et al. [29], applied 

PTR-MS to measure VOC fluxes in the urban areas of Manchester and London. Six VOCs 

were chosen for analysis in the Manchester measurements which were toluene, benzene, 

isoprene, acetone, acetaldehyde and methanol. In the London study, the VOCs were 
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toluene, isoprene, acetone, acetaldehyde, acetonitrile, methanol, and benzene and its 

derivatives such as ethylbenzene. The results showed the fluxes of methanol, acetone, 

toluene, and benzene were greater in London than Manchester. In addition, the larger 

organic aerosol emission fluxes were also larger in London than Manchester [2, 29, 30].  

Biomass burning has two major sources: the burning of vegetation (anthropogenic) such 

as burning for land management in agriculture or cooking or brick making. The other 

source of biomass burning is natural such as wildfires resulting from lightning strikes and 

volcanic activity [1, 2]. Biomass burning is considered to be a major source of VOCs in 

the atmosphere and has a significant effect on its chemistry [2, 31, 32]. PTR-MS is a 

powerful tool in the detection of acetonitrile as a marker of biomass burning plumes [1, 

20, 33-39], with the combination of measuring the concentration of CO, it is able to define 

biomass burning related to fossil fuel emissions [1, 35, 37, 38].  

1.1.2 PTR-MS in the medical sciences 

Conventional medical methods used to diagnose and monitor disease may cause 

significant discomfort or pain to a patient. These methods require collection of biological 

samples that are subsequently analysed in clinical laboratories, a process which is often 

expensive and time-consuming. Blood is considered one of the most useful biological 

specimens used for medical investigation. However, blood analysis is usually 

complicated and needs particular care. 

Development of simple non-invasive and reliable methods enabling rapid and accurate 

monitoring of disorders or diseases is always desirable in medicine. PTR-MS has 

potential for use as a non-invasive tool for investigation in health science to improve the 

quality of life.  The analysis of breath is one such application for PTR-MS in medical 

diagnostics. Exhaled breath contains a variety of VOCs that supply a non-invasive 

method to measure metabolic processes in the body and indeed their disruption in certain 

diseases. Lagg et al. [40], detected methanol, ethanol and acetone in exhaled human 

breath using H3O
+ as the reagent in conventional selected ion flow drift tube (SIFDT). 

The measurements demonstrated that the concentration of ethanol and acetone were not 

affected by consumption of fruit. However, concentrations of methanol were significantly 

altered. 

Jordan et al. [41], used PTR-MS to investigate the concentration of acetonitrile and 

benzene in the exhaled breath of smokers and non-smokers. The concentration of both 
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benzene and acetonitrile were found to be greater in the breath of smokers than in non-

smokers. In addition, the result showed that concentrations of benzene in smokers’ breath 

rapidly declines with time since the last time they smoked. In contrast, acetonitrile 

concentrations in smokers lasted around a week before declining once smoking had been 

stopped. 

Warneke et al. [42], conducted experiments to measure propanol in exhaled human breath 

using H3O
+ as the reagent in PTR-MS. The average concentration of propanol in healthy 

volunteers was about 150 ppb. 

Various mycobacterial species can cause infections in humans, and the treatment depends 

on the type of infecting species. Fast detection could improve targeted treatment of the 

infecting species. Crespo at al [43] used PTR-MS to detect short-chain VOCs emitted 

from two non-tuberculosis slow-growing mycobacterial species, Mycobacterium avium 

and Mycobacterium kansasii, and a non-pathogenic fast-growing species, Mycobacterium 

smegmatis, in culture. The result showed that there were differences in VOCs emitted 

from these different species of mycobacteria. Propanethiol, dimethyl sulphide and 

dimethyl disulphide in particular were found to be derived from M. avium [43]. 

In another study, Wang et al. [44], investigated the reaction of hydronium ion with 

compounds released by Pseudomonas and related bacteria. In this study, primary and 

secondary aliphatic alcohols produced by the bacteria reacted with H3O
+ to produce 

protonated molecular ions. However, the 2-heptanol reaction produced a protonated 

parent with another small fragment, characteristic of the fragility of longer alkyl chain 

VOCs: 

1.2 Precursors in Chemical Ionization 

By far the most widely used precursor in chemical ionization (CI) work is H3O
+ which 

ionizes via the process of proton transfer reactions (PTR). Its main advantages are that it 

produces less fragmentation than most other potential candidates, and its less disruptive 

action results in fewer reaction pathways. The technique does have certain shortcomings, 

apart from its insensitivity to some VOCs, such as its inability to distinguish items with 

the identical m/z values as found in isomers such as methyl vinyl ketone (MVK) and 

methacrolein.  

In situations such as these it is useful to use other reagents, which have other reaction 

mechanisms such as charge transfer, hydride transfer or adduct formation. This has led to 
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limited use of precursors like NO+, O2
+. Unfortunately these precursors undergo more 

complex reactions making the interpretation of the results more complicated. The 

introduction of ions produced by CF3
+ reaction has opened up several new avenues such 

as hydrogen fluoride (HF) elimination (found with ethane and propane, and several CF2
+ 

end products) and the behaviour as an electron acceptor or Lewis acid in reactions with 

aromatics and nitriles. 

In this chapter we summarise the roles played by the historic CI reagents and present the 

case for the use of CF3
+ as a useful addition. 

1.2.1 H3O+ as reagent in CIR-MS 

The reaction of H3O
+ with various VOCs proceeds via exothermic proton transfer [1] . 

Spanel et al. [45], studied the reaction of H3O
+ with several aldehydes and ketones using 

selected ion flow tube mass spectrometry (SIFT-MS). Formaldehyde, acetaldehyde and 

propanal reactions produce only a protonated molecular ion, e.g.: 
 

Similarly, the reaction of propenal and benzaldehyde with the hydronium ion result in a 

protonated molecular ion. However, the reactions of longer chain saturated aldehydes 

such as hexanal produced two protonated fragments ions: 

 

Ketones tend to react to produce the protonated parent ion [45]. 

The reaction of the hydronium ion with several alcohols and phenols have been studied 

using SIFT-MS. The methanol and ethanol, C5H11(OH) isomers and phenols such as 2-

hydroxyphenol, 2-, 3-, 4-methylphenol, 4-ethylphenol proceeded via direct, non-

dissociative proton transfer forming only the protonated molecular ion, while, the reaction 

of 1-propanol, 2-propanol and C4H9(OH) isomers produced the parent ion as minor 

product [46, 47]: 

  

The reaction of 1-octanol and 2-octanol produced three fragments [46]: 
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1-phenylmethanol, 1- and 2-phenylethanol produce the hydrocarbon ion by elimination 

of an H2O molecule [47]. 

 

The reaction of H3O
+ with cyclic carbonyl such as 1,4-benzoquinone and cyclohexanone 

proceeds via non-dissociative proton transfer, resulting in only the protonated molecular 

ion, e.g., as in methyl phenol [47]: 

 

The reaction of H3O
+ with a number of carboxylic acids and esters have been studied via 

SIFT-MS by Spanel et al. [48], who noted that the formic acid, acetic acid, methyl acetate 

and ethyl acetate reactions produced only the protonated parent ion after elimination of 

H2O: 

 

Propionic, butyric, trimethylacetic, acrylic acids and longer esters all produced two 

fragments but the protonated ion still had the greatest abundance: 
 

The lactic acid reaction produced a protonated ion as a minor product. It seems that the 

second product is more exothermic: 

 

 

 

The reaction of hydronium ion with peroxyacetic acid has been studied using SIFT-MS. 

Acetic acid reacts with H3O
+ through non-dissociative proton transfer resulting in only a 

parent ion at m/z = 61. However, another signal can be seen at 77 amu which was related 

to protonated peroxyacetic acid, produced via the following reactions [49]: 



7 
 

 

The reactions of some organosulphur compounds with H3O
+ have been studied using 

SIFT-MS by Spanel et al. [50], where most of these reactions produced a protonated 

parent ion as exemplified by the dimethyl sulphide reaction: 
 

Thiolacetic acid reaction formed the molecular ion and another fragment [50]:  

 

 

 

SIFT-MS was used to study the reaction of H3O
+ with several aromatic and aliphatic 

hydrocarbons. Ionization of aromatic hydrocarbons proceeds via exothermic proton 

transfer producing a single protonated parent ion exemplified by the toluene reaction [51]: 

 

Small chain n-alkanes up to C5 do not react with H3O
+ [52]. However, higher alkanes 

such as octane produce their parent ion [51]. 

Spanel et al. [53], studied the reaction of H3O
+ with several ethers using SIFT-MS. 

Tetrahydrofuran, diethyl ether and anisole reactions result in the protonated parent ion:  

 

Allyl ethyl ether, butyl methyl ether and the ethylene glycol dimethyl ether reactions 

produce protonated parent ions with some other fragment, but not always with the 

molecular ion as the major product [53]: An example of this is the behaviour of dimethyl 

ether (DME): 

 

Wang et al. [54], described the application of SIFT-MS on the reactions of H3O
+ with 

several C10H16 monoterpenes. These reactions proceeded via exothermic proton transfer 
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with the major product being the parent ion, C10H17
+ with C6H9

+ ions as a major additional 

fragment ion [54]. 

Spanel et al. [55], measured the reaction of H3O
+ with several amines and a number of 

other nitrogen-containing compounds. These reactions are exothermic and proceed via 

transfer of a proton from the H3O
+ ion to the analyte. The ammonia reaction produced 

only NH4
+. However, the primary amine n-propyl amine and isopropyl amine produced a 

partial dissociation reaction, where parent ion with NH4
+ are the major product fragments: 

 

Secondary and tertiary amines produced protonated parent ions with second fragment. 

This additional channel is produced by elimination of H2, as can be seen in the following 

equations: 

 

The reaction of the hydronium ion with several N-containing heterocyclic compounds 

have also been studied using SIFT-MS. The pyrrole, pyridine, acetonitrile and 

benzonitrile reactions with H3O
+ produces only the protonated molecular ion [55, 56]. 

 

However, for pyrrolidine, 1-methyl pyrrolidine and piperidine, a second minor product 

was also detected, as can be seen in the following equations: 

 

The hydronium ion reacts with the O-containing heterocyclic compounds in SIFT-MS 

resulting in the protonated molecular ions, e.g., as with furan: 
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1.2.2 NH4
+ as the reagent in CIR-MS 

PTR-MS faces some limitation in applications in atmospheric measurements such as the 

difficulty to discriminate between isobaric species. To overcome this limitation, PTR-MS 

could be operated using other reagent ions [57]. NH4
+ has a higher proton affinity (8.85 

eV) than the majority of organic compounds, so is not able to react with most classes of 

organic compounds. There are some exceptions, however, such as amines and certain 

other types of nitrogen-containing compounds that could react with NH4
+ as a reagent in 

PTR-MS. When an air sample contains 2-ethyl-3,5-dimethylpyrazine (C8H12N2) and 

pinene (C10H16), both compounds can react with H3O
+ and both produce nominal 

molecular ions at m/z = 137. If NH4
+ is then provided as a reagent in PTR-MS, the signal 

at 137 amu can only arise from the pyrazine compound, owing to the fact that pyrazine 

has a proton affinity exceeding that of ammonia [2, 3]. Blake et al. [58], studied the 

reaction of multiple reagents with trace gas composition in CIR-MS. The reaction of 

acetone, acetonitrile, ethyl acetate, methacrolein, methyl benzoate and methyl vinyl 

ketone mainly produced an association complex, M.(NH3)
+, with small fragments of 

association products from the cluster ions, NH4
+(NH3), while the hexanal reaction 

produced only an association complex. Reactions of acetaldehyde, benzene, 1-butene, 

ethanol and toluene were not observed. 

1.2.3 NO+ as the reagent in CIR-MS 

NO+ reacts with organic molecules and usually produces only one or two product ions. 

There are several mechanisms for reactions of NO+ with organic compounds (M) which 

include charge transfer resulting in M+ ions, hydride ion transfer (H-) forming MH+ ions, 

hydroxide ion transfer (OH-) producing MOH+ ions, alkoxide ion transfer (OR-) creating 

MOR+ ions and ion-molecule combination (association) forming NO+M ions. In general, 

the reactions of organic species with NO+ follow only one of these mechanisms, but in 

some cases can proceed via two processes [59].  

Charge transfer processes occur if the ionization energy of the analyte is lower than the 

ionization energy of NO, which is 9.26 eV, such as aromatic hydrocarbons and 

organosulphur compounds, an example of which is shown in the following equation [50, 

51, 59]. 

 

Hydride ion transfer generally occurs during the reaction of NO+ with aldehydes and 

ethers, forming one product ion (MH+); for instance [53, 59]: 
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In equation 1.22, a hydride ion (H-) was extracted from the CH3 carbon group to form 

HNO, which is exothermic compared with separated H and NO. Hydride transfer also 

occurs in the reaction of NO+ with primary and secondary alcohols [58]. 

Hydroxide ion transfer occurs in some cases such as with the reaction of NO+ with a 

tertiary alcohol. In this process, a nitrous acid molecule was formed as shown in the 

example below [46, 59]: 

 

Ion molecule association commonly occurs in the reaction of NO+ with certain polar 

organic compounds such as carboxylic acids as seen in this example [48]. 

 

Mochalski et al. [60], conducted a study to measure product ion distributions for the 

reaction of aldehydes with NO+ using selective reagent ionization time-of-flight mass 

spectrometry (SRI-TOF-MS). The aldehydes examined consisted of several n-alkanals, 

branched chain alkanals and alkenals. They found that most of the reactions produced 

multiple ion products, but a common product followed hydride ion transfer. Ionization 

energy determines the ionic and neutral products of these reactions. Acetaldehyde 

produces only the CH3CO+ parent ion. The percentage of parent ion to the total product 

ions in the reaction of NO+ with propanal is lower than 100% in a dry sample, as shown 

in the following equation:      

 

CO elimination was observed in the C3-C7 alkanals’ reactions as a fragment of the parent 

ion. The hydride ion transfer mechanism of C6-C11 n-alkanes could be followed by 

elimination of H2O or formation of dihydroxyamine, H3NO2, as a neutral fragment. The 

percentage of hydride ion transfer products showed interesting behaviour depending on 

the number of carbon atoms present. The percentage of the parent ion varies from 100% 

and 13% for acetaldehyde and n-hexanal reactions, respectively, as shown in Figure1.1 

[60]. 
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Figure 1. 1: Percentage of molecular ions in the reactions of NO+ with n-alkanals in 

SRI-TOF-MS at an E/N of 130 Td and dry air. Adapted from Mochalski et al [60]. 

Wyche et al.[61], ran the first attempt to differentiate isobaric compounds using NO+ as 

the reagent in CIR-MS. The results showed the product of NO+ with aldehydes and 

ketones supply a possible means of differentiating between isobaric compounds 

compared with the results of H3O
+. Figure 1.2 shows an example of these reactions. 

 

Figure 1. 2: Mass spectra of the isobaric aldehyde/ketone (propanal/ acetone), 

produced by a molecular ion with H3O+ or NO+, adapted from Wyche et al [61]. 

Smith et al.’s [62], study with SIFT was carried out to measure the reaction between NO+ 

and other reagents with seven isomers of hexanol with the general formula C6H14O and 

molecular weights of 102 amu. These compounds are commonly included in food science 

research. The reaction of NO+ follows a hydride ion transfer path to produce mainly 

C6H13O
+ ions (m/z = 101) for the primary and secondary hexanols. Energetics processes 

indicate that a hydrogen atom was removed from the alpha carbon in each instance to 
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form protonated aldehydes and protonated ketones for the reaction of primary and 

secondary alcohols, respectively, as seen in equation 1.26. 
 

A minor product of the primary alcohols formed another fragment at m/z = 83 by removal 

of H2O from the major product, as shown in the following equation. 
 

 

Also, the secondary alcohols produce a minor hydrocarbon product at 85 amu and release 

the HONO molecule, as indicated in equation 1.28 [62]. 

 

Wang et al. [47], used SIFT to study the reaction of NO+ with some phenols, phenyl 

alcohols and cyclic carbonyl compounds. The results showed the reaction of NO+ with 

phenols follows a non-dissociative charge transfer mechanism to form the molecular ions.  

 

NO+ mainly follows the three processes as shown in this example. 

 

Alkanes react with NO+ and the major channel in such reactions is hydride ion transfer. 

In some cases, other channels were recorded. The sensitivity of multiple alkanes can be 

measured by PTR + SRI-MS using NO+ as the precursor [63]. 

 

Spanel et al. [51], used SIFT to detect the products of reactions of several aromatic and 

aliphatic hydrocarbons with NO+. The authors found that NO+ reacted with alkanes by 

hydride ion transfer and that greater fragmentation was noticed with larger alkanes [51]. 

Knighton et al. [64], detected 1,3-butadiene in the ambient atmosphere using NO+ as the 

reagent in CIR-MS The result showed that the concentration of 1,3-butadiene was 35 pptv 

[64].   

Wang et al. [56], measured the reaction of several N- and O-containing heterocyclic 

compounds with NO+. The reactions of these compounds with NO+ are relatively simple 
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and mostly yield a single product ion species. The mechanism of these reactions generally 

follows charge transfer owing to the ionization energies of these compounds being less 

than, or close to, the ionization energy of NO (9.26 eV). However, when charge transfer 

is only just exothermic, other mechanistic paths can proceed, and ion-molecule 

association and hydride ion transfer create NO+M and MH+, respectively. For example, 

the 2-piperidinone reaction follows all three processes, as seen in the following equations: 

[56]. 

 

Michalcikova and Spanel [65] studied the reactions of  NO+ with various carboxylic acids. 

The reaction of NO+ with carboxylic acids proceed via an association reaction or 

hydroxide ion transfer. The reaction rates of formic acid and acetic acid are significantly 

lower owing to the lack of exothermic bimolecular reaction channels and form only 

MNO+. The higher carboxylic acids proceed via both mechanisms, an association reaction 

and hydroxide ion transfer, where the first path represents the major product. 

 

The reaction of NO+ with 3-methyl-1-butyl acetate proceeds via adduct formation with 

small contributions from other channels. 

 

4-methyl-1,3-pentadiene reacts with NO+ to produce the parent cation via a charge 

transfer process. 

 

Charge transfer in this instance occurs owing to the molecule’s ionization energy (8.26 

eV) being lower than that of NO. 
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The reaction of NO+ with dimethyl trisulphide and dimethyl tetra sulphide via non-

dissociative charge transfer produces only parent cations [44]. 

 

1.2.4 O2
+ as the reagent in CIR-MS 

The ionization energy of O2 (12.06 eV) is higher than most VOCs. O2
+ reacts with organic 

compounds via two processes: simple non-dissociative charge transfer to produce the 

molecular ion or via dissociative charge transfer reactions producing two or more 

fragment ions [40].  

Spanel et al. [45], measured the rate coefficients of several aldehydes and ketones using 

O2
+ as the reagent ion in SIFT. In contrast with other reagents, H3O

+ and NO+, the reaction 

of O2
+ with aldehydes proceeds via charge transfer, which produces molecular ions and 

at least one other fragment. However, in some cases there is the possibility that hydride 

ion transfer can take place to produce (M-H)+ and HO2. As the number of carbons in the 

reactant increases, more complex product ions can be produced. The reaction of O2
+ with 

smaller aldehydes is shown in this example: 

 

O2
+ reacts with propenal to produce three product ions, as shown in the following 

equations: 

 

Aldehydes with greater atomicity react with O2
+ to produce polyatomic fragment ions, 

carbon, hydrocarbon ions, and neutral molecules, as shown in this example: 

 



15 
 

Ketones react with O2
+ via charge transfer with dissociation. R1COR2 is representative of 

most of these ketones, where R1 and R2 represent alky groups such as CH3 and C2H5. For 

example, in the 2-butanone reaction, parent ion production and elimination of alky 

radicals can be seen: 

 

As the number of carbons increase in the reactant, more complex and additional processes 

such as C2H4 elimination can occur. The 3-pentanone reaction is an example of these 

processes: 

 

O2
+ reacts with 2,3-butanedione to produce dissociation of the molecular ion at the central 

carbon-carbon bond as the major product channel, the parent ion is still seen, albeit as a 

minor product [45]: 

 

Spanel et al. [46], studied the reactions of several alcohols with O2
+ as reagent in SIFT. 

In most cases, O2
+ reacted with alcohols via charge transfer reactions, although in a few 

cases other mechanism could occur such as hydride ion transfer. Methanol and ethanol 

with O2
+ produce the parent ion, as seen in the following equation: 

 

O2
+ reacts with 1-propanol and 2-propanol to produce different products, which in itself 

offers a means by which to distinguish between the two isomers. 1-Propanol produces 

CH3O
+ as the main product and C3H6

+ as a minor product, 2-propanol reactions proceed 

via release of a terminal CH3:  
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The reaction of longer chain of alcohols such as C4H9(OH) and C5H11(OH) follow a 

charge transfer mechanism to produce the parent ion with a number of other fragment 

ions. In general, the reaction of the non-branched alcohols and most primary alcohols 

produces hydrocarbon ions, as shown in this example: 

 

On the other hand, secondary alcohols such as 3-pentanol produce predominantly 

carboxyl ions rather than the parent ion, as shown in this example: 

 

The reactions of tertiary alcohols such as 2-methyl-2-propanol usually produce a single 

product ion, as shown in the following equation: 

 

It is worth noting that 1-octanol produces hydrocarbon ions, whereas 2-octanol produces 

C2H5O
+ as their major products. Therefore, these reactions could be utilized so as to 

differentiate between these isomers. 

Menthol and phenol reactions both proceed via charge transfer reactions, but whereas 

phenol produce its parent ion (C6H5OH+), menthol produces several fragment ions, as 

shown in the following equation [46]:  

 

The reactions of O2
+ with some phenols, phenyl alcohols and cyclic carbonyl compounds 

in SIFT were studied by Wang et al [47]. The reaction of O2
+ with 2-hydroxyphenol, 2-, 

3-, 4-methylphenol and 4-ethylphenol proceed via charge transfer which is non-
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dissociative, resulting in molecular ions except for 4-ethylphenol which produces two 

fragments, as seen in the following equations: 

 

The relative simplicity of these reactions allows for the use of O2
+ as a reagent in SIFT to 

detect these compounds. 

O2
+ reacts with 1-phenylmethanol, 1- and 2-phenylethanol to produce several fragments. 

The relative complexities of these products leave O2
+ an unsuitable reagent for the 

detection of these compounds. 

Again, O2
+ reacts with 1,4-benzoquinone and cyclohexanone to result in multiple product 

ions, making O2
+ an unfavourable precursor ion for the measurement of these compounds 

[47].  

In another study, Spanel et al. [48], measured the reactions of several volatile carboxylic 

acids and esters using O2
+ as reagent in SIFT. The reactions of carboxylic acids with O2

+ 

are fast, but their mechanisms do not apparently follow the same trend as above. The 

formic acid reaction produced the parent ion via dissociative charge transfer, while the 

trimethylacetic acid reaction occurs by elimination of a COOH fragment from the 

molecular ion, these equations being represented by the mechanisms below: 

 

 

Spanel et al. [49], studied the reaction of peroxyacetic acid wit O2
+ as reagent in SIFT. It 

is most probable that the reaction between O2
+ and peroxyacetic acid proceeds via 

dissociative charge transfer as shown in the following equations [49]. 
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O2
+ reacts with esters via charge transfer to produce a range of fragments. Most reactions 

occur by breaking the R1CO-OR2 bond in the compound, resulting in the carboxyl ion 

(R1CO+) as, for instance, in the methyl acetate reaction [48]: 

 

Norman et al. [66] used O2
+ as a reagent in CIR-MS to detect gas phase ammonia. The 

reaction of O2
+ with ammonia proceeded via charge transfer due to the ionization energy 

of ammonia (10.07 eV) being lower than the recombination energy of O2
+, as can be seen 

in the following equation: 
 

The reaction of O2
+ with several amines have been measured using O2

+ as precursor in 

SIFT by Spanel et al. These reactions follow non-dissociative (parent ion production) or 

dissociative charge transfer mechanisms. Generally, primary amine reactions produce 

CH2NH2
+ as a result of cleaving the carbon bond at R-CH2NH2

+. In this reaction a C2H5 

fragment was removed, as seen in the equation below: 
 

 

In the secondary and tertiary amine reaction, most likely the CH3 radical was removed as 

seen in this equation [55]: 
 

In another study, Wang et al. [56], studied the reaction of O2
+ with several N- and O-

containing heterocyclic compounds using SIFT. Generally, reaction of N-containing 

heterocyclic compounds with O2
+ produce two or more product ions, with the exception 

of the pyrrole and indole reactions, which form the parent cations. A specific case was 

the reaction of nicotine with O2
+ to produce the parent ion at a minor abundance and other 

fragments with greater abundances as seen in the following equations: 



19 
 

 

It seems that O2
+ as a reagent in SIFT is not suitable for the detection of these heterocyclic 

compounds. 

The reaction of O2
+ with O-containing heterocyclic compounds generally produce two or 

more fragments, except the furan and 5-methyl-2-furancarboxaldehyde reactions which 

produced just the molecular ion [56]. 

Spanel et al. [50], studied the reaction of O2
+ with some organosulphur compounds in 

SIFT. In most cases, the O2
+ reaction with organosulphur compounds can be considered 

to be one of dissociative charge transfer: 

 

Sulphide and diallyl disulfide produced multiple products and 1,3-dithiane reaction 

forming C3H6S
+ + CH2S. 

A few cases such as the CS2 reaction follow non-dissociative charge transfer processes, 

producing only the parent ion [50]: 

 

Small hydrocarbons’ reactions with O2
+ have been investigated by Wilson et al. using 

SIFT. Methane was found to react with O2
+ to produce two channels, as shown in the 

following equations: 

 

Large alkanes’ reactions are rapid and proceed via charge transfer and dissociative charge 

transfer mechanism as their main routes. Ethane produces parent ions, whilst other large 

alkanes produce a greater number of fragments; for example: 
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The reactions of alkenes with O2
+ are fast, with ethene and propene exhibiting non-

dissociative charge transfer reactions. However, higher alkenes, such as 2-butene, react 

via dissociative charge transfer reactions; for example: 

 

The reactions of alkynes with O2
+ are proceeding via non-dissociative charge transfer 

reactions [52].  

The aromatic hydrocarbons follow a charge transfer mechanism. Benzene and toluene 

reactions produce only the parent ion, while xylene isomers and trimethylbenzene isomers 

produce the molecular ion with other products produced by ejecting a CH3 fragment, as 

shown in the following equation [51]: 

 

Ethyl benzene and propylbenzene produce dissociative products, for instance: 

 

The reaction of ethers with O2
+ have been studied using SIFT by Spanel et al. Most of 

these reactions follow a charge transfer process and produce the parent ion as seen in the 

following equation: 
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Other types of reaction proceed via dissociative charge transfer processes producing 

further fragmentation. In these cases, it is not simple to identify these products, for 

example [53]: 

 

Wang et al. [54], studied the reaction of O2
+ with several monoterpenes (C6H10) using  

SIFT. Owing to the relatively large recombination energy of O2
+, the major products for 

these reactions are multiple product ions rather than the parent ion cations, C10H16
+. As a 

consequence, O2
+ is not a suitable reagent to investigate monoterpenes reactions in SIFT.  

1.2.5 CF3
+/CF2H+ as a reagent in CIR-MS 

CF3
+ can be generated from pure CF4 in Fourier-transform ion cyclotron resonance mass 

spectrometry (FT-ICR). CF3
+ is electrophilic and a Lewis acid, reacting with nucleophilic 

precursors to allow the formation of most carbenium ions in the gas phase. CF3
+ has the 

ability to react with the n-centre of several carbonyl compounds, causing cleavage of their 

C-O bond due to migration of fluorine atom. CF3
+ does not react with the CF4 molecule 

and H2O when run at 2 x 10-7 Torr in the FT-ICR, even though the reaction is exothermic 

(CF3
+ addition/ HF elimination reaction). Methanol can react in these conditions, 

resulting in the fragments seen in Figure 1.3 [67]. 
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Figure 1. 3: Reaction of CF3
+ with CH3OH; adapted from Grandinetti et al [67]. 

The reactions of benzene, ethylbenzene, ethynylbenzene, toluene and styrene with CF3
+ 

have been studied using an ion-beam apparatus [68]. The reaction of benzene proceeds 

via electrophilic addition followed by HF elimination and hydride transfer: 

 

Toluene’s reactions were similar to those of benzene with an extra fragment produced by 

charge transfer: 

 

Ethylbenzene reacts to form three fragments. All channels proceed via electrophilic 

addition followed by molecular elimination: 

 

Styrene with CF3
+ produced four products and electrophilic addition can occur at the 

unsaturated substituent bond and in the aromatic ring: 
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Ethynylbenzene with CF3
+ produced three products. The most notable product is the 

detection of a small amount of the C9H6F3
+ ion [68]. 

 

Dehon et al. [69], studied the reaction of CF3
+ with small alkanes using a compact FT-

ICR mass spectrometer. CF3
+ reacted with water vapour at a pressure of 10-4 Torr with a 

slow rate, resulting in a very minor fragment at 67 amu belong to CF2OH+ followed by a 

proton transfer reaction: 

 

With the exception of methane, CF3
+ reacts with all the alkanes. For C2-C4 alkanes and 

cyclohexane, the reaction can proceed via this formula: 

 

Pentane experiences complete fragmentation to produce the C3H7
+ ion whilst losing an 

ethene molecule: 

 

Higher alkanes also produced fragments that ranged from C2-C6 ions. Usually, 

fragmentation resulted in ions with fewer than four carbon atoms or ethene elimination. 

In some cases, the molecular ions of some alkanes were detected by hydride elimination 

[69].  

Lias et al. [70], studied the reaction of CF4 with alkanes and cycloalkanes using low 

energy electrons in a pulsed ion cyclotron resonance spectrometer at a pressure of 10-7-

10-5 Torr. The predominant products were produced by a hydride transfer reaction [70]: 
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CF3
+ reacts with acetylene using ion-beam apparatus to produce electrophilic addition to 

a C≡C bond [68]: 

 

The reaction of C2H4 with CF3
+ produces four products: 

 

Channel (1.81a), (1.81c), and (1.81d) proceed via electrophilic addition followed by 

molecular elimination, whilst channel (1.81b) occurs by hydride transfer. 

Eyler et al. [71], studied the reaction of CF3
+ with the carbonyl bond in ketones and 

aldehydes using a pulsed ICR mass spectrometer. CF3
+ reacts with acetone and 

acetaldehyde to produce C3H6F
+ and C2H4F

+, respectively, as the major product ions: 

 

CF3
+ reacts with larger ketones, though the product seen in reaction (1.82) is not detected. 

Instead, the main product ions are usually produced by elimination of HF from the 

monofluorinated ions.  

 

Some ketones and aldehydes reacted with CF3
+ to produce fragments ions rather than 

molecular ions owing to carbonyl compounds containing a weak bond [71]: 

 

The mechanism of reaction of CF3
+ with carbonyl groups such as acetone may proceed 

via the fluoronium metathesis reaction, as can be seen in Figure 1.4:  
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Figure 1. 4: Reaction of CF3
+ with carbonyl groups; adapted from Oomens et al [72]. 

The reaction of CF3
+ with esters, carboxylic acids and acetic anhydride proceeds via 

displacement involving a split of the acyl-oxygen bond to produce the acylium ion [73]: 

 

Figure 1. 5:  Reaction of CF3
+ with esters and carboxylic acids; adapted from de Gouw 

et al [73]. 

The reaction of formic acid with CF3
+ produce different fragments compared with the 

previous reaction. The intermediate state (four-centre reaction) in this reaction is more 

exothermic, as a result cleave occur at different position as can be seen in Figure 1.6, [73]. 

 

Figure 1. 6: Reaction of CF3
+ with formic acid; adapted from de Gouw et al [73]. 

From this review, it appears that CF3
+ is the soft chemical ionization reagent of choice in 

pulsed ion cyclotron resonance spectrometry for the detection of compounds such as 

small chain of alkanes. These are difficult to detect with other reagents so CF3
+ will be 

used in CIR-TOF-MS for the detection VOCs. 

1.3 Study objectives 

The objective of this thesis was to explore the utility of the novel reagent CF3
+ in the real-

time mass spectrometric technique CIR-TOF-MS to detect small chain alkanes (C2-C6) 

and other types of VOCs in breath and urine samples of smokers and non-smokers. To 

achieve this, standards of alkanes (C2-C6) were measured using CF3
+ as the reagent in 

CIR-MS. In addition, VOCs which represented the main groups in organic compounds, 



26 
 

were chosen in accordance with the possibility of their existence in exhaled breath and 

human urine samples and were measured using the reagent ion CF3
+. 

Furthermore, samples of breath and urine were collected from smokers and non-smokers 

and measured using CF3
+ as a reagent in CIR-MS. The results of alkanes and other types 

of VOCs were used to help interpret the data from breath and urine samples of smokers 

and non-smokers and draw conclusions on the efficacy as reagent in breath analysis. 

1.4 Summary  

This chapter has discussed at length the behaviour of several precursors in CIR-MS. Most 

of them have been used extensively in the past so that the literature is well supplied with 

their behaviour. The chapter has discussed some of the principles of the reactions of H3O
+, 

NH4
+, NO+ and O2

+ with a variety of VOCs and gave examples. Some of the applications 

of these precursors were also reviewed in this chapter.  

The aim of this thesis is to explore CF3
+/CF2H

+ as a novel precursor in chemical ionization 

mass spectrometry able to detect VOCs which have so far proved difficult or impossible 

to detect. 
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Chapter Two: Experimental and Instrumentation  

This chapter will deal with the experimental work in this thesis and details of the chemical 

ionization reaction time-of-flight-mass spectrometry (CIR-TOF-MS) which was used in 

this work. The parts of this instrument will be described, along with some of the 

fundamental aspects behind the time-of-flight mass analyser. In addition, a brief 

discussion on GC-MS will be given. 

2.1 Chemicals and Reagents 

Reagent ions were generated in the source of the CIR-TOF-MS using water at saturated 

vapour pressure in high purity nitrogen (BOC, 99.998 %), CF4 (BOC special gases, 

99.999 % purity) or O2 gas (zero grade N2.6, BOC special gases). 

Alkane samples, ethane, propane and n-butane were introduced into the CIR-TOF-MS as 

5 ppmV mixtures in nitrogen (CP grade, BOC, Manchester). Nitrogen from the same 

batch (CP grade) used for the alkane samples was utilized for preparation of n-pentane 

and n-hexane samples in Tedlar bags, and was also used for background measurements. 

The concentration range of alkane gas mixtures with N2 ranged from 0 to 5 ppmV. 

Samples of n-pentane and n-hexane (Sigma-Aldrich, Gillingham, Dorset, UK) were 

prepared in two stages using N2 in 10 litre Tedlar bags (Thames-Restek UK, Ltd, 

Saunderton, Bucks., UK) to produce a range of concentrations from 0 to 50.0 ppmV; more 

details are given in Chapter 3. 

The target VOC analytes–ethyl acetate, methyl acetate, acrylonitrile, propionitrile, 

acetonitrile, acetone, 2-butanone, acetaldehyde, butanedione, propanal, furan, methyl 

furan, pyrrole, pyridine, benzene, ethyl benzene, toluene, styrene, xylene, ethanol, octane, 

bromobenzene, -pinene and pentane (Sigma-Aldrich, Gillingham, Dorset, UK)–were 

analysed using CF3
+ as a novel reagent in CIR-TOF-MS and H3O

+ for comparison. In 

addition, these VOCs were used to prepare standard curves. Analytes were prepared with 

a known concentration by two-stage dilution in 10 litre Tedlar bags; more details are 

given in Chapter 4.  

Breath samples from smokers and non-smokers were collected in 10 litre or 3 litre Tedlar 

bags. The bags were prepared for use by filling with N2 gas and keeping them in an oven 

at 45ºC for 15 minutes. Afterwards, the bags were flushed with N2 gas at least three times. 

During the experiments, the samples in the Tedlar bags were fixed at 40ºC in an oven. 
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The sampling line and sample inlet were maintained at a temperature of 40ºC using 

heating cable and tape; more details are given in Chapter 5. 

Urine samples were collected in Sterilin single use plastic bottles (Thermo Fisher 

Scientific, UK). During the experiment, urine samples were divided into two 8 ml 

portions. The first portion was poured into a Dreschel bottle that was kept in a water bath 

to maintain the temperature of urine sample at 40ºC. The remainder of the sample was 

kept refrigerated while the first portion of the sample was measured. A cylinder of 10 

ppmV bromobenzene in a nitrogen calibration mix was used as the internal standard. 

Bromobenzene does not produce conflicting peaks in the spectra from the urine headspace 

samples, and it is not found to naturally exist in air. Bromobenzene was diluted further in 

N2 gas to produce a final concentration of 2.5 ppmV. More details can be found in Chapter 

6. 

Experiments were conducted to identify VOCs in breath samples using Solid Phase 

Microextraction-Gas Chromatography-MS (SPME-GC-MS). This allowed one to 

establish the general range of VOCs in exhaled breath. Breath samples were collected in 

Tedlar bags. The SPME fibre type was CAR/PDMS and exposed to a breath sample for 

20 minutes and after that, for protection, the fibre was retracted into the metal sheath. 

Finally, the fibre’s contents was introduced to the GC-MS through its injection port and 

the extract time was 5 minutes. 

2.2 Gas Chromatography-Mass Spectrometry (GC-MS) 

GC-MS is one of the most important and utilized techniques for the separation 

quantification and analysis of VOCs [1]. The principle of GC relies on two phases, the 

mobile phase (carrier gas), usually helium, and a stationary phase, in which the sample is 

passed through very long capillary columns coated with a thin layer (1 µm) of viscous 

liquid on the inner wall of the column held in temperature controlled oven [2]. The sample 

is injected into the column and its component analytes are carried by the stream of carrier 

gas. The components have retention times determined by their physical properties and 

affinities of the stationary phase and so separate from one to another at different oven 

temperatures, reaching the detector at different times. See Figure 2.1.  

GC has the advantages of being relatively inexpensive, reliable and relatively simple. In 

addition, only small volumes of the samples are required to operate (typical < 2 µl of 

liquid sample). It is a non-destructive analytical tool with high sensitivity and high 
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resolution [1, 2]. In spite of these advantages, samples with small traces of analytes may 

need pre-concentration to improve the detection sensitivity. One way of doing this is to 

use a cryogenic trap to collect the analyte. Another way to collect the component is to use 

adsorbent materials such as polymer (Tenax) or charcoal. Unfortunately, there is no single 

column that is suitable for all kinds of analytes. A non-polar column is suitable for 

separating hydrocarbons, while a polar column is best for oxygenated volatile organic 

compounds (OVOCs) such as aldehydes and ketones [2]. 
 

Figure 2. 1: Schematic diagram of the main components of a gas chromatogram (GC); 

adapted from Ellis & Mayhew [2]. 

2.3 Chemical Ionization Reaction Time-of-Flight-Mass Spectrometry 

(CIR-TOF-MS) 

The focus of this work is to establish the suitability of CF3
+/CF2H

+ as a new reagent in 

CIR-TOF-MS to detect small-chain alkanes and other VOCs in breath and urine 

headspace for smokers and non-smokers, as compared with the more conventional 

precursors H3O
+ and O2

+ in CIR-TOF-MS. 

Samples need to be ionized before being analysed by mass spectrometry. Munson and 

Field found that the chemical ionization (CI) technique [3], requires much lower energies 

compared with conventional electron ionization (EI) techniques, which results in less 

fragmentation of the sample molecules. Most VOCs need approximately 10 eV for 

ionization, the high energy of electron ionization (70 eV) leads to extensive 

fragmentation. While fragmentation can be used to determine structural information for 

analytes, identification of an analyte can become very difficult in such a complex mixture 
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without pre-separation [4]. CI reactions proceed with less excess energy and CI is thus 

often referred to as a soft ionization technique leading to little or no fragmentation [2]. CI 

often produces a single parent ion, simplifying the task of deconvoluting spectra as less 

fragmentation, and simpler analysis of real-life samples. 

The CI processes depends on the chemical properties of the analyte and the chemical 

reagent, but generally follow four paths: proton transfer (PTR), charge transfer, hydride 

(H-) transfer and adduct formation. The CI processes are shown in these examples [2, 5-

8]. 
 

Other examples have already been discussed in Chapter One. 

PTR-MS, which operates through proton transfer is a form of CIR-MS using H3O
+ as a 

chemical reagent. It was developed by Lindinger et al. in the 1990s [9]. CIR-MS 

instruments (which includes PTR-MS) have the following components: (1) an ion source 

to produce the reagent ions, (2) a drift tube where the reagent ions react with the analyte, 

(3) a mass analyser using either an radio frequency quadrupole (RF Q) or a time of flight 

device, (4) a detection system and (5) and an instrumental control system, as seen in 

Figure 2.2. 

 

Figure 2. 2: Schematic diagram of the main components of a Time-of Flight (TOF) CIR-

MS; adapted from Blake et al [10]. 
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The two instruments used in this thesis were both Model 4500A instruments from Kore 

Technologies, Ely. Of these, the “Leicester” CIR-TOF-MS, uses a radioactive 241Am ion 

source as the ionizing element, while the other, the “York” CIR-TOF-MS (on loan from 

the University of York) is equipped with a conventional hollow cathode discharge source 

(Figure 2.3). 
 

Figure 2. 3: the Leicester CIR-TOF-MS (A) and York CIR-TOF-MS (B). 

2.3.1 Ion source 

An electrical discharge can be generated using two planar electrodes. The electrode which 

has a positive potential is called the anode, whilst the other is called the cathode. Gases 

under normal conditions are good electrical insulators, but under the high potential 

deference between the two electrodes and under conditions of low gas pressure, they will 

become conductors and lead to a self-sustained discharge. At this stage, the voltage is 

known as the breakdown voltage, and this is dependent on the composition and the 

pressure of the gas, the voltage applied between the electrodes and the shape of the 

electrodes, Figure 2.4 [2, 11, 12].  

The York TOF was fitted with a hollow cathode discharge (HCD) ion source. Ennis et al. 

in York were the first group to couple this to a reflectron TOF-MS [10, 13]. An HCD 

consists of a pair of electrodes, anode and cathode, to which an electrical potential is 

applied. Initially in the absence of an electrical potential difference the reagents such as 

H2O and CF4 act as insulators, but by increasing the potential difference, at one point a 

discharge commences in the reagent gas between the electrodes. The ion mix initially 

produced consists of a variety of ions and charge states. These pass through a field free 

source drift region where they rapidly stabilise forming H3O
+ and CF3

+. The reagent 

pressure and flow rate in HCD was 1 mbar and 5-10 sccm. Over time and continuous 
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operation, the performance of the HCD deteriorated and became unstable due to a build-

up of contamination. Consequently, the ion source needed frequent cleaning especially 

when  CF3
+ was the reagent [2]. 

In the Leicester TOF, a radioactive ion source was driven by -particles from a 

radioactive strip of 241Am fixed to the inner side of a stainless-steel cylinder. The 

energetic (5 MeV) α-particles ionize the water vapour passing through into a variety of 

charged fragments which rapidly equilibrate to create H3O
+. The advantages of this source 

are that there is no need for an external current driver and the ion count is more stable 

compared to a conventional hollow cathode source. In addition, it suffers less from 

contamination caused by back diffusion of the analyte gas to the ion source region owing 

to the high flow rate of gas (20 STP cm3 min-1) into the ion source region. The intrinsically 

low ion count rate is offset partially by the operating pressure of the sample (up to 13 

mbar), more analyte gas can be added to the drift tube to increase ion sensitivity [2, 14-

17]. 
 

Figure 2. 4: Schematic of a discharge ion source and drift tube; adapted from Ellis & 

Mayhew [2]. 
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In this work, the radioactive ion source of the Leicester CIR-TOF-MS was operated at 6 

mbar with a water vapour flow rate of 50 sccm, while the hollow cathode discharge of 

the York CIR-TOF-MS was operated at 1.3 - 1.6 mbar and a CF4 or O2 flow rate of 5-9 

sccm. 

The analyte gas was supplied to the drift tubes at rates of 150 sccm and 50 sccm for the 

Leicester CIR-TOF-MS and York CIR-TOF-MS, respectively. The analyte molecules 

were chemically ionized through reactions with precursor ions produced in the ion source.  

2.3.2 Drift tube 

The role of the drift tube is to create a uniform electric field which directs and increases 

the migration velocity of the ions along the drift tube towards the entry point of the TOF-

MS. As shown in Figure 2.4, the drift tube is the area between ED4 and ED7, which 

contains several stainless steel or brass electrodes (guard rings). The electrodes are 

separated by a slightly conductive insulator (Quadrant Semitron static dissipative Teflon) 

to maintain the applied voltage stable on each electrode while still avoiding charge build 

up. This special Teflon contains mica or glass which renders it slightly conductive and 

while it acts as a good insulator it is sufficiently conductive to dissipate the build-up of 

static charge, which would distort the uniform accelerating electric field in the drift tube.  

The analytes enter the drift tube through a sample inlet tube and mix with the now 

stabilised ion stream from the ion source region. There are two widely used ways to 

manage the flow of sample into the drift tube. The first is to use a mass flow controller 

which can be managed electronically. Some disadvantages of this approach are cost, and 

memory effects caused by some of the VOCs sticking to the inner side of the flow 

controller. The second method which was applied in this work, uses a critical orifice, 

which consists of a plate with a small hole in the centre that permits gas to enter the drift 

tube at a certain flow rate. It has the advantage of simplicity and reduced VOC sticking, 

but since the flow rate through the orifice is temperature and pressure sensitive, mass flow 

and rate meters are needed to maintain a stable operating environment on the upstream 

side. Ions are fed into the mass spectrometer through a 100-200 µm aperture at the end of 

the drift tube. This allows a small fraction of ions to enter the mass spectrometer while 

maintaining  an internal operating pressure of ≤ 10−6 mbar [2]. 

In this work, the CIR-TOF-MS instruments were operated at a range of E/N = 50 Td - 

120 Td. The E/N represent the ratio of the electric field strength to the molecular number 

density in the drift tube and is known as the reduced electric field, whose unit is the 
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Townsend (Td = 10-17 V cm2) [2]. Increasing the electrical field and the collision energy 

or decreasing the drift tube pressure (lowering N) will increase the value of E/N. 

When H3O
+ is used as the reagent ion, H3O

+ ions can attach to neutral water molecules in 

the drift tube reactor producing water cluster ions: 

 

Where M is a third body.  

The formation of water clusters increases with high humidity in the sample as well as low 

values of E/N or both. The proton affinity of water clusters frequently differ from that of 

the single hydronium ion so that high concentrations of clusters can affect the observed  

yields from the target VOCs and complicate interpretation of mass spectra [10]. For 

example, acetaldehyde has a proton affinity that lies between that of the hydronium ion 

and its water cluster; as a result, it reacts with H3O
+ but not with H3O

+(H2O). Toluene has 

a lower proton affinity than water; as consequence, toluene will react with the cluster by 

ligand switching, rather than with the hydronium ion [2]. 

Increasing the E/N value in the drift tube will reduce the production of hydrated 

hydronium clusters. At the same time, higher E/N values could cause unwanted 

fragmentation and reduce the reaction time of the analyte in the drift tube, which in turn 

could affect detection sensitivity [2]. 

The formation of CF3
+ and CF2

+ from the discharge of CF4 in the drift tube can also be 

influenced by the value of E/N. In the presence of water, CF2H
+ is produced and the 

relative abundance decreases from 20% - 30% at 50 Td to 3% - 1% at 100 Td. Fortunately, 

unlike the case with H2O clusters, the reaction rate of CF2H
+ is similar to that of CF3

+ and 

so does not affect the outcome. Nevertheless, every effort was made to minimise the 

production of CF2H
+. 

 

By choosing suitable inlet sample humidity and E/N it was possible to increase the 

percentage of the main reagent CF3
+, as compared with CF2H

+. Where the yields were 

high enough it was possible to reduce the relative humidity of the sample by diluting the 

sample with dry N2. 
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2.3.3 Mass analyser and Detection 

Analyte ions in CIR-MS are created in the source by chemical ionization, and the drift 

tube is coupled to a TOF-MS. Square wave pulses of ions are injected into a flight tube 

while a TOF mass analyser measures the flight times of the ion components from the 

point of entry into the mass spectrometer to the detector [18]. A TOF consists of two 

sections. The first is a short section known as the ion accelerator and the second a longer 

section called the flight tube. The ion accelerator region contains two electrodes, the 

repeller and the extractor. The extractor electrode consists of a transmission grid which 

injects all the ions into the flight tube with the same energy. The ions pass the acceleration 

area to the flight tube [2]. The flight tube contains a series of electrodes (reflectron) 

working as an ion mirror which doubles the length of the flight tube and also compensates 

for the energy spread of ions with the same m/z so that they arrive at the same time at the 

detector. The ions which have higher velocities will penetrate further into the reflector 

array than slower moving ions with the same m/z. As a consequence, the fast ions will 

have a longer journey to the detector, as shown in Figure 2.5. The additional journey 

length of the faster ion is optimised through the choice of voltage applied to the reflectron 

array. This leads to the faster and slower ions of the same m/z reaching the detector at the 

same time. As a result, mass resolution is increased [2, 19]. 
 

Figure 2. 5: Schematic of a Reflectron TOF-MS; adapted from Watson et al [19]. 

During the acceleration stage, all ions start off with the same kinetic energy, so that they 

will travel at different velocities according to their value of m/z. This results in the ions 

separating into groups (packets) [19].   
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The kinetic energy (½mv2) of the ion is equivalent to the potential energy zeV (where m, 

v, z, e, q and V are ion mass, ion velocity, charge number, elementary charge, charge of 

ion and the potential in the acceleration area respectively). 

𝐸 = 𝑞𝑉 =  
1

2
𝑚𝑣2 =  

1

2
𝑚 (

𝑙

𝑡
)

2

                     (2.7) 

The time (time of flight) required for the ions to reach the detector is given by the 

following equation (where l is the length of flight tube): 

𝑡 = √
𝑙2

2𝑒𝑉
.

𝑚

𝑧
                                       (2.8) 

Thus, measuring the time-of-flight leads to the detection of m/z. 

On the practical side, it is difficult to gain an accurate value for m/z by using Equation 

(2.8) for a number of reasons: the difference in speed between the two-stage acceleration 

area, the reflecting array of the reflectron and the flight tube. As a consequence, the ions 

will travel various distances. In addition, it is difficult to measure the starting time of the 

ions in order to determine their actual travel accurately. For the aforementioned reasons, 

a measured flight time, t, for some known ions are used to calibrate the flight times of 

any unknown ions [2].  

TOF-MS has some advantages over quadrupole-based mass spectrometers. Firstly, it 

avoids the mass filter effects of quadrupoles which causes them to discriminate against 

heavier m/z ions and, secondly, it can achieve higher mass resolving power leading to 

more accurate mass measurements and better sensitivity. Otherwise, TOF-MS has some 

limitations such as requiring a higher vacuum compared with other MS methods, leading 

to a high cost and a bulky system. In addition, the need for carefully controlled 

temperatures to avoid the effects of the electronics and any change in the length of the 

flight tube [2].  

After the ions are separated according to their mass, they are detected by a microchannel 

plate (MCP) detector. The output from the MCP is sent via a pre-amplifier to a time-to-

digital converter (TDC). The TDC builds the input data as an arrival time histogram [20].  

2.4 Data Collection and Normalisation 

Collection of data was achieved through the GRAMS/AI software (Thermo Scientific). 

GRAMS/AI was used to convert the time data from the TDC into mass-to-charge ratios 
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(m/z). Later, the data was converted to an Excel-readable file (csv format) via in-house 

add-ons to the base GRAMS/AI software [20].  

Generally, ion count rates are expressed as values relative to the reagent (e.g., H3O
+

, O2
+

 

or CF3
+) rather than their absolute values. This scaling (also referred to as normalizing) 

procedure eliminates small yield changes due to fluctuations in the reagent count rate 

occurring during the course of an experiment. Since historically most CIR-MS achieved 

absolute H3O
+ counts near to 106 s-1, it has become common practise to express ion yields 

as normalized counts per second (ncps). 

In this thesis, three precursors were used in CIR-TOF-MS; H3O
+, CF3

+ and O2
+. The 

normalisations for each reagent are shown in the following equations. 

𝑛𝑐𝑝𝑠 =  106 ×  
𝑖(𝑀𝐻+)

𝑖(𝐻3𝑂++𝐻3𝑂+(𝐻2𝑂))
                   (2.9)  

𝑛𝑐𝑝𝑠 =  106 ×  
𝑖(𝑀𝐻+)

𝑖(𝐶𝐹3
++𝐶𝐹2𝐻+)

         (2.10) 

𝑛𝑐𝑝𝑠 =  106 ×  
𝑖(𝑀𝐻+)

𝑖(𝑂2
+)

         (2.11) 

This means that the ion count rate for MH+ is expressed as a signal of one million counts 

per second for every reagent.   

2.5 Calibration  

Throughout this thesis the CIR-MS instrument was calibrated using the static gas 

calibration method. In this method, a known quantity of a mixture of one or more VOCs 

in liquid phase is introduced into a Tedlar bag and diluted with an 8 litre volume of 

nitrogen. Although this method is relatively cheap and simple, it has some disadvantages, 

such as some analytes having the tendency to stick on the bag walls or undergo chemical 

decomposition, leading to a decrease in their apparent concentrations. Figure 2.6 and 2.7 

show the calibration curves for toluene using CF3
+ and H3O

+ in CIR-MS. 
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Figure 2. 6: Calibration curve for toluene using CF3
+ as the reagent in CIR-MS. 

 
 

Figure 2. 7: Calibration curve for toluene using H3O+ as the reagent in CIR-MS. 

2.6 Sensitivity  

CIR-MS sensitivity can be determined by running a series of known concentrations and 

plotting concentration against the measured ion signal. If the relationship produced is 

linear the sensitivity of the instrument can be determined from the gradient of a linear fit 

to the data. At the same time, it is possible to estimate the value of the background signal 

from the intercept of the yield curve. The sensitivity (SN) can be defined as: 

SN = 
#

[x]
                                    (2.12) 
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where # is normalized ion count of the compound in ncps and [x] is the concentration in 

ppmV. The unit of sensitivity is thus ncps ppmV-1 

The sensitivity of the instrument can be influenced by many factors such as the humidity 

of the sample and E/N, as previously discussed. The nature of the reagent and analyte can 

also affect the sensitivity. As can be seen in Figures 2.6 and 2.7, the sensitivity of toluene 

produced by CF3
+ as the reagent in CIR-MS is a somewhat higher (5482 ncps ppmV-1) 

than the sensitivity of toluene that obtained from using H3O
+ as the reagent in CIR-MS 

(863 ncps ppmV-1). 

2.7 Summary  

This Chapter contains a brief discussion of GC-MS and some of the details of CIR-TOF-

MS. CIR-TOF-MS is an analytical technique capable of detecting a wide range of all 

chemical classes at high sensitivities. The high speed of analysis by CIR-TOF-MS is 

advantageous as it is capable of detecting analytes and producing a mass spectrum in 

seconds. CIR-TOF-MS has the ability to switch between different reagents such as H3O
+, 

NO+, NH4
+ and O2

+. In this work we demonstrate that CIR-TOF-MS can be switched to 

CF3
+ as a reagent to detect a wide range of VOCs in real samples; breath and urine 

headspace of smokers and non-smokers. 
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Chapter Three: CF3
+ and CF2H+: new reagents for n-alkane 

determination in chemical ionization reaction mass spectrometry 

This Chapter has been published in Analyst, 2016, 141, 6564-6570  

3.1 Introduction 

Direct chemical ionization (CI) mass-spectrometry has seen widespread use in 

applications such as plant studies, food science, atmospheric, forensics and medical 

applications [1-3]. The detection of alkanes is important in many applications, such as 

petroleum combustion and a wide range of metabolic processes [4, 5]. In addition, alkanes 

have been measured in the exhaled breath of smokers [6]. 

C2-C6 alkanes are difficult or impossible to detect with conventional chemical reagents. 

H3O
+ or NO+ exhibit little or no reaction with light alkanes, while O2

+ causes the 

fragmentation of short chain alkanes [1, 7]. A suitable chemical reagent is needed to react 

with C2-C6 alkanes that produces less fragmentation but has a similar sensitivity to O2
+. 

The aim of this study was to demonstrate that CF3
+ and CF2H

+, as produced from CF4 as 

a reagent in CIR-MS, meets these requirements [1]. The most prevalent mechanisms for 

the reactions of chemical reagents with the analytes are proton transfer, charge transfer 

and hydride extraction. Proton transfer reaction mass spectrometry (PTR-MS) is a 

particularly well-known technique for the detection of many volatile organic compounds 

(VOCs). PTR-MS depends on H3O
+ as a precursor and has a proton affinity that is lower 

than many VOCs of interest [1, 2, 8]. The most common precursors in CIR-MS are H3O
+ 

and NH4
+, but there are other reagents that can be used to detect VOCs such as protonated 

acetone. For instance, Inomata et al. [9], applied protonated acetone as a reagent in CIR-

MS to distinguish between the two isomers ethyl acetate and 1,4-dioxane [9]. Blake et al. 

[10], also used protonated acetone to differentiate between methyl vinyl ketone and 

methacrolein owing to the proton affinity of acetone being intermediate to these 

compounds [10]. H3O
+ is unable to react with lighter n-alkanes (< C6). 

Charge transfer is another mechanism that occurs when the ionization potential of the 

analyte is lower than that of the precursor. This mechanism commonly involves NO+ and 

O2
+. Španěl and Smith have applied selected ion flow tube mass spectrometry (SIFT), to 

detect the reactions of H3O
+, NO+ and O2

+ with various VOCs such as aromatic and 

aliphatic compounds [1, 7]. O2
+ has an ionization energy (IE) of 12.07 eV, which is able 

to react with all n-alkanes with ionization energies ranging from 11.52 eV to 10.13 eV 
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(ethane to hexane). As the number of carbon atoms in the chain increases, the reaction 

becomes more exothermic. NO+ cannot undergo charge transfer with C2-C4 n-alkanes 

owing to its IE being lower (9.26 eV). NO+ can gain a degree of energy from an electrical 

field in a drift tube, which might then allow certain reactions with C5 and C6 alkanes [1]. 

Studies have shown that NO+ can be applied to distinguish between isomers [11-13]. 

Amador- Muñoz et al. [14], used a switchable ionization mode (NO+/H3O
+/O2

+) to detect 

a number of relatively long-chain n-alkanes (> C5).  Arnold et al. [15], noticed that the 

threshold size of NO+ reactions with alkanes occurred at hexane, and that these processes 

are mainly followed by hydride transfer . Recently, Koss et al. [16], conducted a survey 

of the results of reactions of NO+ with a wide range of OVOCs, as measured by GC-EI-

MS/GC-TOF-MS. They demonstrated that NO+ exhibited no reaction with small-chain 

alkanes such as ethane, propane and n-butane, but they manged to estimate the sensitivity 

of the reaction of NO+ with i-pentane using GC-EI-MS results [16]. Conversely, Wilson 

et al. [17], detected a small percentage yield of alkanes (C3 and higher) with NO+ and the 

approximate rate constants of these reactions were recorded . Apart from O2
+, which 

produces more fragmentation with n-alkanes, no suitable reagent has been found that 

reacts with the lighter n-alkanes with little or no fragmentation [1, 18]. In order to detect 

lighter alkanes in oil shale, an alternative method is to use CF3
+ as a precursor in CIR-MS 

rather than O2
+. Lias et al. and Tsuji et al. used CF4 ions (CF3

+ and CF2H
+) as reagents in 

ion-cyclotron resonance mass spectrometry (ICR-MS) to detect C2-C6 n-alkanes with 

lower fragmentation compared with O2
+. The general mechanisms of these reactions is 

hydride extraction, [1, 19, 20].  

 

Dehon et al. [21], also worked with CF3
+ ions as reagents in fourier transform ion 

cyclotron resonance mass spectroscopy (FT-ICR-MS) to detect small n-alkanes and 

fluorocarbons. The authors demonstrated that the reaction of CF3
+ and CF2H

+ with these 

compounds produces less fragmentation [21]. The rate constants of some common n-

alkanes were determined by Lias et al. and Dehon et al. and exhibited good agreement 

with each other [1, 19, 21]. In this Chapter, the performances of CF3
+ and CF2H

+ as 

reagents in CIR-MS are compared with O2
+ according to percentage yield, sensitivity and 
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fragmentation with respect to pressure (1-10 Torr), moisture and the drift tube electric 

field (E/N). 

3.2 Experimental  

The type of instrument used in this work was a Kore-P-4500-a time-of-flight mass 

spectrometer [1, 22]. Analytes were reacted with positively charged CI reagent ions, 

forming charged ion products which were subsequently separated/detected by TOF-MS. 

The principle and operational conditions used for CIR-MS have been explained in 

Chapter 2 and elsewhere [11, 23, 24]. The experiments were run at E/N values of 50 Td 

and 100 Td. A typical value for E/N in proton transfer work is 100 Td. The value of 50 

Td was chosen to minimise fragmentation at the lowest possible value of E/N required to 

operate CIR-MS. 

CF4 (BOC special gases, 99.999% purity) or O2 (zero grade N2.6, BOC special gases) 

were used as reagents in the hollow cathode discharge ion source of a CIR-TOF-MS at a 

rate of 5-9 sccm. According to the Kyoto protocol to the United Nations Framework 

Convention on Climate Change, CF4 is considered a target for reduction. As a result, care 

was taken to use the least amount possible. The intensity of unwanted fragments such as 

NO+ and NO2
+, which may cause spurious reactions, were kept less than 5% of the main 

reagent peak (CF3
+) by adjusting the extraction voltage and discharge current as described 

by Knighton et al. [25], O2
+ ions were created using oxygen, and the intensities of NO+ 

and NO2
+ were reduced to avoid overlap with peaks of interest arising from the analytes. 

Since CF3
+ and CF2H

+ were both present in the reactions, their combination was taken 

into account during normalization. 

The temperature of the ion source was maintained at 70ºC to minimize the effects of 

ambient temperature variation. The discharge region pressure was maintained at 1.3 Torr 

while the sample pressure was also held at 1.3 Torr. The alkanes ethane, propane and n-

butane were supplied as a 5 ppmV mixture in nitrogen (CP grad-BOC, Manchester). 

Nitrogen from the same batch that was used for the preparation of alkanes (CP grad-BOC) 

was provided for dilution of n-pentane and n-hexane and the measurement of the 

background. Concentrations ranging from 0 to 5 ppmV were prepared by mixing alkane 

gas with nitrogen. Stock solutions of n-pentane and n-hexane (Sigma Aldrich) were 

prepared by diluting 10 µl of alkane sample with nitrogen in 10 litre Tedlar bags. Samples 
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with concentrations range from 0 to 50.0 ppmV were prepared by dilution of the 

appropriate amount in 10 litre Tedlar bags. 

The effect of E/N on CF3
+ and CF2H

+ production was tested using N2 as the analyte, and 

the effect of humidity (0 to 90%) was measured over a range from 83 to 130 Td. In order 

to estimate the effect of moisture on alkane products, analyte samples were divided into 

streams and passed through two mass flow controllers. One stream was passed through a 

bubbler and then combined with a second stream. The flow rate of both streams was fixed 

at 500 sccm, whilst only 50 sccm was supplied to the CIR-TOF-MS while the rest was 

released to atmosphere. It is assumed that alkane concentrations were not affected by the 

humidity. The percentage of the humidity was determined via a Hygrosens Hygro-

Thermometer (Hygrosens Instruments GmbH, Loffingen, Germany).  

3.3 Result and discussion 

Pure CF4 ionized in an electrical discharge source gives two predominant ions, CF3
+ and 

CF2H
+, at 69 and 51 amu, respectively. CF2H

+ was produced through the reaction of CF2
+ 

with water (due to the presence of residual humidity, i.e., water). The value of E/N was 

strongly influenced by the production of CF2H
+ so that relative abundances of CF2H

+ 

ranged from 20% to 40% at 50 Td and from 3% or less at 100 Td. In proton transfer 

reactions, H3O
+ and its cluster (H3O

+.H2O) possess different proton affinities, which 

might cause undesirable side reactions. In a similar manner, CF3
+ and CF2H

+ 

contributions can lead to undesirable side reactions. The first set of experiments were run 

in dry conditions (RH < 0.01%) to reduce the effects of humidity on the alkane samples. 

3.3.1 Ethane 

Ethane reacts with CF3
+ as a reagent in CIR-MS to produce main fragment at m/z 29, 

followed by small fragment at 43 amu in both cases of E/N. A small peak was detected at 

m/z 27 which could belong to C2H3
+ at 100 Td, (see Table 3.1). 

Table 3. 1: Results for ethane with CF3
+ as the reagent in CIR-MS. 

Name m/z fragments % (CF4) at 100 Td % (CF4) at 50 Td 

Ethane C2H4 27 C2H3
+ 3.5  

(28) 29 C2H5
+ 93.3 97.9 

 43  3.2 2.0 
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O2
+ is considered a strong reagent in CIR-MS. The ethane results showed that the main 

product was at 29 amu at both E/N followed by a signal at 28 amu with a relative 

abundance that was higher at 50 Td in both products. Small fragments were observed at 

26 and 27 amu at both 50 and 100 Td (see Table 3.2). 

Table 3. 2: Results for ethane with O2
+ as reagent in CIR-MS. 

Name m/z fragments % (O2) at 100 Td % (O2) at 50 Td 

Ethane C2H4 26 C2H2
+ 1.3 0.4 

(28) 27 C2H3
+ 10.1 1.6 

 28 C2H4
+ 29.6 13.5 

 29 C2H5
+ 56.9 81.8 

 43 C3H7
+ 2.0 2.7 

3.3.2 Propane 

The main product of propane with CF3
+ was C3H7

+ at m/z = 43 for both values of E/N. A 

small peak was detected at 29 amu at both 50 and 100 Td. Another small peak at m/z = 

41 was also detected, though only at 100 Td. In general, the main peak intensity was 

found to be higher at 50 Td, while other fragment peaks intensities were higher at 100 Td 

owing to the difference in energy between 50 and 100 Td, (see Table 3.3).                                        

Table 3. 3: Results for propane with CF3
+ as reagent in CIR-MS. 

Name m/z fragments % (CF4) at 100 Td % (CF4) at 50 Td 

Propane C3H8 29 C2H5
+ 0.8 0.6 

(44) 41 C3H5
+ 2.2  

 43 C3H7
+ 97.0 99.4 

The oxygen results showed that propane’s main fragment was at m/z 43 followed by a 

signal at 28 amu at 50 and 100 Td. Small peaks also were detected at 26, 27, 29 and 41 

amu in both cases; see Table 3.4. 

Table 3. 4: Results for propane with O2
+ as reagent in CIR-MS. 

Name m/z fragments % (O2) at 100 Td % (O2) at 50 Td 

Propane C3H8 26 C2H2
+ 1.5 0.4 

(44) 27 C2H3
+ 2.3 0.4 

 28 C2H4
+ 35.8 28.1 

 29 C2H5
+ 10.8 3.7 

 41 C3H5
+ 3.8 1.4 

 43 C3H7
+ 45.7 62.7 

3.3.3 Butane  

The reaction of butane with CF3
+ produced very similar results at both 50 and 100 Td. 

The predominant peak was recorded at m/z =57, which represented the most dominant 
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ion, followed by a small amount of molecular ion at m/z =58. The small signal at m/z = 

56 could have arisen due to removal of hydrogen atoms from the molecular ion. Small 

fragments were also detected at m/z = 29 and 43, related to ethyl and propyl groups, 

respectively; see Table 3.5.   

Table 3. 5: Results for butane with CF3
+ as reagent in CIR-MS. 

Name m/z fragments % (CF4) at 100 Td % (CF4) at 50 Td 

Butane C4H10 29 C2H5
+ 0.7 0.8 

(58) 43 C3H7
+ 0.7 0.8 

 56 C4H8
+ 0.2 0.2 

 57 C4H9
+ 95.4 95.3 

 58 C4H10
+ 3.0 2.9 

Butane with O2
+ allowed the formation of small parent and molecular ions at m/z = 57 

and 58 respectively at both E/N. The predominant fragment was detected at 43 amu, 

followed by small fragments at 26, 27, 28, 29 and 41 amu in both cases. In addition, m/z 

= 42 was observed only at 100 Td. At E/N =100 Td, a greater number fragments and a 

reduced abundance of m/z 43 were expected due to the difference in energy between each 

of the values of E/N; see Table 3.6. 

Table 3. 6: Results for butane with O2
+ as reagent in CIR-MS. 

Name m/z fragments % (O2) at 100 Td % (O2) at 50 Td 

Butane C4H10  26 C2H2
+ 0.1 0.1 

(58) 27 C2H3
+ 0.8 0.3 

 28 C2H4
+ 2.8 2.8 

 29 C2H5
+ 7.9 2.2 

 41 C3H5
+ 7.4 1.4 

 42 C3H6
+ 1.5  

 43 C3H7
+ 74.6 70.6 

 57 C4H9
+ 3.9 14.6 

 58 C4H10
+ 1.1 8.1 

3.3.4 Pentane  

Pentane reacts with CF3
+ to produce the dominant ion at m/z = 71, which was slightly 

more abundant at 50 Td, followed by a small molecular ion at m/z = 72. The fragment at 

43 amu was detected for both E/N values, with a relatively high abundance at 100 Td. In 

addition, a very small signal was seen at 57 amu for an E/N of 50 Td, which may belong 

to C4H9
+; see Table 3.7. 
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Table 3. 7: Results for pentane with CF3
+ as reagent in CIR-MS. 

Name m/z fragments % (CF4) at 100 Td % (CF4) at 50 Td 

Pentane C5H12 43 C3H7
+ 24.4 5.8 

(72) 57 C4H9
+  0.3 

 71 C5H11
+ 74.3 92.7 

 72 C5H12
+ 1.3 1.4 

The result of pentane with oxygen showed that a small amount of parent ion at m/z = 71 

formed with a slightly higher abundance at 50 Td, followed by small peak at 72 amu 

which was the molecular ion. Many other fragments were detected at 27, 28, 29, 41, 24, 

43, 57 and 57 amu due to the cleavage at carbon bonds at C2, C3 and C4. The predominant 

signal was at m/z = 43 at both 50 and 100 Td; see Table 3.8. 

Table 3. 8: Results for pentane with O2
+ as reagent in CIR-MS. 

Name m/z fragments % (O2) at 100 Td % (O2) at 50 Td 

Pentane C5H12 27 C2H3
+ 0.5  

(72) 28   1.0 

 29 C2H5
+ 2.2 2.4 

 41 C3H5
+ 19.5 5.0 

 42 C3H6
+ 7.6 2.0 

 43 C3H7
+ 51.7 44.1 

 56 C4H8
+ 3.4 2.8 

 57 C4H9
+ 11.3 10.1 

 58 C4H10
+ 0.5  

 71 C5H11
+ 2.9 28.4 

 72 C5H12
+ 0.5 4.2 

3.3.5 Hexane 

Hexane reacted with CF3
+ to form a parent ion at m/z = 85 with relatively high intensity 

at 50 Td and a low intensity at 100 Td, followed by small molecular ion at 86 at 50 Td. 

Small fragments were recorded at 41, 43, 44, 57 and 71 amu due to the cleavage at carbon 

bonds at C3 up to C5. The predominant fragment was recorded at m/z 43; see Table 3.9. 

Table 3. 9: Results for hexane with CF3
+ as reagent in CIR-MS. 

Name m/z fragments % (CF4) at 100 Td % (CF4) at 50 Td 

Hexane C6H14 41 C3H5
+ 1.8  

(86) 43 C3H7
+ 47.9 18.7 

 44 C3H8
+ 0.9 0.6 

 57 C4H9
+ 6.1 4.1 

 71 C5H11
+ 0.2 0.4 

 85 C6H13
+ 43.1 73.7 

 86 C6H14
+  2.5 

Hexane with oxygen formed small amounts of parent and molecular ions at m/z = 85 and 

86 respectively at both values of E/N. Owing to cleavage at carbon C2 up to C5, various 
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fragments were observed at 29, 41, 42, 43, 44, 56, 57, 58 and 71 amu. The highest 

abundance of these fragments were observed at 56 and 57 amu at 50 and 100 Td, 

respectively; see Table 3.10. 

Table 3. 10: Results for hexane with O2
+ as reagent in CIR-MS. 

Name m/z fragments % (O2) at 100 Td % (O2) at 50 Td 

Hexane C6H14 29 C2H5
+ 0.9 0.3 

(86) 41 C3H5
+ 7.2 1.0 

 42 C3H6
+ 1.1 4.7 

 43 C3H7
+ 8.3  

 44 C3H8
+  27.5 

 56 C4H8
+ 31.0 41.0 

 57 C4H9
+ 46.5 1.7 

 58 C4H10
+ 1.9 2.8 

 71 C5H11
+ 2.0 15.8 

 85 C6H13
+ 1.2 5.2 

 86 C6H14
+ 0.8 0.2 

The reaction of CF4 as a reagent in CIR-MS with ethane, propane and n-butane exhibits 

very little sign of fragmentation at either 50 Td or 100 Td. The spectra of ethane, propane 

and n-butane at 100 Td clearly showed less fragmentation. Figure 3.1 shows a composite 

spectrum of each alkane.  

 

Figure 3. 1: Composite spectrum for ethane, propane, butane, pentane and hexane at 

E/N = 100 Td using CF3
+ as precursor in CIR-MS [1]. 

Pentane and hexane experienced some fragmentation with CF3
+, although fragmentation 

was minimal at 50 Td compared to 100 Td. The main products of n-pentane and n-hexane 
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were detected at m/z = 71 and 85, respectively, which follow a hydride extraction 

mechanism. The other product was detected at 43 amu (C3H7
+) which may form due to 

carbon-carbon bond fragmentation of the parent ions. 

Pentane showed some fragmentation, in contrast to results of Dehon et al. [21], which 

exhibited complete fragmentation in pentane and weak indicators of a hydride transfer 

reaction in hexane.  

The electron affinity (IE) of O2
+ is 12.07 eV, and it reacts with small n-alkanes with the 

exception of methane (IE of methane is 12.61 eV). All the n-alkanes showed significant 

fragmentation with O2
+ as a reagent in CIR-MS at 50 Td and 100 Td. The parent ions of 

pentane and hexane almost disappeared. CF3
+ showed improved fragmentation patterns 

with the n-alkanes, showing almost no significant indication of any fragmentation of 

ethane, propane and n-butane. Small amounts of fragmentation with pentane and hexane 

were detected (Figure 3.2). 

 

  

 

 

 

 

 

 

 

Figure 3. 2: Relative abundance of alkane molecular ions with CF3
+ and O2

+ at E/N = 

50 and 100 Td. 

3.3.6 Sensitivity 

Calibration curves are important to determine the quantitative sensitivity for compound 

detection. Calibration curves for the alkanes were generated through their partial dilution 

in pure nitrogen, as shown in Figure 3.3.    

CF3

+
 50Td O2

+
 100Td 

O2

+
 50Td 

CF3

+ 
100Td 

CF3
+
 

O2
+
 



59 
 

 

Figure 3. 3: Calibration curves for the alkanes were generated at 100 Td using CF3
+ as 

reagent in CIR- MS, adapted from reference [1].  

Care was taken whilst measuring the calibration of the alkanes to reduce the presence of 

humidity so that the effect of CF2H
+ ions was reduced to less than 1% on the combined 

reactant percentage for all alkane products. The action of O2
+ is more aggressive action 

than that of CF3
+, leading to more fragmentation and producing lower signal intensities 

for both the parent and fragment ions. 

Sensitivity can be defined as the number of product ions created in a trace gas mixing 

ratio of 1 ppbV and at a precursor signal of 1 million ion counts per second (ncps ppbV-

1) [1, 26]. The result of the reactions of alkanes with CF3
+ are that slightly higher 

intensities were observed as compared with the results obtained using O2
+ at 100 Td; see 

Table 3.11. In general, as the number of carbon atoms in the alkane increases, the overall 

detection sensitivities rise and more fragments are produced, particularly with O2
+.  

Table 3. 11: Detection sensitivity of the C2- C6 alkanes with CF3
+ and O2

+ at 100 Td. All 

sensitivities are in units of counts min-1 ppm-1. 

Target alkane ethane1 propane1 n-butane1 n-pentane1 n-hexane1 

m/z 29 43 57 71 85 

Reagent      

CF3
+ 1756.5 7478.8 1864.3 282.0 34.4 

O2
+ 777.8 292.5 30.8 207.1 21.2 

          1 = count min-1 ppm-1 
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3.3.7 Limit of detection (LOD) and Signal-to-Noise (S:N) 

The detection limit and signal-to-noise ratio were calculated for the alkanes (C2-C6) with 

CF3
+ and O2

+ as reagents in CIR-MS. It seems that the LOD for O2
+ were higher than 

those for CF3
+. A more powerful ion source and more extensive optimisation could 

potentially improve performance. The LOD and S:N found are shown in Tables 3.12 and 

3.13. 

Table 3. 12: Detection limit and signal-to-noise ratios for the alkanes with CF3
+. The 

experiments were run for 10 minutes. Signal-to-noise was increased at 50 Td. 

Table 3. 13: Detection limit and signal-to-noise ratios for the alkanes with O2
+. The 

experiments were run for 10 minutes. Signal-to-noise was increased at 50 Td. 

  100Td 50Td 

Name Fragment S:N 
LOD 

(ppbV) 
S:N 

LOD 

(ppbV) 

Ethane C2H5
+ 4475 3 8182 2 

Propane C3H7
+ 4590  3 22145  1 

n-Butane C4H9
+ 1172 13 18076 1 

n-Pentane C5H11
+ 2363 6  10665 29 

n-Hexane C6H13
+ 1942 8  5161  3 

In order to assess CF3
+ and CF2H

+ as chemical reagents in chemical ionization mass 

spectrometry for use to detect VOCs in real-life samples, it is important to understand 

their properties and origins and other parameters that could affect their production. When 

working at high E/N values such as 100 Td, greater fragmentation occurs and a small 

amount of CF2H
+ is produced. Operation at low E/N values such as 50 Td results in less 

fragmentation being observed but larger quantities of CF2H
+ will be produced in the 

reagent mix and should be taken into account [1]. 

CF2H
+ is thought to occur from the reaction of CF2

+ with H2O due to the humidity in the 

system by hydride transfer. Eyler et al. [27], noticed that small traces of the CF2
+ ion 

reacted swiftly with natural species of CF4 to produce CF3
+ ions at a pressure of 10-6 Torr. 

So, it seems that the product, CF2H
+, does not exist in ICR-MS within a 5 ms reaction 

  100 Td 50 Td 

Name Fragment S:N 
LOD 

(ppbV) 
S:N 

LOD 

(ppbV) 

Ethane C2H5
+ 2678 6 4755 3 

Propane C3H7
+ 1046 14 1277 11 

n-Butane C4H9
+ 24002 1 52560 1 

n-Pentane C5H11
+ 2253 30 2678 30 

n-Hexane C6H13
+ 1267 17 2249 3 
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time [1, 27]. Ehlerding et al. [28], produced CF2
+ ions in significant amounts at 0.1 Torr, 

whereas the CF3
+ was produced at 1 mTorr [1, 28]. As the E/N is increased to 100 Td, 

CF2
+ reacts with natural ions of CF4 to produce CF3

+, in agreement with the findings of 

Eyler et al. [1, 27].  

Thermochemical calculations showed that the reaction of CF2
+ with H2O is only slightly 

exothermic (ΔH = -13.2 kJ mol-1), and additional energy could be supplied by increasing 

the value of E/N. This may inhibit the path of CF2H
+ production and allow CF2

+ to react 

with CF4 to form CF3
+ (ΔH = -92.18 kJ mol-1); see Table 3.14. The relative humidity in 

the initial set of experiments was around 0.01% to minimise interference from the H3O
+ 

ion [1]. Dehon et al. [21], demonstrated that no reaction occurred between CF3
+ and trace 

water at ambient air at pressures of 10-4 Torr, although a reaction between pure water 

vapour and CF3
+ was observed at 10-4 Torr, and the slow appearance of H3O

+ was 

observed while CF3
+ ions disappeared. The existence of water may be considered to 

constitute the presence of an additional compound in the sample mixture which can 

compete with the n-alkanes. A significant reduction in the percentage of the alkane 

products and both reagents (CF3
+ and CF2

+) resulted from an increase in the relative 

humidity of the samples. 

                      Table 3. 14: Thermochemical Calculations [1]. 

No Reaction energy 

1 CF3
+ + H2O → CF2H

+ + HOF ΔH = +361.7 kJ mol-1 
2 CF3

+ + H2O → CF2OH+ + HF ΔH = -142.8 kJ mol-1 
3 CF2

+ + H2O → CF2H
+ + OH ΔH = -13.2 kJ mol-1 

4 CF2
2+ + H2O → CF2OH+ + H+ ΔH = -1725.5 kJ mol-1 

5 CF2
+ + CF4 → CF3

+ + CF+ ΔH = -92.185 kJ/mol-1 

The percentage of reactant products reduced rapidly at values of E/N < 100 Td, as seen 

in Figure 3.4. Figure 3.4 shows values of E/N in the region of 100 Td provided the best 

compromise between reactant reduction and fragmentation. The result of the n-alkanes 

also exhibited a decrease in yield of n-alkanes products, as shown in Table 3.15. It seems 

that moisture in the analyte affects any work at 50 Td. 
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Figure 3. 4: The percentage yields of (CF3
+ + CF2H+) expressed as I90/I0 for relative 

humidity (RH) ranging from 0% and 90% as a function of E/N. Adapted from ref. [1]. 

Table 3. 15: The main fragments of the alkane which reacted with CF3
+ and CF2H+ over a 

range of humidities (RH) ranging from 0% to 90%. The resolution of the machine is not 

sufficient to distinguish between C2H5
+ and other possible fragments such as N2H+ or 

COH+. The variation in alkane fragments was very similar. 

n-Alkane Fragment (amu) Percentage yield 

  RH = 

0% 

RH = 

20% 

RH = 

45% 

RH = 

90% 

Ethane 29 100 - - 40 

Propane 43 100 76 57 45.4 

n-Butane 57 100 82 66 44.9 

n-Pentane 71 100 82 65 44.9 

43 100 78 60 41.4 

n-Hexane 85 100 72 52 34.6 

57 100 77 58 44.4 

43 100 78 58 41.2 

According to the calculations summarized in Table 3.14, Equation (3.3), it can be 

noticed that the reaction is endothermic (ΔH = +361.7 kJ mol-1). 

 
Dehon et al. [21], suggested that two stages occur in this reaction. The first step, a 

thermodynamically allowed intermediate complex, was produced; the second step, which 

favoured proton transfer, proceeded as shown in Equations 3.4 and 3.5 [1]. 

 

Followed by 
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Lower values of E/N or higher moisture content will increase the concentration of H3O
+. 

As a result, the contribution from this source must be taken into count [1]. 

The ethyl peak from ethane appears at 29.06 amu and, as the concentration of H3O
+ 

increased, was overlapped by another peak at 29.02 amu, which obscured the C2H5
+ ethyl 

signal. Unfortunately, our instrument does not have sufficient resolution to distinguish 

the two groups. The proton affinity of H2O (691 kJ mol-1) is higher than that of N2 (493 

kJ mol-1) so that the product N2H
+, though not thermodynamically favoured, can 

nevertheless potentially be produced. Another possibility with the same mass is CHO+, 

which has a proton affinity of 667 kJ mol-1, which itself is not far from that of H2O. There 

is chance that this might happen, but the associated mechanism is not clear [1]. 

CF3
+ has the ability, as a reagent ion in CIR-MS, to detect the lighter n-alkanes. H3O

+ and 

NO+ almost do not react with lighter n-alkanes, but both CF3
+ and O2

+ do react with 

alkanes (C2-C6), and both have a similar detection sensitivity. The existence of humidity 

in the samples could complicate the process of analysis so, as a result, the calibration 

curves of known standards are needed. However, CF3
+ leads to less fragmentation 

compared with O2
+ [1].  

The presence of CF2H
+ as a reagent with CF3

+ could complicate the results, but this 

particular obstacle can be overcome by the simple expedient of adjusting the value of E/N 

[1]. Earlier, using conventional reagents such as H3O
+ and O2

+ to detect small-chain 

alkanes (C2-C6) faces certain difficulties such as a lack of any reaction or the occurrence 

of extensive fragmentation; CF3
+ appears to present new opportunities and be a worthy 

addition to conventional chemical ionization reagents used in CIR-MS [1]. 

The percentage of product in these groups increases when moving from 100 Td to 50 Td, 

and more precautions must be taken to avoid variations in E/N during the experiment. 

3.4 Summary  

Detection of lighter alkanes with conventional chemical reagent such as H3O
+ is almost 

impossible owing to their basicity. It has been demonstrated that CF3
+ and CF2H

+ used as 

reagents in CIR-MS supply an effective method of detecting lighter n-alkanes (C2-C6) 

that would not otherwise be easily accessible. The applicability of the precursors in CIR-

MS with different variables such as operating pressures of 1-10 Torr, high moisture 

content and electrical field in the drift tube (E/N) were evaluated. Chemical ionization 
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reagents, H3O
+ and NO+, react with hexane and higher, while O2

+ will react with all 

analytes but result in extensive fragmentation. On the other hand, both CF3
+ and CF2H

+ 

acting together react with small-chain n-alkanes whilst showing almost no fragmentation. 

At E/N = 100 Td under dry conditions, the relative intensity of CF2H
+ to CF3

+ was less 

than 3%, making CF3
+ the main precursor ion in CIR-MS. In parallel, a set of experiments 

using O2
+ as the reagent were conducted, and extensive fragmentation was recorded. The 

sensitivity of lighter alkanes to CF3
+ and CF2H

+ were better compared with the O2
+ result. 

Alkane mixture results showed that the reagents CF3
+ and CF2H

+ can be used for the 

detection of alkanes in real-life samples such as exhaled breath samples and urine 

headspace. 

  



65 
 

3.5 References  

[1] R.S. Blake, S.A. Ouheda, C.J. Evans, P.S. Monks, CF3
+ and CF2H+: new reagents for n-

alkane determination in chemical ionisation reaction mass spectrometry, The Analyst, 

141 (2016) 6564-6570. 

[2] R.S. Blake, P.S. Monks, A.M. Ellis, Proton-transfer reaction mass spectrometry, 

Chemical reviews, 109 (2009) 861-896. 

[3] D. Smith, P. Spanel, Selected ion flow tube mass spectrometry (SIFT-MS) for on-line 

trace gas analysis, Mass Spectrom Rev, 24 (2005) 661-700. 

[4] J.J. Schauer, M.J. Kleeman, G.R. Cass, B.R. Simoneit, Measurement of emissions from 

air pollution sources. 5. C1− C32 organic compounds from gasoline-powered motor 

vehicles, Environmental science & technology, 36 (2002) 1169-1180. 

[5] M. Phillips, J.P. Boehmer, R.N. Cataneo, T. Cheema, H.J. Eisen, J.T. Fallon, P.E. Fisher, 

A. Gass, J. Greenberg, J. Kobashigawa, Heart allograft rejection: detection with breath 

alkanes in low levels (the HARDBALL study), The Journal of heart and lung 

transplantation, 23 (2004) 701-708. 

[6] D.E. Euler, S.J. Dave, H. Guo, Effect of cigarette smoking on pentane excretion in 

alveolar breath, Clinical chemistry, 42 (1996) 303-308. 

[7] P. Španěl, D. Smith, Selected ion flow tube studies of the reactions of H3O+, NO+, and 

O2
+ with several aromatic and aliphatic hydrocarbons, International Journal of Mass 

Spectrometry, 181 (1998) 1-10. 

[8] A.M. Ellis, C.A. Mayhew, Proton transfer reaction mass spectrometry: principles and 

applications, John Wiley & Sons, 2013. 

[9] S. Inomata, H. Tanimoto, Differentiation of isomeric compounds by two-stage proton 

transfer reaction time-of-flight mass spectrometry, Journal of the American Society for 

Mass Spectrometry, 19 (2008) 325-331. 

[10] R.S. Blake, M. Patel, P.S. Monks, A.M. Ellis, S. Inomata, H. Tanimoto, Aldehyde and 

ketone discrimination and quantification using two-stage proton transfer reaction mass 

spectrometry, International Journal of Mass Spectrometry, 278 (2008) 15-19. 

[11] K.P. Wyche, R.S. Blake, K.A. Willis, P.S. Monks, A.M. Ellis, Differentiation of isobaric 

compounds using chemical ionization reaction mass spectrometry, Rapid 

communications in mass spectrometry : RCM, 19 (2005) 3356-3362. 



66 
 

[12] S. Inomata, H. Tanimoto, H. Yamada, Mass Spectrometric Detection of Alkanes 

Using NO+ Chemical Ionization in Proton-transfer-reaction Plus Switchable Reagent Ion 

Mass Spectrometry, Chemistry Letters, 43 (2014) 538-540. 

[13] H. Yamada, S. Inomata, H. Tanimoto, Evaporative emissions in three-day diurnal 

breathing loss tests on passenger cars for the Japanese market, Atmospheric 

Environment, 107 (2015) 166-173. 

[14] O. Amador Muñoz, P.K. Misztal, R. Weber, D.R. Worton, H. Zhang, G. Drozd, A.H. 

Goldstein, Sensitive detection of n-alkanes using a mixed ionization mode Proton-

Transfer Reaction &ndash; Mass Spectrometer, Atmospheric Measurement Techniques 

Discussions, (2016) 1-21. 

[15] S.T. Arnold, A. Viggiano, R.A. Morris, Rate constants and product branching fractions 

for the reactions of H3O+ and NO+ with C2-C12 alkanes, The Journal of Physical Chemistry 

A, 102 (1998) 8881-8887. 

[16] A.R. Koss, C. Warneke, B. Yuan, M.M. Coggon, P.R. Veres, J.A. de Gouw, Evaluation 

of NO+ reagent ion chemistry for on-line measurements of atmospheric volatile organic 

compounds, Atmospheric Measurement Techniques Discussions, (2016) 1-35. 

[17] P.F. Wilson, C.G. Freeman, M.J. McEwan, Reactions of small hydrocarbons with 

H3O+, O2
+ and NO+ ions, International Journal of Mass Spectrometry, 229 (2003) 143-

149. 

[18] R. Sommariva, R.S. Blake, R.J. Cuss, R.L. Cordell, J.F. Harrington, I.R. White, P.S. 

Monks, Observations of the release of non-methane hydrocarbons from fractured shale, 

Environmental science & technology, 48 (2014) 8891-8896. 

[19] S.G. Lias, J.R. Eyler, P. Ausloos, Hydride transfer reactions involving saturated 

hydrocarbons and CCl3+, CCl2H+, CCl2F+, CF2Cl+, CF2H+, CF3
+, NO+, C2H5

+, sec-C3H7
+ and t-

C4H9
+, International Journal of Mass Spectrometry and Ion Physics, 19 (1976) 219-239. 

[20] M. Tsuji, M. Aizawa, Y. Nishimura, Mass-Spectrometric Study on Ion–Molecule 

Reactions of CF3
+ with PhX [X= H, CH3, and C2Hn (n= 1, 3, 5)] at Near-Thermal Energy, 

Bulletin of the Chemical Society of Japan, 68 (1995) 3497-3505. 

[21] C. Dehon, J. Lemaire, M. Heninger, A. Chaput, H. Mestdagh, Chemical ionization 

using CF3
+: Efficient detection of small alkanes and fluorocarbons, International Journal 

of Mass Spectrometry, 299 (2011) 113-119. 



67 
 

[22] C.J. Ennis, J.C. Reynolds, B.J. Keely, L.J. Carpenter, A hollow cathode proton transfer 

reaction time of flight mass spectrometer, International Journal of Mass Spectrometry, 

247 (2005) 72-80. 

[23] R.S. Blake, C. Whyte, C.O. Hughes, A.M. Ellis, P.S. Monks, Demonstration of proton-

transfer reaction time-of-flight mass spectrometry for real-time analysis of trace volatile 

organic compounds, Analytical chemistry, 76 (2004) 3841-3845. 

[24] R.S. Blake, K.P. Wyche, A.M. Ellis, P.S. Monks, Chemical ionization reaction time-of-

flight mass spectrometry: Multi-reagent analysis for determination of trace gas 

composition, International Journal of Mass Spectrometry, 254 (2006) 85-93. 

[25] W.B. Knighton, E.C. Fortner, S.C. Herndon, E.C. Wood, R.C. Miake-Lye, Adaptation 

of a proton transfer reaction mass spectrometer instrument to employ NO+ as reagent 

ion for the detection of 1,3-butadiene in the ambient atmosphere, Rapid 

communications in mass spectrometry : RCM, 23 (2009) 3301-3308. 

[26] C. Warneke, C. Van der Veen, S. Luxembourg, J. De Gouw, A. Kok, Measurements of 

benzene and toluene in ambient air using proton-transfer-reaction mass spectrometry: 

calibration, humidity dependence, and field intercomparison, International Journal of 

Mass Spectrometry, 207 (2001) 167-182. 

[27] J.R. Eyler, P. Ausloos, S.G. Lias, Novel ion-molecule reaction involving cleavage of 

the carbonyl bond in ketones and aldehydes, Journal of the American Chemical Society, 

96 (1974) 3673-3675. 

[28] A. Ehlerding, A. Viggiano, F. Hellberg, R.D. Thomas, V. Zhaunerchyk, W.D. Geppert, 

H. Montaigne, M. Kaminska, F. Österdahl, M. Af Ugglas, The dissociative recombination 

of fluorocarbon ions III: CF2
+  and CF3

+ , Journal of Physics B: Atomic, Molecular and 

Optical Physics, 39 (2006) 805. 

 

  

 

  

 



68 
 

Chapter Four: CF3
+ and CF2H+ as reagents in chemical ionization 

reaction mass spectrometry for the determination of VOCs  

This Chapter has been published in International Journal of Mass Spectrometry, 2017, 421, 

224-233.   

4.1 Introduction 

Volatile organic compounds (VOCs) possess higher vapour pressure than other organics, 

resulting in a large number of their molecules being in the gaseous state [1]. VOCs have 

two main sources: natural sources, which are often known as biogenic emissions; man-

made sources, otherwise known as anthropogenic emissions [2]. It is well established that 

VOCs formed and emitted by the human body have a high potential for use in diagnosis 

in the fields of both medicine and physiology [3]. Hence, VOCs could well play an 

important role as non-invasive and potentially real-time methods of detecting various 

diseases and metabolic disorders such as early-stage cancer, asthma and the progression 

of therapeutic intervention [3]. A recent review reported that 1764 VOCs have been 

detected in human body. Among these VOCs, 874 were recorded in exhaled breath, 353 

in saliva, 504 in skin emanations, 279 in urine, 130 in blood and 381 in faeces [3, 4]. 

Proton transfer reaction-mass spectrometry (PTR-MS) has the ability to detect various 

VOCs across a wide range of applications at very low concentrations and with fast 

response times. Blake et al. [5], utilized a number of different CI reagents (NO+, NH4
+ 

and O2
+) which along with H3O

+ in traditional PTR-MS, are grouped together as the 

reagent ions used in the technique chemical ionization reaction mass spectrometry (CIR-

MS). CIR-MS is an online technique which allows the rapid measurement of VOCs at 

high time resolution [6]. 

In the early 1970s CF4 was used in ion cyclotron resonance mass spectrometry (ICR-MS) 

as a precursor for the detection of a number of common VOCs [7-9] and more recently 

Dehon et al. [10], did similar work with some common alkanes and chloroalkanes. In 

Chapter 3, we showed the effectiveness of CF3
+/ CF2H

+ to detect small chain alkanes (C2-

C6) [11]. In this Chapter we consider the utility of CF3
+/CF2H

+, as generated from CF4
+, 

as reagents in CIR-TOF-MS with range of VOCs. These VOCs were chosen in 

accordance with the possibility of their existence in exhaled breath and human urine 

samples (see Chapters 5 and 6). Moreover, these compounds represent the main 

functional groups in organic chemistry [12] . 
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4.2 Experimental  

The instruments used in this work were a CIR-TOF-MS (Model 4500A, Kore 

Technologies, Ely) which has been described in detail elsewhere (Chapter 2). All 

experiments were run at 100 Td or 120 Td with 60 second integration times over a mass 

range of 0-249 amu. One instrument used CF4/ CF3
+ as reagent ions whilst the second 

used H2O/H3O
+. CIR-TOF-MS instruments were supplied with CF4 and H2O vapour at 

rates of 2 and 50 ml/ min, respectively. VOC standards samples were delivered at 60 and 

150 ml/ min for each of the CIR-TOF-MS instruments, respectively.  

4.2.1 Stock solutions preparation  

High-purity nitrogen (BOC; 99.999%) was provided for use as a dilution gas for 

preparation of stock of standards and for purging bags, lines and instruments. The 

standards (Sigma-Aldrich, Gillingham, Dorset, UK) used in this study were prepared in 

two stages: in the first step, 3 microlitres of the standard of interest were spiked into a 

Tedlar bag (Thames-Restek UK, Ltd, Saunderton, Bucks., UK) and diluted with 8 litres 

of N2 to prepare a stock solution; in the second, a series of diluted standards were prepared 

by spiking a certain volume (concentration) of stock solution into a Tedlar bag and 

diluting with 8 litres N2. A list of the VOC standards used, and their concentrations are 

shown in Table 4.1. The aim of producing a series of diluted standards was to create a 

calibration curve. 

                                Table 4. 1: List of VOCs and their concentrations.  

compound ppmV ppmV compound ppmV ppmV 

ethyl acetate 85.52 0.54 pyrrole 121.07 0.76 

methyl acetate 105.68 0.66 pyridine 104.28 0.65 

acrylonitrile 128.23 0.80 benzene 94.21 0.59 

propionitrile 120.78 0.76 ethyl benzene 68.60 0.43 

acetonitrile 160.84 1.01 toluene 79.04 0.49 

acetone 114.40 0.72 styrene 73.31 0.46 

2-butanone 93.77 0.57 xylene 68.13 0.43 

acetaldehyde 150.27 0.94 ethanol 143.87 0.90 

butanedione 96.60 0.60 octane 51.70 0.32 

propanal 117.15 0.73 bromobenzene 79.98 0.50 

furan 115.50 0.72 -pinene 52.90 0.33 

methyl furan 97.85 0.61 heptane 56.96 0.36 

hexene 67.17 0.42 propanol 112.25 0.70 

pentanone 78.90 0.49 hexanone 68.04 0.43 

c. hexanone 77.75 0.49 hexanal 68.27 0.43 

acrolein 125.72 0.786 DMS 113.19 0.71 
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4.3 Result and discussion 

4.3.1 Calibration curves 

Calibration curves for all VOC standards were obtained by partial dilution of stock 

solutions of standards with N2. Linear responses were observed for all the VOCs analysed 

in this Chapter.  

 

Figure 4. 1: Calibration plot from m/z 61 (carbonyl group) and m/z 122 (acrylonitrile), 

as produced by CF3
+ as the reagent in CIR-MS. 

4.3.2 Results and Discussion  

The VOCs chosen were selected depending on the likelihood of their existence in human 

breath, bodily fluids and work place. Their reactions with CF3
+ and H3O

+ with the selected 

VOCs were carried out at 100 Td and 120 Td in essentially dry conditions (relative 

humidity < 0.01%). Under typical conditions, the main ion fragments from CF4 in the 

electrical discharge source are CF3
+ and CF2H

+ with m/z = 69 and 51, respectively. It is 

believed that CF2
+ ions have a short lifetime and may react with CF4 to produce CF3

+, and 

in some cases exist as a transitory form to produce certain other products [11, 12]. 

4.3.2.1 Alkanes                                                                                                                                                                  

The results for C2-C6 n-alkanes were presented in Chapter 3 where the main mechanism 

was hydride transfer, as shown in Equation 4.1 [10].  

 

For the longer-chain n-alkane, n-heptane and n-octane produce alkyl fragments as their 

main products. The dominant fragment ion at m/z = 57 for heptane and octane, 

corresponding to C4H9
+, has relative abundances of 94.7% and 50.0% respectively, 

followed by fragments ions for heptane and octane at m/z = 41 and 71, respectively. The 

results using H3O
+ showed that no parent ion peak could be detected (see Table 4.2). 
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Table 4. 2: Results for alkanes with CF3
+ and H3O+ as reagents in CIR-MS at E/N = 100 and 

120 Td. 

Source Fragment Mass CF3
+ H3O

+ 

%  

(100 Td) 

%  

(120 Td) 

% 

(100Td) 

% 

(120Td) 

Heptane C3H5
+ 41 5.3 23.3 ND ND 

 C4H9
+ 57 94.7 76.7   

Octane  C3H5
+ 41  26.6 ND ND 

 C3H6
+ 42  1.4   

 C3H7
+ 43 8.2 13.6   

 C4H9
+ 57 50.0 42.8   

 C4H10
+ 58 2.0 3.2   

 C5H11
+ 71 39.7 12.6   

Alkanes have relevance in human health, pulmonary tuberculosis has been shown to 

produce VOCs in human breath due to Mycobacterium tuberculosis infection. One of 

these compounds, which is considered a biomarker for pulmonary tuberculosis, is heptane 

[13]. Other studies have showed that n-heptane could be considered an exogenous 

contaminant [14]. Another study claimed the octane level increased in preschool children 

aged between 2 and 4 years during episodes of wheezing compared with other children 

aged 6 years with transient wheeze [15]. 

4.3.2.2 Alkenes                                                                                                                                  

Although the main product of hexene and -pinene with CF3
+ as a reagent in CIR-MS is 

fragmentation, hexene and -pinene also react with CF3
+ producing a small amount of 

the parent ion via hydride transfer; see Tables 4.3 and 4.4.                                                  

Hexene has prominent peaks at m/z = 85, 84 and 83, which indicate parent ions of C6H13
+, 

C6H12
+ and C6H11

+, respectively, followed by fragments at m/z = 56, 43 and 41, which 

belong to C4H8
+, C4H7

+, and C4H5
+, respectively. The result at 120 Td showed that 

products arose from alkyl chain fragmentation. Similarly, the ionization of hexene with 

H3O
+ produced parent ions at m/z = 85 and 86, and additionally a range of fragments. 

Generally, the reactions at 120 Td produced a greater amount of fragmentation compared 

with conditions at 100 Td. Hexene is released as a contaminant by the dialyzer materials 

used to treat patients with end-stage renal disease [16]. 

-Pinene produces two types of peaks; principal ions at m/z = 137, 136, and 135, which 

belong to C10H17
+, C10H16

+ and C10H15
+, respectively, followed by fragments at m/z = 94, 

93, 92, 81 and 79 which arise from C6H11
+, C7H10

+, C7H9
+, C6H9

+ and C6H7
+, respectively. 
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Table 4. 3: Results for hexene with CF3
+ and H3O+ as reagents in CIR-MS at E/N = 100 and 

120 Td. 

Source Fragment Mass CF3
+ H3O

+ 

%  

(100 Td) 

%  

(120 Td) 

% 

(100Td) 

% 

(120Td) 

Hexene  CH3
+ 15  8.3   

 C2H3
+ 27  14.9  4.4 

 C2H5
+ 29  20.0   

 C3H3
+ 39  6.3  2.5 

 C3H5
+ 41 3.7 12.7  29.1 

 C3H7
+ 43 33.6 14.0 26.1 43.9 

 C4H7
+ 55  13.6   

 C4H8
+ 56 2.4    

 C4H9
+ 57   5.8 12.7 

 C5H11
+ 71  7.8   

 C5H13
+ 73 3.4    

 C6H11
+ 83 39.0    

 C6H12
+ 84 3.0    

 C6H13
+ 85 4.6  63.7 7.5 

 C6H14
+ 86   4.5  

  91 10.2 2.5   

A similar result was obtained through the use of H3O
+ with -pinene, with a higher 

percentage of parent ions produced when running the experiment at 100 Td. A study 

conducted in coniferous forests showed that concentration of pinonaldehyde, which is 

produced from the oxidation of -pinene, was highest (0.15 ppbV) in the morning, while 

other compounds were found to be highest around midday [17] . -Pinene and ozone 

could lead to aerosol formation by photochemical oxidation during the morning in coastal 

regions [18]. PTR-MS measurements detected the acetone and pinonaldehyde produced 

by the oxidation of -pinene in the air in the presence of NOx [19].  

 Table 4. 4: Results for -pinene with CF3
+ and H3O+ as reagents in CIR-MS at E/N = 100 

and 120 Td. 

Source Fragment Mass CF3
+ H3O

+ 

% 

(100 Td) 

% 

(120 Td) 

% 

(100Td) 

% 

(120Td) 

-Pinene C2H3
+ 27 2.7    

 C3H5
+ 41  4.1   

 C6H5
+ 77  12.5   

                                                                                                                               C6H7
+ 79 3.8 3.8   

 C6H9
+ 81 6.8  31.3 53.8 

  82   1.8 3.6 

 C7H7
+ 91  17.3   

 C7H8
+ 92 7.2 26.2   
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                                                                                                                      continued 

 C7H9
+ 93 40.9 28.0   

 C7H10
+ 94 3.5    

 C6H11
+ 95 2.9    

  107 7.3 4.8   

 C10H15
+ 135 15.6 3.3 2.7  

 C10H16
+ 136 4.0    

 C10H17
+ 137 5.7  56.5 38.8 

  138   6.3  

  153   1.2  

4.3.2.3 Alcohols 

In contrast to H3O
+, which gave the protonated alcohols of ethanol, methanol and 

propanol with relative abundances of 78%, 99% and 88%, respectively, the alcohols do 

not seem to be particularly reactive with CF3
+.   

Ethanol reacts to produce alkyl fragments, which at m/z = 29 could be either C2H5
+ or 

HCO+ with a relative abundance of around 50%. In addition, ethanol produces a 

protonated alcohol due to the competition between both precursors, CF3
+ and H3O

+, with 

a relative abundance of 25%, see Table 4.5. In a similar manner, propanol formed a high 

proportion of a fragment at m/z = 43, which could arise from C3H7
+ as a result of 

fragmentation of its fragile alkyl chain or from CH3CO+, which may result from hydride 

extraction, with a relative abundance of around 75%. CH3CO+ is the more likely of the 

two because the result at 120 Td showed the appearance of the C2H3
+ fragment in high 

abundance. Also, propanol produced a peak at m/z = 131, which may belong to 

CH3(CH2)2OH2.CF3H
+ as a result of the combination of CF3

+ with the alcohol. The 

presence of a small percentage of the protonated alcohol was also detected. Methanol 

seems to resist reacting with CF3
+. Generally, the reactions at 120 Td produced a greater 

abundance of fragmentation compared with conditions at 100 Td; see Table 4.6. 

Table 4. 5: Results for ethanol with CF3
+ and H3O+ as reagents in CIR-MS at E/N = 100 and 

120 Td. 

Source Fragment Mass CF3
+ H3O

+ 

%  

(100 Td) 

%  

(120 Td) 

% 

(100Td) 

% 

(120Td) 

Ethanol C2H3
+ 27 7.7 46.9 3.8 55.3 

 C2H5
+/ HCO+ 29 55.7  15.5  

 CH3CH2OH+ 45 11.4 53.1   

 CH3CH2OH2
+ 47 25.2  77.5 44.3 

 CH3CH2OH2
+ 48   3.2  
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Table 4. 6: Results for methanol and propanol with CF3
+ and H3O+ as reagents in CIR-MS 

at E/N = 100 and 120 Td. 

Source Fragment Mass CF3
+ H3O

+ 

%  

(100 Td) 

%  

(120 Td) 

% 

(100Td) 

% 

(120Td) 

Methanol CH3
+ 15    1.3 

 CH3OH+ 32    1.9 

 CH3OH2
+ 33   98.8 95.6 

 CH3OH3
+ 34   1.2 1.2 

Propanol  C2H3
+ 27  61.6   

 C3H3
+ 39  19.9  6.6 

 C3H5
+ 41  18.5 9.1 51.1 

 C3H6
+ 42    1.7 

 C3H7
+/ CH3CO+ 43 74.8  87.8 37.9 

 C3H8
+ 44   3.1  

 CH3CH2CH2O
+ 59 3.1   2.7 

 CH3CH2CFH+ 61 4.7    

  62 3.1    

  63 2.3    

 C3H7OH2.CF3H
+ 131 12.0    

Ethanol and methanol concentrations in endogenous breath have been found to be in the 

range between 0.20 to 0.70 ppbV, and 0.57 to 4.01 ppbV, respectively, in healthy 

individuals [20]. A higher ethanol concentration was found in the breath of patients with 

obesity-related liver disease and female obesity [21]. A study conducted on healthy 

volunteers via selected ion flow tube mass spectrometry (SIFT-MS) found that the mean 

concentration of ethanol was 196 ppbV, and that this level was observed to increase if 

food or sweet drinks had been consumed in the two hours before collecting breath samples 

[22]. Methanol, one of the VOCs found in human breath, is found in lower levels in 

patients with lung cancer compared to healthy volunteers [23]. There are two sources of 

nutrition for methanol; methanol as a by-product of alcoholic fermentation, and also as 

found in certain fruits such as apples. It has been found that apples increase the 

endogenous source of methanol in human breath [24]. A study revealed that the 

concentration of methanol and some other VOCs were increased in patients within a 

cancer cohort compared with healthy subjects [25]. Methanol and ethanol show 

significant differences in patients with cirrhosis compared to those in healthy subjects 

[26, 27]. A study showed that the consumption of ethanol could reduce the activity of 

liver alcohol dehydrogenase (ADH) [28]. A number of reports in the literature have 

demonstrated that 1-propanol is a VOC that could potentially act as a biomarker for lung 
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cancer [29]. Among 21 prespecified VOCs, the level of 2-propanol was found to be 

increased in patients with pulmonary arterial hypertension [30]. 

4.3.2.4 Ketones and aldehydes    

Infrared multiple photon dissociation (IRMPD) results showed that a range of ketones 

exhibit a stretching action of their C=O bonds due to the CF3
+ fragment. Similar 

mechanisms include an electrophilic reaction between CF3
+ ion and the carbonyl oxygen 

to produce an intermediate state. This intermediate is exothermic (ΔH < -200 kJ mol-1) 

and short-lived, decaying rapidly to form a fluorine-stabilized carbocation, as per 

Equation 4.2 [8, 12, 31].  

 

Displacement reactions such as one shown in Equation 4.3 have been noticed to occur 

where there were weak bonds in the carbonyl group [8]. 
 

At E/N = 100 Td, acetone formed the RCF3
+ cation at m/z = 127, which may belong to 

CH3COCH3.CF2
+, with a relative abundance of 64%. The peak at m/z = 61 might belong 

to CH3CFCH3
+, as produced by the substitution of oxygen by a fluorine atom. Another 

species was produced by the protonated molecule ion at m/z = 59, which arose from the 

competitive action between H3O
+ with CF3

+. Similar behaviour was observed at E/N = 

120 Td with an extra fragment observed at m/z = 41, which may correspond to an alkyl 

fragment. The main product of the hydronium ion with acetone was a protonated molecule 

ion, as shown in Table 4.7.  

Acetone represents one of the most abundant compounds in human breath, and is 

considered a sign of dextrose metabolism and lipolysis [32]. The concentration of acetone 

has been found to be higher (234 nmol/l) in patients with congestive heart failure (CHF) 

compared with patients without CHF (57 nmol/l) and healthy controls (47 nmol/l) [33]. 

Acetone concentrations were detected using GC-MS and solid-phase microextraction 

(SPME) with on-fibre derivatization; its concentrations were found to be 1.71 ppmV and 

0.76 ppmV in diabetics’ and healthy subjects’ breath, respectively [34]. 

 



76 
 

Table 4. 7: Results for butanone with CF3
+ and H3O+ as reagents in CIR-MS at E/N = 100 

and 120 Td. 

Source Fragment Mass CF3
+ H3O

+ 

% 

(100 Td) 

% 

(120 Td) 

% 

(100Td) 

% 

(120Td) 

Acetone C3H5
+ 41  24.2   

 CH3COHCH3
+ 59 12.9 9.9 96.7 97.0 

 CH3CHOHCH3
+    3.3 3.0 

 CH3CFCH3
+ 61 23.2 34.1   

 CH3COCH3.CF2
+ 127 63.9 31.8   

A study conducted to measure concentration of acetone in healthy volunteers for a period 

of six months using SIFT-MS showed the average concentration of acetone was 477 ppbV 

[35]. Another study showed that there was a high correlation between acetone 

concentration in patients with uncontrolled diabetes mellitus (0.3 ppmV to 1 ppmV) and 

the blood glucose concentration in the same patients [36]. It has also been demonstrated 

that acetone can be produced by the reaction of ozone with human skin lipids [37]. 

Acetone levels have been shown to be raised towards the end of perioperative periods of 

laparoscopic operations, which could be due to the onset of lipolysis [38]. In addition, 

acetone was found to be increased in cancer patients after surgery [39]. The acetone 

concentration in human breath increases overnight (during sleep) by a factor of up to four 

[40]. A study demonstrated that a positive correlation could be seen between exhaled 

acetone and same-day serum C-reactive protein (CRP) in pneumonia patients, with 

acetone concentrations and CRP levels decreasing by up to 90% from the day of 

admission to the day the patient was discharged [41]. Acetone is one of the VOCs which 

is observed to give higher concentrations in urine, ranging from 300 to 630 ppbV, with 

the associated variability relying on the diet of the subjects, their medical state, level of 

dehydration and environmental exposure [42]. Many studies have been conducted to 

measure VOCs in the environment and the atmosphere to find the effect and contribution 

of this compound on human surroundings. A study was conducted in the Mediterranean 

Sea using PTR-MS, which showed that burning biomass is a source of acetone, the 

percentage of which was 1.8% [43]. Atmospheric oxidation of terpenes seems to be a 

major source of acetone in the atmosphere [19]. The concentrations of acetone in the 

northern hemispheric boundary layer and free troposphere were 2.5 ppbV and 1.0 ppbV, 

respectively [44]. 
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Butanone formed two principal product fragments, one at m/z = 75 which was produced 

by replacing the oxygen atom in the carbonyl group with fluorine, whilst the second at 

m/z = 55 which can be assigned to C4H7
+, may be the result of dehydration of the carbonyl 

group. More fragments were noticed when the experiment was run at E/N = 120 Td. H3O
+ 

formed more consistent products producing protonated molecular ions at both 100 and 

120 Td; see Table 4.8.   

Table 4. 8: Results for butanone with CF3
+ and H3O+ as reagents in CIR-MS at E/N = 100 

and 120 Td. 

Source Fragment Mass CF3
+ H3O

+ 

%  

(100 Td) 

%  

(120 Td) 

% 

(100Td) 

% 

(120Td) 

Butanone C2H3
+ 27  19.2   

 C2H5
+ 29  56.8   

 C3H3
+ 39  7.4   

  47 5.5    

 C4H5
+ 53  1.7   

 C4H7
+ 55 41.5 14.9   

 C2H5COHCH3
+ 73 6.3  95.6 94.3 

 C2H5CHOHCH3
+ 74   4.4 4.2 

 C2H5CFCH3
+ 75 45.0    

 C2H5COCH3.CF3
+ 141 1.8    

A variety of microorganisms such as Lactococcus lactis have been found to produce 

malodorous emissions from many VOCs during domestic organic waste collection using 

PTR-MS. Butanone is one of these compounds, which confirms a positive correlation 

with pure culture of Lactococcus lactis after two hours [45]. 2-butanone was found to be 

within 12 compounds made–significantly–in cirrhotic patients (CP) compared to healthy 

subjects [26, 46]. 2-Butanone has been reported as being a major biomarker of lung cancer 

[23, 29, 47, 48]. 

As the number of carbons increases in the ketones, cleavage to produce acetyl groups/ 

alky groups can occur. Pentanone formed a fragment at m/z = 43 which may correspond 

to either C3H7
+ or CH3CO+. It seems that part of the acyl group, in the presence of CF3

+, 

formed CH3CHO.CF3
+ at m/z = 113 with a relative abundance of 71.4%. An increased 

number of fragments were noticed at 120 Td. In the accompanying PTR-MS work, H3O
+ 

formed the protonated molecular ion at both 100 and 120 Td; see Table 4.9.                                                                                                                    

Urine releases a variety of VOCs which could be used to identify many diseases. A study 

showed that 2-pentanone may have some degree of utility in detecting lung cancer [49]. 
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Pentanone was one of the VOCs that could distinguish cirrhotic patients (CP) from 

healthy controls [19, 39]. A study was conducted to detect VOCs released by rat L6 

skeletal muscle cells using GC-MS. The authors found that pentanone is one of the 

compounds released by these cells [50].   

Table 4. 9: Results for pentanone with CF3
+ and H3O+ as reagents in CIR-MS at E/N = 100 

and 120 Td. 

Source Fragment Mass CF3
+ H3O

+ 

%  

(100 Td) 

%  

(120 Td) 

% 

(100Td) 

% 

(120Td) 

Pentanone  C2H3
+ 27  18.0   

 C2H5
+ 29 2.7    

 C3H3
+ 39  14.2   

 C3H5
+/ CHCO+ 41  49.0   

 C3H7
+/ CH3CO+ 43 16.8    

 CH3CHOH+ 45    10.0 

 CH3CFH+ 47 2.9    

 C4H9
+ 57 3.3    

 C5H9
+ 69    2.4 

 C3H7COHCH3
+ 87   95.6 87.6 

 C3H7CHOHCH3
+ 88   4.4  

 CH3CHO.CF3
+ 113 71.4 18.7   

 CH3CHOH.CF3
+ 114 2.9    

Hexanone formed two peaks at m/z = 83 which may correspond to C6H11
+ and were result 

of dehydration of the carbonyl group. The other peak arises at m/z = 113 which may result 

from a combination of the acyl group with the CF3
+ ion. Both peaks represent a third of 

the product ions. In addition, there were some fragments at m/z = 43, which may belong 

to C3H7
+/ CH3CO+, and m/z = 61, which resulted from the replacement of oxygen atom 

in the carbonyl group with fluorine. The result at 120 Td, showed that products arose from 

alkyl chain fragmentation. The PTR-MS result showed that consistent products produced 

protonated molecular ions at both 100 and 120 Td; see Table 4.10.   

Human breath and urine contain a variety of VOCs which may help to identify diseases. 

Hexanone was one of the compounds found exclusively in subjects who were smokers 

[14]. Another study showed that hexanone, one of the VOCs that may be used as a 

potential marker owing to its presence in human urine, can thus be verified as useful in 

other fields of study, such as forensics [51].  
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Table 4. 10: Results for hexanone with CF3
+ and H3O+ as reagents in CIR-MS at E/N = 100 

and 120 Td. 

Source Fragment Mass CF3
+ H3O

+ 

%  

(100Td) 

%  

(120Td) 

% 

(100Td) 

% 

(120Td) 

Hexanone  C2H3
+ 27  10.7   

 C2H5
+ 29  47.0   

 C3H3
+ 39  4.8   

 C3H5
+/ CHCO+ 41  8.4   

 C3H7
+/ CH3CO+ 43 11.0 10.7   

  45  4.2   

 C4H7
+ 55  14.1   

 CH3CH2CFH+ 61 14.0    

 C6H11
+ 83 32.9    

 C4H9COHCH3
+ 101 10.8  93.4 83.1 

 C4H9CHOHCH3
+ 102   6.6 5.9 

 CH3CHO.CF3
+ 113 31.3    

Cyclohexanone formed the predominant peak at m/z = 81, which may form as a result of 

the dehydration of cyclohexanone. In a similar manner, the experiment conducted at 120 

Td resulted in a signal at m/z = 81, but with more alkyl fragments. H3O
+ results showed 

the protonated molecular ion at both 100 and 120 Td; see Table 4.11.  

Human breath consists of many VOCs which are considered to have potential to 

characterise diseases and changes in metabolism. A study conducted on cancer patients 

showed cyclohexanone to be one of the VOCs which decreased during any related surgery 

[39].  

Butanedione saw the formation of its major product at m/z = 87, which corresponds to a 

protonated molecular ion resulting from the competition between H3O
+ with CF3

+, 

followed by a signal at m/z = 43 which may be an acyl group fragment. The low 

abundance fragment at m/z = 114 may have arisen from a combination of the acyl group 

with CF3
+. The low abundance peak at m/z = 135 can be assigned to CH3COCOCH3.CF2

+.  

Other small unknown fragments at m/z = 117 and 127 were also detected. The mass 

spectrum produced at 120 Td showed that butanedione’s predominant peak was at m/z = 

43, which may belong to an acyl group, followed by a signal at m/z = 27 which considered 

to be that of C2H3
+. A small peak at m/z = 61 was recorded that belongs to a carbonyl 

group where the oxygen atom has been replaced by a fluorine. A protonated parent ion 

was detected when using H3O
+ as the reagent in CIR-MS; see Table 4.11.  
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Table 4. 11: Results for cyclohexanone and butanedione with CF3
+ and H3O+ as reagents 

in CIR-MS at E/N = 100 and 120 Td.  

Source Fragment Mass CF3
+ H3O

+ 

% 

(100Td) 

%  

(120Td) 

% 

(100Td) 

% 

(120Td) 

C. hexanone C2H3
+ 27  2.8   

 C3H5
+ 41  9.7   

  53  3.3   

 C4H7
+ 55 3.1 4.3   

 CH3CH2CH2O
+/ 

CH2CHCFH+ 

59  1.8   

 C6H8
+ 79  4.5   

 C6H9
+ 81 81.1 67.3  5.1 

 C6H10
+ 82  4.4   

 (CH2)5COH+ 99 13.5  93.7 88.9 

 (CH2)5CHOH+ 100   6.3 6.0 

  125 2.2 2.0   

Butanedione  CH3
+ 15  22.1   

  41  3.2   

 CH3CO+ 43 27.9 69.8   

  59  1.5 1.0 10.1 

 CH3CH2CFH+ 61  3.4   

 CH3CHOCOCH3
+ 87 44.8  99.0 82.1 

 CH3CHOHCOCH3
+ 88    7.8 

 CH3CHOH.CF3
+ 114 7.8    

  117 2.6    

  127 4.9    

  131 3.1    

 CH3COCOCH3.CF2
+ 135 8.9    

The layer of soil known as the rhizosphere is important owing to the presence of the roots 

of plants and is thought to supply up to 20% of photosynthetically fixed carbon. This 

media helps microbes to release VOCs. One of these compounds, 2,3-butanedione, has 

been found to be released from Arabidopsis roots [2, 52]. Butanedione is also released 

from ground roasted coffee beans after warm water (18ºC) is added [2, 53]. Animal 

houses emit a variety of VOCs; a study showed butanedione was one of 14 VOCs emitted 

from pigsties, for instance [2, 54].  

Propanal shows the principle peaks in its mass spectrum at m/z = 61, 59 and 41. The peak 

at m/z = 61 might belong to CH3CFCH3
+, produced by the substitution of oxygen by 

fluorine. The signal at m/z = 59 arises from protonation of the parent ion due to 

competition between CF3
+ and H3O

+ in CIR-MS. Low abundance fragments at m/z = 62, 

57 and 41were also detected. Increasing the E/N to 120 Td resulted in a reduced of 
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abundance the ion at m/z = 61 whilst an increase in the fragments were observed at m/z 

= 41 and 39. Proton transfer reactions with H3O
+ produced the protonated parent ion 

almost exclusively at 100 Td, though with an increased number of fragments at 120 Td; 

see Table 4.12.  

Table 4. 12: Results for propanal with CF3
+ and H3O+ as reagents in CIR-MS at E/N = 100 

and 120 Td. 

Source Fragment Mass CF3
+ H3O

+ 

% 

(100Td) 

%  

(120Td) 

% 

(100Td) 

% 

(120Td) 

Propanal C3H3
+ 39  26.1  22.6 

 C3H5
+ 41 12.9 43.5  7.8 

 CH3CH2CO+ 57 8.1   2.4 

 CH3CH2CHO

H+ 

59 18.4 6.5 96.7 64.9 

 CH3(CH2)2OH
+ 

60   3.3 2.2 

 CH3CH2CFH+ 61 57.9 23.9   

 CH3CH2CFH2
+ 62 2.7    

Hexanal exhibits alkyl chain fragmentation due to its longer carbon chain. The main 

fragment in its mass spectrum at m/z = 83 may result from dehydration of hexanal to form 

hexene. The other main fragment was observed at m/z = 55 due to cleavage of the chain 

at C4. Small fragments were produced at C4 and C6. At 120 Td, alkyl chain fragmentation 

arose at C2, C3, C4 and C6. The protonated molecules arising from H3O
+ represented only 

around 25% of the total products, and further were only seen only at 100 Td. The final 

main fragment at m/z = 83 was formed by the dehydration of hexanal, and was observed 

at both 100 and 120 Td. Other small fragments were observed at C4 and C6 in both cases; 

see Table 4.13. 

A study was conducted to measure the VOCs emitted during the exposure of human skin 

to UVR using PTR-MS and laser-based photoacoustic detection, the results of which 

showed that propanal was one of the VOCs emitted that directly reflected the damage 

caused by UVR [55, 56]. Human urine contains a variety of VOCs which could be used 

as the biomarkers for, and fingerprints of, a variety of diseases. Propanal levels have also 

been found to decrease significantly in healthy human urine samples stored for four days 

[48]. 
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Table 4. 13: Results for hexanal with CF3
+ and H3O+ as reagents in CIR-MS at E/N = 100 

and 120 Td. 

Source Fragment Mass CF3
+ H3O

+ 

% (100Td) % (120Td) % (100Td) % (120Td) 

Hexanal C2H5
+ 29  44.3   

 C3H3
+ 39  10.8   

 C3H5
+ 41  10.8   

 C3H7
+ 43  7.2   

 C4H7
+ 55 45.1 19.4 2.7 33.7 

 C4H8
+ 56 1.9    

 C4H9
+ 57 5.4    

 C2H5CFH+ 61  2.0   

 C6H9
+ 81 2.5 2.3   

 C6H11
+ 83 39.2 3.1 66.8 59.3 

 C6H12
+ 84 2.4  4.1 4.1 

 C6H13O
+ 101 3.5  24.9  

 C6H13OH+ 102   1.5  

 C6H12O.H2O
+ 117    2.0 

Studies have been conducted with lung cancer patients, smokers and healthy volunteers 

using GC-MS, the results of which showed that hexanal was significantly higher in lung 

cancer patients as compared with smokers and healthy subjects [57-59]. Preliminary 

clinical studies have been conducted on non-small cell lung cancer (NSCLC) to 

investigate whether the presence of straight-chain aldehydes (C3-C9) such as hexanal 

could be used as a diagnostic tool for early lung cancer. The results showed that the levels 

of these aldehydes were elevated in this instance compared to healthy volunteers and 

volunteers who smoked [60]. Another study was conducted on a group of lung cancer 

patients and healthy smoker and non-smoker volunteers via the use of the SPME-GC-MS 

method. The statistical analysis (discriminant analysis) of the data showed that hexanal, 

pentanal, and nonane were only detected in cancer patients [61]. Similarly, the 

concentration of hexanal was found to be higher in the blood headspace of lung cancer 

patients as compared with healthy volunteers [62]. Hexanal urinary concentrations were 

found to be elevated in cancer patients (0.24-4.36 pg µL-1) compared to a healthy control 

[63]. In addition, hexanal was found to be higher in oesophageal and gastric malignancy 

patients compared with a healthy control [64]. 

It is well known that CF3
+ preferentially attacks the carbonyl group in aldehydes [8]. 

Acetaldehyde produces two main peaks at m/z = 47 and m/z = 113. The first peak is 

formed by the replacement of the oxygen atom in the carbonyl group with a fluorine atom 

to form CH3CFH+. The other peak at m/z = 113 emerges from the combination of 
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acetaldehyde ion with CF3
+ to form CH3CHO.CF3

+. There were also some small signals 

at m/z = 45, 73, 75 and 110. At 120 Td, acetaldehyde produced only three peaks. Signals 

were seen at m/z = 113, which was similar to the 100 Td result, as was a fragment at m/z 

= 27 due to the higher energy used. Another peak at m/z = 45 appeared due to protonation 

of the parent ion, and was unusually higher in intensity than the result at 100 Td. This 

was confirmed by the spectra seen in PTR-MS. A low intensity was seen at m/z = 45, and 

was actually found to increase at 120 Td compared with the result at 100 Td (which, 

generally speaking, should not happen); see Table 4.14.  

Table 4. 14: Results for acetaldehyde with CF3
+ and H3O+ as reagents in CIR-MS at E/N = 

100 and 120 Td. 

Source Fragment Mass CF3
+ H3O

+ 

% 

(100Td) 

%  

(120Td) 

% 

(100Td) 

% 

(120Td) 

Acetaldehyde  C2H3
+ 27  45.9   

 CH3CHOH+ 45 7.4 27.2 97.6 97.8 

  46   2.4 2.2 

 CH3CFH+ 47 39.0    

  73 2.9    

  75 16.0    

  110 6.0    

 CH3CHO.CF3
+ 113 28.7 26.9   

Acetaldehyde is formed mainly in the human body by enzymatic oxidation of ethanol, 

and which is later converted to acetic acid and water. Another ethanol-dependent source 

of acetaldehyde could result from bacterial fermentation in the intestines. A previous 

study was conducted on teetotal subjects by collecting breath samples and analysing them 

using GC-MS. The results of this study showed that the concentration of endogenous 

levels of acetaldehyde ranged from 0.7 to 11.0 ng/litre [65]. PTR-MS was used to analyse 

VOCs emitted by in vitro cultured cancerous and non-cancerous human cells. Among the 

VOCs detected in this study was acetaldehyde, which sees significant utilization by 

cancerous, but not non-cancerous, cells [66]. A study was conducted to measure the 

change in VOCs in metabolite emission by Mycobacterium smegmatis after 

administration of the antibiotics ciprofloxacin and gentamicin using PTR-MS; 

acetaldehyde was found to show a three-fold increase within four hours of administration 

[67]. The consumption and release of VOCs by bacteria such as Staphylococcus aureus 

and Pseudomonas aeruginosa could potentially represent a biomarker for ventilator-

associated pneumonia. Acetaldehyde was found to be consumed by P. aeruginosa but 
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emitted by S. aureus [68]. A longitudinal study was conducted to measure VOCs in 

exhaled breath in healthy individuals using SIFT-MS, in which the concentration of 

acetaldehyde was found to be within the range of 0 to 104 ppbV [22]. Acetaldehyde has 

also been demonstrated to be present in the headspace of urine and was shown by Huang 

et al. to be one of the VOCs found to be present in relatively high amounts in patients 

with gastro-oesophageal cancer, as compared with healthy cohorts [25]. 

Acrolein (propenal) produced two mean peaks at m/z = 59 and 125, which were formed 

from replacement of the oxygen atom with a fluorine atom and the combination of the 

parent molecule with CF3
+, respectively. It seems that changing energy, E/N, during an 

experimental run on acrolein with CF3
+ and H3O

+ using CIR-MS showed almost no effect 

on the results. A small fragment was observed at m/z = 57 which resulted from the 

protonated parent molecule. Hydronium reactions produced a strongly protonated 

molecular ion; see Table 4.15. The release of VOCs from cells such as muscle cells 

supplies information as to the origin of these VOCs in breath samples. Associated studies 

have been conducted on animal muscle cells (rat L6 skeletal muscle cells) being used as 

models for human skeletal muscle cells. In this study, the researchers attempted to 

discover the origin and metabolic fate of endogenous VOCs in breath and skin 

emanations. Propenal was found to be one of the aldehydes being uptaken by muscle cells 

[52]. 

Table 4. 15: Results for acrolein with CF3
+ and H3O+ as reagents in CIR-MS at E/N = 100 

and 120 Td. 

Source Fragment Mass CF3
+ H3O

+ 

% 

(100Td) 

%  

(120Td) 

% 

(100Td) 

% 

(120Td) 

Acrolein CH2CHCHOH+ 57 10 4.1 96.3 96.5 

 CH3CH2CHOH+ 58   3.7 3.5 

 CH2CHCFH+ 59 40.9 53.4   

 CH2CHCHO.CF3
+ 125 49.1 42.5   

4.3.2.5 Acetates 

The behaviour of ethyl acetate and methyl acetate differ considerably from each other in 

terms of fragmentation. Ethyl acetate cleaves into CH3CO+, as seen at m/z = 43, and 

represents the most abundant ion. The other fragment was observed at m/z = 61, which 

represented CH3COOH2
+ or CH3CH2CFH+, the former seeming the most likely owing to 

the same peak being observed with hydronium. There were also two low abundance ions 
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at m/z = 89, which emerged from protonation of the parent ion, and at m/z = 129, which 

was formed from a combination of the ethyl acetate ion with a carbonyl group (first 

cleavage). At 120 Td, the mass spectrum showed its main fragment to be at m/z = 43, 

similar to the results obtained at 100 Td, but with further fragments at m/z = 15 and 27. 

The results of using the hydronium ion were somewhat different from those of previous 

compounds, as the protonated molecule represents 61% and 4 % of the total abundance 

at 100 and 120 Td, respectively, while the fragment at m/z = 61 represent 35% and 82% 

of the total abundance at 100 and 120 Td, respectively. It seems the cleavage of ethyl 

acetate into the CH3COO+and CH3CO+ ion represents the first step in the reaction 

mechanism, followed by other steps such as protonation, or replacement of oxygen atom 

by CF+, in the acetate group for the H3O
+ and CF3

+, respectively; see Table 4.16. 

A study was conducted on exhaled breath samples for patients infected with H. pylori and 

healthy controls by using SPME-GC-MS, the results of which showed that ethyl acetate 

was one of the endogenous VOCs detected in breath samples of H. pylori-infected 

patients but not the healthy controls [69]. Many VOCs may be emitted from rhizosphere 

and different parts of plant such as roots which could result from biotic stresses. Some 

volatile organic compounds such as ethyl acetate were detected from root of Arabidopsis 

[2].  The atmosphere contains many anthropogenic and biogenic VOCs which may affect 

air quality. PTR-MS was used to detect VOCs on a rooftop in industrial and residential 

areas in Mexico City, where ethyl acetate was one of the thirty-eight individual ions 

monitored during this study [2].  

Table 4. 16: Results for ethyl acetate with CF3
+ and H3O+ as reagents in CIR-MS at E/N = 

100 and 120 Td. 

Source Fragment Mass CF3
+ H3O

+ 

%   

(100Td) 

%  

(120Td) 

%   

(100Td) 

%  

(120Td) 

ethyl 

acetate 

CH3
+ 15  22.2   

 C2H3
+ 27  6.8   

 CH3CO+ 43 67.4 65.8 1.6 12.2 

 CH3CH2CFH+/ 

CH3COOH2
+ 

61 19.8 5.2 35.0 82.1 

 CH3CHOHOH+ 62    1.6 

 C2H5OCOHCH3
+ 89 4.3  60.9 4.1 

  90   2.5  

 C2H5OCOCH+. 

COCH3 

129 8.4    
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Methyl acetate gave rise to a peak at m/z = 143 which was formed by a combination of 

the analyte with CF3
+. In addition, small peaks emerged at m/z = 144 which belonged to 

the protonated fragment of m/z = 143. Other fragments at m/z = 75 arose from the 

protonated molecular ion, followed by signal at m/z = 43 that belonged to CH3CO+, which 

was formed by cleavage of the carbonyl group. A small peak that arose at m/z = 131 could 

have been the result of a combination of CF3
+ with a protonated acetyl group. The results 

at 120 Td showed only two peaks at m/z = 143 and 43, which was similar to results found 

at 100 Td. H3O
+ produced mostly the protonated parent ion at 100 Td. Ionization 

conducted at 120 Td also produced the protonated parent ion, with some additional 

fragmentation observed at m/z = 43; see Table 4.17. During exercise the dynamics of 

VOCs in exhaled breath can be changed. The methyl acetate concentration has been 

shown to change by a factor of 3-5 within 1 min during pedalling [70]. Many types of 

food release flavours which may be used for quality specification and control. Methyl 

acetate is one of the VOCs detected in exhaled breath after consuming palm oil [71].  

Table 4. 17: Results for methyl acetate with CF3
+ and H3O+ as reagents in CIR-MS at E/N 

= 100 and 120 Td 

Source Fragment Mass CF3
+ H3O

+ 

%   

(100Td) 

%  

(120Td) 

%   

(100Td) 

%  

(120Td) 

methyl 

acetate  

CH3CO+ 43 10.6 28.9  9.0 

 CH3OCOHCH3
+ 75 18.5  96.7 88.0 

  76   3.3 2.9 

 CH3CHOHOCF3H
+ 131 2.6    

 CH3OCOCH3.CF3
+ 143 65.4 71.1   

 CH3OCOCH3.CF3H
+ 144 3.0    

4.3.2.6 Aromatic compounds  

With aromatic compounds CF3
+ acts as a Lewis acid (an electrophile) reacting with the 

nucleophilic cyclic compounds [72]. A plausible explanation for the different outcomes 

for the ionization of aromatic compounds with CF3
+ may be attributed to the stability of 

the cations generated. O-xylene reacts with CF3
+ in aromatic electrophilic substitution 

reaction, as shown in Figure 4.2 (upper part). The resulting cation has a resonance 

structure B (benzylic cation) which is more stable than resonance structure A. However, 

in the instance of styrene, electrophilic addition is the favoured mechanism because the 

-electron of the vinyl group of styrene is more nucleophilic than the aromatic -electron. 

The resulting cation is a stabilized benzylic cation, as shown in Figure 4.2 (lower part).  
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Figure 4. 2: Reaction mechanism of CF3
+ with o-xylene and styrene. 

The reaction of benzene and toluene with CF3
+, however, also occurs by aromatic 

electrophilic substitution. Intermediate I loses HF to form benzylic cation II. The driving 

force for losing HF is the formation of the benzylic cation; see Figure 4.3. In the instances 

of xylene and styrene, the benzylic cations were generated directly from the reaction with 

CF3
+ without the need for HF as a leaving group; see Figure 4.2.  

 

Figure 4. 3: Reaction mechanism of CF3
+ with benzene and toluene. 

Benzene’s main product at m/z = 127 formed from the addition of CF2
+ to the benzene 

ring. Small fragments appeared at m/z = 79 and 128, which resulted from protonation of 

the molecular ion, and a mass of 127, respectively. An unknown signal was detected at 

m/z = 109. The spectra recorded at 120 Td were similar to those recorded at 100 Td but 

with lower abundance of the m/z = 127 signal and additional small fragments at m/z = 

43, 78, 79, 83, 109 and 128. This could have been caused by high energy of the 120 Td 

experiment. Hydronium reactions produced a strong protonated molecular ion signal; see 

Table 4.18.  
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Table 4. 18: Results for benzene with CF3
+ and H3O+ as reagents in CIR-MS at E/N = 100 

and 120 Td. 

Source Fragment Mass CF3
+ H3O

+ 

%   

(100Td) 

%  

(120Td) 

%   

(100Td) 

%  

(120Td) 

Benzene C3H7
+ 43  6.0   

 C6H6
+ 78  4.7   

 C6H7
+ 79 4.9 3.3 94.4 39.9 

 C6H8
+ 80   5.6 6.1 

  83  2.8   

  109 2.7 4.9   

 C6H5.CF2
+ 127 87.7 73.2   

 C6H5.CF2H
+ 128 4.7 5.1   

Many VOCs emitted from the environment, exhalation and human bodily fluids have the 

potential to be used as markers for diseases/ disorders. A study was conducted in San 

Francisco (SF) and the coastal beach of California (SB) to measure benzene levels in 

ambient air and the exhalation of smokers and non-smokers using GC-MS. The 

concentration of benzene was found to be seven-fold higher in SF (2.6 ppbV) than SB 

(0.38 ppbV). Benzene concentrations were 3.3 ppbV and 2.5 ppbV in smokers and non-

smokers, respectively. This study suggested that smoking is an additional source of 

benzene to outdoor VOCs [73]. A similar study was conducted on smoking and non-

smoking individuals to detect VOCs in exhaled breath. Benzene and five hydrocarbons 

were found in higher concentrations in exhaled breath in smoking volunteers [74]. The 

concentration of benzene was found to decrease in smokers within an hour since they 

smoked their last cigarette [75]. The blood headspace of smoking and non-smoking 

volunteers were measured using GC-MS to detect VOCs. Among these VOCs, benzene 

was found to be present in significantly higher concentrations (547 ng/l) in the blood of 

smoking volunteers compared with non-smokers (192 ng/l) [76]. 

Ethylbenzene cleaves upon ionization to form an ethyl cation and methylbenzene at m/z 

= 27 and 91, respectively. In addition, a benzene ring could form in a transient fashion 

(temporarily) and combine with CF2
+ to form the peak at m/z = 127. This product was 

protonated to give the small signal at m/z = 128. Small fragments were detected at m/z = 

105, 106, 107, and 109, which may have resulted from the removal of hydrogen or the 

protonation of the parent ion. By contrast, ethylbenzene produces fewer fragments at 120 

Td, where the main peak is observed at m/z = 127 followed by small signal at 128 amu. 

Another main peak was detected at m/z = 91 followed by small signals at m/z = 27 and 
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m/z = 105. The hydronium experiment showed ethylbenzene produced a protonated ion-

molecule as the main product at 100 Td. In contrast, at 120 Td, the protonated species 

represented around half of the total products, followed by a fragment at m/z = 79; see 

Table 4.19.  

A study was run using both lung cancer patients and healthy individuals using GC-TOF-

MS and canine recognition. Ethylbenzene was one of the VOCs that had a greater 

concentration in exhaled breath of cancer patients than healthy controls [77]. 

Ethylbenzene was present in significantly lower levels in non-small cell lung cancer 

patients compared with chronic obstructive pulmonary disorder patients [78].   

Table 4. 19: Results for ethylbenzene with CF3
+ and H3O+ as reagents in CIR-MS at E/N = 

100 and 120 Td. 

Source Fragment Mass CF3
+ H3O

+ 

%   

(100Td) 

%  

(120Td) 

%   

(100Td) 

%  

(120Td) 

Ethylbenzene C2H3
+ 27 15.1 3.4   

 C6H7
+ 79   3.4 36.1 

 C6H8
+ 80    2.0 

 C6H5CH2
+ 91 6.8 28.5   

 C6H5C2H4
+ 105 9.0 8.7   

 C6H6C2H4
+ 106 5.0    

 C6H7C2H4
+ 107 14.9  89.3 56.8 

 C6H9C2H4
+ 109 10.0  7.3 5.1 

 C6H5.CF2
+ 127 36.5 55.2   

 C6H5.CF2H
+ 128 2.8 4.2   

Bromobenzene sees its main fragments at m/z = 205 and 207, which resulted from cations 

of the two isotopes of bromine (51:49 abundance) when combined with CF2
+. In addition, 

the bromine substituent was stripped off leaving the benzyl group which was seen at m/z 

= 77. This fragment could further react with water to form a cluster at m/z = 95. Moreover, 

it could react with CF3
+ to form peaks at m/z = 145 and 146. Similar results were observed 

at 120 Td but with greater abundance at m/z = 77, from the formation of the benzyl ion 

product. H3O
+ results showed two main products owing to the isotopes of bromine atom 

at m/z = 157 and 159 for both 100 Td and 120 Td; see Table 4.20.  

Toluene’s main signal occurred at m/z = 141 which was formed by a combination of 

toluene with CF2
+, followed by small fragment at m/z = 142 resulting from protonation 

of the main fragment. Other fragments were seen at m/z = 91 and 93, which resulted from 

the loss of a hydrogen from, and protonation of, the parent molecule, respectively. 

Although toluene at 120 Td produced similar peaks at m/z = 91, 141 and 142, though with 
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slight differences in abundance, other small fragments were seen at m/z = 92 and 161, 

which represented the parent ion and the combination of toluene with CF3
+, respectively. 

H3O
+ produced mostly protonated molecular ions at both 100 Td and 120 Td; see Table 

4.20. Environmental toluene concentrations have been found in the range of 13 to 191 

mg/m3, while the level of toluene in exhaled breath ranged from 159 to 3354 ng/L [79]. 

The concentration of toluene in the breath exhaled by smokers was found to be within the 

range from 1.29 to 8.01 µg/cig [80]. 

Table 4. 20: Results for bromobenzene and toluene with CF3
+ and H3O+ as reagents in 

CIR-MS at E/N = 100 and 120 Td. 

Source Fragment Mass CF3
+ H3O

+ 

%   

(100Td) 

%  

(120Td) 

%   

(100Td) 

%  

(120Td) 

B. benzene  53 10.5    

 C6H5
+ 77 9.9 35.3   

 C6H6
+ 78  3.2   

 C6H6.H2O
+ 95 21.2 2.8   

  105 7.5    

 C6H4.CF3
+ 145 6.1 15.0   

 C6H5.CF3
+ 146 5.2 5.2   

 C6H4Br+ 156 2.6 5.1   

 C6H5Br+ 157   48.6 48.1 

 C6H6Br+ 158  4.7 3.2 3.6 

 C6H7Br+ 159   44.4 45.1 

 C6H8Br+ 160   3.8 3.1 

  205 19.8    

 C6H4BrCF2
+ 206  8.6   

 C6H5Br. CF2
+ 207 17.1 8.6   

Toluene  C7H7
+ 91 3.2 21.7   

 C7H8
+ 92  6.7   

 C7H9
+ 93 15.8  92.6 92.5 

 C7H9
+ 94   7.4 7.5 

 C7H8.CF+ 123  2.2   

 C7H7.CF2
+ 141 78.2 59.1   

 C7H8.CF2
+ 142 2.8 5.2   

 C7H8.CF3
+ 161  5.1   

Xylene saw a major fragment at 175 amu resulting from the addition of CF3
+ to the xylene 

ion followed by a small fragment at m/z = 176, which formed by the protonation of the 

fragment at 175 amu. In addition, a relatively intense peak was observed at 155 amu that 

emerged from a combination of CF2
+ with the parent molecule. Moreover, small 

fragments were detected at 105 and 106 amu. Similar results were observed for xylene at 

120 Td, with the formation of ions at 105, 106, 155, 175 and 176 amu, though with some 
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differences in relative abundances. The signal at m/z = 155 has a greater abundance than 

at m/z = 175 compared to the results observed at 100 Td. Moreover, a relatively high peak 

was seen at 91 amu that resulted from the removal of a methyl group, leaving the 

C6H4CH3
+ ion. Another small peak was detected at m/z = 137 which may result from a 

combination of the xylene ion with CF+. On the other hand, xylene showed few signs of 

fragmentation in the proton transfer reactions at both 100 and 120 Td; see Table 4.21. 

VOCs are added to the atmosphere from a number of sources such as industrial activities 

and motor vehicle exhaust. Many studies have been conducted to measure VOCs in the 

atmosphere in urban and rural sites. PTR-MS was used to investigate various aromatic 

compounds such as xylenes released from traffic in Innsbruck [81]. 

Table 4. 21: Results for xylene with CF3
+ and H3O+ as reagents in CIR-MS at E/N = 100 and 

120 Td. 

Source Fragment Mass CF3
+ H3O

+ 

%   

(100Td) 

%  

(120Td) 

%   

(100Td) 

%  

(120Td) 

Xylene  C6H4CH3
+ 91  29.5   

 C8H9
+ 105 9.6 10.9   

 C8H10
+ 106 4.1 8.3   

 C8H11
+ 107  3.2 92.6 91.0 

 C8H12
+ 108   7.4 9.0 

 C8H10.CF+ 137  2.5   

 C8H9.CF2
+ 155 16.6 26.6   

 C8H10.CF3
+ 175 63.6 17.0   

 C8H10.CFH3
+ 176 6.6 2.0   

Styrene saw the formation of its main ion at m/z = 173 that resulted from a combination 

of the styrene ion with CF3
+, followed by a small fragment ion at 174 amu that arose from 

the protonation of the fragment at m/z = 173. In addition, another combination occurred 

with CF2
+ to form a fragment at m/z = 153. Moreover, a fluorine atom attached to the 

double bond on the ethylene group, producing a methylene leaving group and thus 

forming the fragment at 109 amu. The parent ion and protonated molecule were also seen 

at m/z = 104 and 105, respectively; see Table 4.22. 

Similar results were observed at 120 Td with slight changes in abundances and additional 

fragments seen at m/z = 78 and 103, 110 and 154. The masses at m/z = 78 and 103 could 

arise from an ethylene group being stripped from styrene, leaving a benzyl ion, and the 

dehydrogenation of the parent molecule, respectively. An unknown fragment was also 

detected at 133 amu. Another fragment was seen at 154 amu which may result from 
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protonation of the fragment at m/z = 153. H3O
+ produced mostly protonated molecular 

ions at both 100 Td and 120 Td; see Table 4.22. The VOCs in exhaled breath seems to 

represent a promising approach to identifying various disorders and diseases. Xylene 

concentrations in non-small cell lung cancer patients were lower than those in chronic 

obstructive pulmonary patients [58]. 

Table 4. 22: Results for styrene with CF3
+ and H3O+ as reagents in CIR-MS at E/N = 100 

and 120 Td. 

Source Fragment Mass CF3
+ H3O

+ 

%   

(100Td) 

%   

(120Td) 

%   

(100Td) 

%    

(120Td) 

Styrene C6H6
+ 78  4.0   

 C6H9CHCH+ 103  6.0   

 C6H5CHCH2
+ 104 4.7 16.7   

 C6H5CH2CH2
+ 105 15.4  91.9 92.3 

 C6H5CH2CH3
+ 106   8.1 7.7 

 C6H5CFH+ 109 13.2 28.9   

 C6H5CFH2
+ 110  2.2   

  133  6.5   

 C6H5CHCH.CF2
+ 153 10.5 17.1   

 C6H5CHCH2.CF2
+ 154  1.8   

 C6H5CHCH2.CF3
+ 173 50.9 16.7   

 C6H5CHCH2.CF3H
+ 174 5.2    

4.3.2.7 Five- and six-membered heterocyclic compounds 

Furan, pyridine and pyrrole have lone pair electrons which allows them to behave as 

Lewis bases, as shown in Figure 4.4. 

 

Figure 4. 4: Five and six-membered rings such as aromatic and heterocyclic 

compounds act as Lewis bases and react with CF3
+ as a Lewis acid, adapted from ref 

[12].      

Furan formed its main fragment at 137 amu, followed by fragment at m/z = 117 which 

arose from the combination of furan with CF3
+ and CF2H

+, respectively. Small fragments 

were seen at 68 amu which belongs to the parent ion, and unknown peaks at 89, 109 and 

117 amu. Similar results were obtained at 120 Td with lower abundance of the main 

fragment at m/z = 137 and extra unknown fragments at 39 and 59 amu. By contrast, H3O
+ 
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produced mostly protonated molecular ions at 120 Td, while a lower abundance of 

protonated molecular ions were detected at 100 Td with some fragments at 39 and 41 

amu; see Table 4.23.  

Methylfuran formed its principal ions at m/z = 151, 82 and 83 and may result from the 

combination of the parent ion with CF3
+, the molecular ion and its protonated ion, 

respectively. Other small fragments were detected at 81 amu that may have resulted from 

dehydrogenation of the molecular ion, whilst the peaks at m/z = 85 and 103 may have 

arisen from the replacement of the oxygen atom by a fluorine atoms. In addition, signals 

at m/z = 131 and 133 were observed that emerge from the combination of CF2
+ with the 

molecular ion and its protonated ion. At 120 Td, methylfuran does not combine with CF3
+ 

or CF2
+; rather, fragments at m/z = 81, 82, 83, 85 and 103 were detected. Moreover, 

unknown signals were detected at 54, and 77 amu. PTR-MS produced mostly protonated 

molecular ions at both 100 Td and 120 Td; see Table 4.23. 

Table 4. 23: Results for furan and methylfuran with CF3
+ and H3O+ as reagents in CIR-MS 

at E/N = 100 and 120 Td.  

Source Fragment Mass CF3
+ H3O

+ 

%   

(100Td) 

%  

(120Td) 

%   

(100Td) 

%  

(120Td) 

Furan  39  5.1 10.4  

  41   14.0  

  59  5.4   

 C4H4O
+ 68 4.2    

 C4H4OH+ 69   72.5 95.6 

 C4H5OH+ 70   3.2 4.4 

  89 2.5 17.1   

  109 3.6 14.5   

  117 3.8 11.9   

 C4H4O.CF2H
+ 119 11.3    

 C4H4O.CF3
+ 137 70.8 43.5   

 C4H4O.CF3H
+ 138 3.9 2.5   

Methylfuran   54  10.7   

  77  12.8   

 C5H5O
+ 81 6.2 12.0   

 C5H6O
+ 82 14.1 11.3   

 C5H7O
+ 83 21.8 18.6 94.0 94.5 

 C5H8O
+ 84   5.6 5.5 

 C5H5FH+ 85 4.9 12.9   

 C5H5F2
+ 103 7.3 21.6   

 C5H5OCF2
+ 131 2.9    

 C5H6OCF2H
+ 133 9.4    

 C5H6OCF3
+ 151 32.2    
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Furans were found to be released in human urine samples [43]. Furan derivatives have 

been detected in exhaled breath using real-time high resolution tandem mass spectrometry 

[82]. 

Pyridine formed its main products at both 100 Td and 120 Td at 148 amu, which emerged 

from the addition of pyrrole to CF3
+, followed by small signal at 149 amu that resulted 

from the protonation of this product. In addition, signals were recorded at 79, 80, 95 and 

69 amu. The masses at 79 and 80 belonged to the parent ion and protonated parent ion-

molecule, respectively. The mass at 95 could not be identified, but the mass at 96 amu 

may result from the replacement of the nitrogen atom with CF+. On the other hand, further 

small, but unknown, peaks at m/z = 109, 130 and 146 were detected at 100 Td. The 

hydronium ion produced mostly protonated molecular ions at both 100 Td and 120 Td; 

see Table 4.24. Pyridine was found to be present in exhaled breath after drinking coffee 

[83].   

Table 4. 24: Results for pyridine with CF3
+ and H3O+ as reagents in CIR-MS at E/N = 100 

and 120 Td. 

Source Fragment Mass CF3
+ H3O

+ 

%   

(100Td) 

%  

(120Td) 

%   

(100Td) 

%  

(120Td) 

Pyridine  C5H5N
+ 79 3.0 16.7   

 C5H5NH+ 80 17.4 10.7 94.1 93.6 

 C5H5NH2
+ 81   5.9 5.6 

  95 6.5 8.8   

 C5H5CF+ 96 2.6 8.2   

  109 2.2    

  130 4.4    

  146 2.1    

 C5H5N.CF3
+ 148 53.2 50.5   

 C5H5N.CF3H
+ 149 4.3 5.0   

 C5H10NH2.CFH+ 156 2.0    

Pyrrole, at both 100 Td and 120 Td, produces its main peak at m/z = 136 and 116 which 

emerged from the combination of the molecule with CF3
+ and CF2

+, respectively. Small 

fragments were seen at 117 and 118 amu which were related to the mass signal observed 

at 116. Other peaks were detected at m/z = 135 and 137 amu that may have been formed 

by dehydration and protonation of the mass at m/z = 136, respectively. The spectrum 

observed with the hydronium ion were those of protonated molecular ions for both 100 

Td and 120 Td; see Table 4.25. 
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Dimethyl sulphide (DMS) reacts as Lewis base with CF3
+ similar to five- and six-

membered heterocyclic rings. DMS shows a preference for its parent ion to combine with 

CF3
+ at m/z = 131 at both 100 Td and 120 Td. Small fragments were seen at m/z = 61, 62 

and 63 which could belong to the parent ions and the protonated molecular ion, 

respectively. The largest abundance of protonated molecules were produced by H3O
+ at 

both 100 and 120 Td; see Table 4.25. Living organisms can release VOCs, providing 

information on disorder or disease processes. A study showed that L6 rat skeletal muscle 

cell lines released DMS [49]. 

Table 4. 25: Results for pyrrole and DMS with CF3
+ and H3O+ as reagents in CIR-MS at E/N 

= 100 and 120 Td.  

Source Fragment Mass CF3
+ H3O

+ 

%   

(100Td) 

%  

(120Td) 

%   

(100Td) 

%  

(120Td) 

Pyrrole C4H4NH2
+ 68 8.2  95.4 95.5 

  96 3.4 4.1 4.6 4.5 

  98 4.3    

 C4H4N.CF2
+ 116 18.2 46.2   

 C4H4NH.CF2
+ 117  2.4   

 C4H4NH.CF2H
+ 118 8.9    

 C4H4N.CF3
+ 135 1.8 5.9   

 C4H4NH.CF3
+ 136 51.8 39.2   

 C4H4NH.CF3H
+ 137 3.7 2.3   

DMS CH3SCH2
+ 61 8.4 13.6   

 CH3SCH3
+ 62 13.7 28.2   

 CH3SHCH3
+ 63 8.6  93.0 92.6 

 CH3SH2CH3
+ 64   2.9 3.1 

 CH3SH3CH3
+ 65   4.1 4.3 

 CH3SCH3.CF3
+ 131 69.4 58.2   

Acrylonitrile formed its main fragment at m/z = 122, which resulted from the addition of 

parent ion and CF3
+, followed by a small peak at 123 amu. A low intensity fragment of 

the protonated molecule ion also was detected at 54 amu. The result at 120 Td showed 

that the main product also was formed at 122 amu though with a relatively lower 

abundance compared to the result at 100 Td. Signals were detected at 26, 27, and 29 amu 

which mainly arose from cyanide (CN) as a leaving group. Other peaks were detected at 

31 and 70 amu, the first of which was unidentified, whilst the other may have arisen from 

the addition of CF+ to the parent molecular ion. The protonated parent ion was 

predominant in PTR-MS results; see Table 4.26. 
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Cigarette smoke is a complex mixture of species that includes many VOCs in the gas 

phase. High exposure to these VOCs could cause increased risks to health. Acrylonitrile 

was one of the VOCs found in cigarette smoke [84]. 

Table 4. 26: Results for acrylonitrile with CF3
+ and H3O+ as reagents in CIR-MS at E/N = 

100 and 120 Td.  

Source Fragment Mass CF3
+ H3O

+ 

%   

(100Td) 

%  

(120Td) 

%   

(100Td) 

%  

(120Td) 

Acrylonitrile  C2H2
+ 26  3.6   

 C2H3
+ 27  4.8   

 C2H5
+ 29  21.3   

  31  16.2   

 CH2CHCNH+ 54 12.7  96.3 96.3 

 CH2CHCHNH+ 55   3.7 3.7 

 CH2CHCN.CF+ 70  11.2   

 CH2CHCN.CF3
+ 122 83.4 42.8   

 CH2CHCN.CF3H
+ 123 3.9    

Propionitrile produced its main fragment by complexation of its parent ion with CF3
+, as 

seen at m/z = 124, followed by unidentified peak at 96 amu at both 100 and 120 Td. 

Moreover, the protonated adduct formation ion was detected at m/z = 125 at 100 Td. 

Protonated molecules were most commonly detected for both 100 and 120 Td; see Table 

4.27. 

Table 4. 27: Results for propionitrile with CF3
+ and H3O+ as reagents in CIR-MS at E/N = 

100 and 120 Td. 

Source Fragment Mass CF3
+ H3O

+ 

%   

(100Td) 

%  

(120Td) 

%   

(100Td) 

%  

(120Td) 

propionitrile CH3CH2CNH+ 56 22.3  96.3 96.2 

  57   3.7 3.6 

  96 1.2 11.2   

 CH3CH2CN.CF3
+ 124 73.2 88.8   

 C2H5CNH.CF3H
+ 125 3.4    

Acetonitrile formed its main fragment at 110 amu followed by a small peak at 111 amu 

which resulted from combination of the parent ion with CF3
+, and its protonated form, 

respectively, at both 100 and 120 Td. An unusual peak was detected at m/z = 42 which 

may belong to the protonated parent ion at 120 Td. H3O
+ results were predominant at both 

100 and 120 Td; see Table 4.28.  
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Table 4. 28: Results for acetonitrile with CF3
+ and H3O+ as reagents in CIR-MS at E/N = 

100 and 120 Td. 

Source Fragment Mass CF3
+ H3O

+ 

%   

(100Td) 

%  

(120Td) 

%   

(100Td) 

%  

(120Td) 

acetonitrile CH3CNH+ 42  18.8 97.4 97.1 

 CH3CNH2
+ 43   2.6 2.6 

 CH3CNH.CF3
+ 110 98.7 77.6   

 CH3CNH.CF3H
+ 111 1.3 3.5   

Cigarette smoke contains a significant number of VOCs which may affect human health. 

One study showed that exhaled breath from smokers has a higher concentration of 

acetonitrile compared to non-smokers, and requires nearly a week to decrease to of the 

same level as non-smokers after stopping smoking [65], and the levels of acetonitrile in 

exhaled breath and the urine headspace of smokers were within the range 17-127 ppbV 

and 0-150 µg/L, respectively [85]. 

4.4 Summary  

The ability of CF3
+ to act as a chemical reagent in CIR-MS in the detection of VOCs has 

been tested using a number of standard VOCs. In this work, Tedlar bags were used to 

prepare standard solutions, and samples were, for the most part, measured using CF3
+ as 

chemical reagent in CIR-TOF-MS. At the same time, samples were also measured by 

PTR-TOF-MS for comparative purposes. The CF3
+ spectrum showed a number of 

fragments that resulted from the various reactions of CF3
+ with the analytes. Some 

fragments observed arose from the protonated ion due to the reaction of certain analytes 

with H3O
+. Using CF3

+ and H3O
+ simultaneously as reagents is considered to be a 

meaningful tool in the detection of VOCs via CIR-TOF-MS.  

Lighter alkanes reacted with CF3
+ via a charge transfer (hydride extraction) mechanism, 

whilst higher alkanes tended towards fragmentation of the Cn chain to produce alkyl 

fragments. Alkenes with CF3
+ produced parent ions and other fragments. Alcohols 

showed little reactivity with CF3
+, with methanol exhibiting no reaction, and other 

alcohols producing alkyl fragments.  

CF3
+ is a suitable reagent by which to detect various aromatic and nitrile compounds; it 

acts as a Lewis acid in these circumstances. Aromatic and heterocyclic compounds 

showed a tendency to combine with CF3
+ / CF2

+. Ketones and aldehydes mainly form 

ROCOR.CF3
+, or RCO+, or RCO.CF3

+. Nitriles and DMS form RCF3
+. 
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Having established that the use of CF3
+ to detect the lighter n-alkanes with relatively little 

fragmentation, further work was undertaken to assess its behaviour with a wider variety 

of naturally occurring VOCs and in particular, with those VOCs who have been found to 

feature strongly in H3O
+-based breath analysis work. Of these, those with m/z = 110, 124, 

141, 143, 148, 173 and 175 are likely markers for acetonitrile, propionitrile, toluene, 

methyl acetate, pyridine, styrene and xylene. The results provided a small library of 

reference spectra, that could be used to identify several VOCs found in real-life smokers’ 

and non-smokers’ samples of exhaled breath or urine headspace. 
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Chapter Five: Application of CF3
+/CF2H+ as novel reagents in chemical 

ionization reaction mass spectrometry for breath analysis  

5.1 Introduction  

Breath analysis has been known for its diagnostic potential for various diseases for a long 

time. Although early research in this regard was found in the writings of Hippocrates, the 

first attempt to quantify CO2 in breath was undertaken by Lavoisier in 1784 [1-3]. 

However, it was only after the development of gas chromatography in the 1950s that the 

real investigation of gas molecules in breath began. Since that time, many substances 

have been investigated in human breath [1]. Exhaled human breath consists of 78.6% 

(w/v) nitrogen, 16% (w/v) oxygen, 4.5% (w/v) carbon dioxide, and 0.9% (w/v) volatile 

organic compounds (VOCs) and other inert gases [1]. Human breath contains more than 

1000 VOCs in concentrations ranging from parts per million (ppm) to parts per trillion 

(ppt) [4]. These VOCs appear to originate from two sources: endogenous and exogenous.  

Endogenous VOCs are produced from metabolic or physiological processes and then 

transported to the lungs through the bloodstream to be released as exhaled gases. Among 

these VOCs found in human breath are hydrocarbons, alcohols, isoprene, aldehydes, 

nitrogen-containing compounds and sulphur-containing compounds [5]. Exogenous 

compounds arise from environments such as halogenated organic compounds absorbed 

by the human body through the process of breathing [4-7]. 

5.1.1 Importance of breath analysis                                                                                          

Breath analysis has advantages over other conventional medical tests as it is non-invasive, 

fast and safe. Patients usually tolerate breath analysis well and are able to provide repeat 

samples without any problems. In addition, breath analysis can be performed in real time 

and can be relatively inexpensive [8]. To date, approximately 35 compounds exhaled in 

breath have been considered as potential biomarkers for certain diseases and metabolic 

disorders [9]. Some of these VOCs will be briefly discussed. 

5.1.2 Hydrocarbons                                                                                                                      

Numerous aliphatic and aromatic hydrocarbons have been detected in human exhaled 

breath [10, 11]. There are many sources of hydrocarbons, particularly ethane and pentane, 

in the human body that arise from processes such as protein metabolism, colonic bacterial 

metabolism, and lipid peroxidation [12]. Lipid peroxidation occurs by removal of allylic 



109 
 

hydrogen atoms from the lipid through attack by reactive oxygen species. Among these 

products are pentane and ethane, which are, respectively, produced from the peroxidation 

of omega-3 or omega-6 polyunsaturated fatty acids. Lipid peroxidation is considered a 

sign of several clinical conditions and diseases, such as inflammatory disease, cancer and 

atherosclerosis [13, 14]. Alkane levels in exhaled breath are age dependent; with older 

subjects showing higher levels of oxidative stress [15, 16]. Cigarette smoke contains a 

high concentration of free radicals which assist in the initiation of lipid peroxidation, 

leading to the production of more hydrocarbons (particularly ethane and pentane) [14]. 

5.1.3 Alcohols                                                                                                                                   

The most abundant endogenous alcohols found in exhaled breath are ethanol and 

methanol. Bacteria are considered one of the major sources of small-chain alcohols. Gut 

bacteria produce alcohols (C1-C5) through anaerobic fermentation of carbohydrates [17]. 

Enzymes are another source of alcohol in the human body; cytochrome P450 enzymes, 

for instance, metabolize alkanes in the liver to produce alcohols [12, 18]. Ethanol in 

exhaled breath is produced in the oral cavities and is affected by sugary food 

consumption, however, most of the methanol in human breath is thought to be produced 

systemically [19-21]. The consumption of alcoholic drinks is well known to increase 

ethanol levels in breath. Also, the level of methanol is increased with consistent level for 

a long time in human breath because the presence of ethanol prevents the metabolism of 

methanol [22]. Relatively high concentrations of ethanol are considered a sign of non-

alcoholic liver disease and obesity [23, 24]. Propanol has two sources, namely 

systemically and in oral cavities [19, 25]. It has been reported that elevated concentrations 

of propanol are found in cirrhosis patients [26], and is also considered a sign of lung 

cancer [27]. Propan-2-ol may arise from acetone reduction by enzymes [19, 25], and 

might increase in diabetics [28]. The concentration of pentanol in children’s breath has 

been reported in low concentrations [29]. 

5.1.4 Ketones 

Acetone is the most abundant endogenous VOC to be detected in human breath. Acetone, 

β-hydroxybutyric acid and acetoacetic acid are collectively referred to as ketone bodies 

which are generated by the degradation of lipids in the liver [30]. Decarboxylation of 

acetoacetic acid is the main source of acetone in human breath [31] and its level is 

increased during fasting and starvation [32, 33]. In addition, the level of acetone is 
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increased in uncontrolled diabetes due to defective insulin receptors or an insulin 

deficiency which inhibits glucose being absorbed from the blood; as a result, the body 

depends on lipids as an energy source instead [32, 34]. Moreover, high concentrations of 

acetone are considered a sign of congestive heart failure [35]. 

The other source of acetone in exhaled human breath is an enzymatic conversion of 

propan-2-ol [28, 31]. Ketones such as 2-butanone and 2-pentanone have also been 

reported in healthy people [25, 26, 36-38], though high levels of these ketones in exhaled 

breath have been considered a marker of liver disease [24, 26, 27]. 

5.1.5 Aldehydes                                                                                                                     

Many aldehydes are reported in the exhaled breath of healthy people. Aldehydes are 

generated during the peroxidation of lipids [5, 36, 39, 40], and the detection of the 

aldehydes could be a marker for various forms of cancer [27, 41-44]. Acetaldehyde has 

been reported as one of the most abundant aldehydes [19, 20, 36, 45, 46]. Enzymatic 

oxidation of ethanol is one of the pathways to acetaldehyde production [47], whilst the 

oral cavities represent a further source of acetaldehyde. Bacteria are responsible for 

generating acetaldehyde after consumption of alcohols [19, 48]. 

5.1.6 Other compounds                                                                                                       

Ammonia is one of the intermediates of the nitrogen cycle which is produced from 

hydrolysis of urea by urease. The concentration of ammonia in exhaled human breath 

ranges from 0.25 to 2.9 ppmV [49, 50]. The level of ammonia has been recorded to elevate 

during fasting [51, 52]. Exhaled ammonia is considered to be a marker of kidney, liver 

function and peptic ulcer disease [49]. Another class of compound that has been detected 

in human breath is acetonitrile, which increases in exhaled breath collected from subjects 

who smoke. Therefore, acetonitrile is considered a breath marker for smokers. In addition, 

researchers found that acetonitrile levels are elevated in exhaled breath of smokers for up 

to a week after having a cigarette [52-54]. 

5.1.7 Breath sampling                                                                                                                         

Collection of breath samples are a critical issue and numerous articles have summarized 

the steps required for the collecting of breath samples [2, 55, 56]. In general, breath 

sampling apparatus must achieve the following elements [57, 58]: the technique must be 

safe and comfortable for the subjects, which means disposable mouthpieces and bacterial 
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filters must be provided to avoid contamination from one subject to other; the sample 

container must maintain the integrity of analytes and the apparatus should keep the 

samples at a suitable temperature during collection and measurement to avoid 

condensation of the samples on the walls of the tubes. Breath samples can be stored for 

indirect analysis or injection for online analysis. There are different ways to store the 

samples, such as:  

 Transparent or black Tedlar bags (polytetrafluoroethylene). 

 Nalophan bags (polyethylene terephthalate) 

 Glass vials 

 Flex foil bags (polyethylene terephthalate/nylon/aluminium foil/chlorinated 

polyethylene 

 Thermal desorption tubes such as carbon molecular sieves 

 Metal canisters – silanized or electropolished. 

 Micropacked sorbent traps  

 Direct injection into the analytical instrument [56]. 

5.2 Experimental 

The instruments used in this investigation were a two CIR-TOF-MS instruments (Model 

4500A, Kore Technologies, Ely) which have been described in Chapter 2. All 

experiments were run at 100 Td, with 60 second integration times and over a mass range 

of 0-249 Daltons. The CIR-TOF-MS was supplied with either CF4 or H2O vapour as 

chemical reagents at rates of 2 and 50 ml/min respectively and breath samples were 

delivered at 60 and 150 ml/min respectively. 

High purity nitrogen (BOC: 99.999%) was used as a dilution gas for preparation of stock 

mixtures of standards as well as for purging the sample bags, lines and apparatus. Liquid 

standards based on pure samples of the VOCs (Sigma-Aldrich, Gillingham, Dorset, UK) 

were injected into exhaled breath samples. These were prepared by adding 3 microlitres 

of each standard to 8 litres of N2 in Tedlar bags (Thames-Restek UK, Ltd, Saunderton, 

Bucks., UK). In order to produce a range of concentrations, 50 ml aliquots of this gaseous 

stock was used to spike the contents of certain bags (8 litres) producing a range of 

concentrations between 0.43 ppmV and 1.01 ppmV.  
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Two groups of volunteers were required for the breath collection: smokers and non-

smokers. The samples from the non-smokers were compared with those of the smokers. 

The experimental procedure was explained to the volunteers before taking the test, who 

were then also asked to fill out consent and application forms, which included the 

following information:  

 Date of experiment 

 University ID / e-mail 

 Sample code (to be filled in by the researcher) 

 Age 

 Sex 

 Weight (kg) 

 Height (cm) 

 Smoker or non-smoker 

 Recent food and drink consumption 

Ethics approval was obtained through University of Leicester healthy volunteer ethics - 

ethical application reference so165-cf19a 

5.2.1 Collection of exhaled breath 

Smoker and non-smoker subjects from representative staff and students from University 

of Leicester were invited to take part in this study. The subjects were 14 smokers (9 male 

and 5 female) and 25 non-smokers (22 male and 3 female), ages ranged from 21 to 60 

years. Breath samples of smokers were collected immediately after a cigarette. 

The procedure included collecting continuous tidal exhalations over 5-minute periods. 

Each volunteer was asked to fill a series of Tedlar bags with exhaled breath through the 

mouthpiece of the sampling apparatus. Initially 10 litre Tedlar bags were used and in the 

latter stages 3 litre Tedlar bags were used.  In order to prepare the bags for use, they were 

filled with N2 gas then put in an oven at around 45ºC for 15 min and flushed with N2 gas 

at least three times. During the measurement, the samples in the Tedlar bags were kept at 

40ºC in an oven. The sampling line and sample inlet were maintained at a temperature of 

40ºC using heating cable and tape. It was not possible to control the diet of the volunteers 

before collecting the breath samples, but most of the volunteers had not eaten for at least 

2 hours before collection of their breath samples although they had consumed water. Two 
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configurations were used to collect the breath samples. Each of these is described in more 

detail later.  

5.2.2 First design to collect breath samples 

In the initial attempt two sets of seven 10 litre Tedlar bags were used to collect the exhaled 

breath samples. One set was used to collect samples from smokers, whilst the other was 

used for non-smokers. The Tedlar bags were prepared as described above and then 

selected VOC standards were injected into six of the bags (Table 5.1). These standards 

were chosen depending on the likelihood of finding them in the exhaled breath. The next 

step was to collect continuous tidal exhalations for a period of 5 minutes. The purpose of 

injecting the standards into the breath samples was to help the identification and 

estimation of the concentration of observed peaks in the spectra produced in the CIR-

TOF-MS output.     

Table 5. 1: Standards injected in Tedlar bags. The Tedlar bags used were spike with 

standard VOC mixtures. In view of the large choice of potential candidates, each bag 

received a different mix of the VOC standards. 

Tedlar bags Spiked standards 

Bag1 ethyl acetate, methyl acetate, acrylonitrile, propionitrile and acetonitrile 

Bag2 acetone, butanone, acetaldehyde, butanedione and propanal 

Bag3 furan, methylfuran, pyrrole, pyridine, and benzene 

Bag4 ethylbenzene, toluene, styrene, xylene and ethanol 

Bag5 octane, pentane, -pinene and bromobenzene 

Bag6 ethane 

Bag7 - 

5.2.3 Second design to collect breath samples 

In the second approach, the 3 litre Tedlar bags replaced the 10 litre Tedlar bags used 

earlier. Only one bag was spiked with bromobenzene, whilst the other bags were used 

only to collect breath samples. The smaller size Tedlar bags were large enough for the 

sample, produced less and could be cleaned more quickly (Figure 5.1). In addition, the 

intensity (concentration) of bromobenzene observed was used to estimate the 

concentration of the analytes of interest.  
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Figure 5. 1: Assembly of seven 3 litre Tedlar bags used to collect breath samples. 

Breath samples contain high relatively humidity, the percentage of which varies from 

subject to subject. CF3
+ reacts with moisture so that its availability as a reagent is very 

sensitive to humidity and the value of E/N; for more details see Chapters 3 and 4. Mainly 

water reacts with CF3
+ to produce CF2H

+ but other secondary reactions also occur leading 

to a significant reduction in the intensity of CF3
+ as the main reagent. For these reasons, 

online and offline sampling has been developed using the same design to allow for 

comparison of results from each method depending on the change in ion count associated 

with the humidity in breath samples; for more details, see Blake et al. [59]. The analytes 

of interest mainly react with CF3
+ and CF2H

+. Breath samples were also measured using 

PTR-TOF-MS to use as a guide for interpretation of breath data. We will focus on the 

products which result from reaction of analytes with CF3
+ and CF2H

+ as precursors and 

will further compare with PTR-MS results.  Data for CF3
+ and H3O

+ were normalized by 

summation of 69 + 51 amu and 19 amu, respectively. The data obtained from online 

sampling could not be included as it was not possible to obtain data of satisfactory quality 

in the time available.  

5.2.4 Standards preparation  

Initially, 3 microlitres from each standard were injected into Tedlar bags according to 

their groups (Table 5.1) and diluted to a final volume of 8 litres using nitrogen, in order 

to prepare a stock solution. 50 ml of each stock solution (gas-phase) were injected into 

Tedlar bags containing 8 litres of nitrogen to obtain a second dilution. The concentrations 

of the diluted standards produced in this step are shown in Table 5.2.   
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Table 5. 2: Concentration of standards in second dilution. 

Compound ppmV compound ppmV 

ethyl acetate 0.54 pyrrole 0.76 

methyl acetate 0.66 pyridine 0.65 

acrylonitrile 0.80 benzene 0.59 

propionitrile 0.76 ethyl benzene 0.43 

acetonitrile 1.01 toluene 0.49 

acetone 0.72 styrene 0.46 

2-butanone 0.59 o-xylene 0.43 

acetaldehyde 0.94 ethanol 0.90 

butanedione 0.60 octane 0.32 

propanal 0.73 pentane 0.45 

furan 0.72 -pinene 0.33 

methyl furan 0.61 bromobenzene 0.50 

5.3 Result and discussion  

5.3.1 Analysis of chemical standards  

The main fragmentation characteristics of the standards were measured with the CIR-

TOF-MS using CF3
+ and H3O

+ as reagents. These results were used to interpret the breath 

samples. The results of first group of standards produced by the precursors CF3
+ and H3O

+ 

are shown in Figure 5.2. The signals at m/z = 43 and 61 (using CF3
+) were characteristic 

of ethyl acetate, whilst peaks m/z =122, 124 and 143 were are believed to originate from 

acrylonitrile, propionitrile and methyl acetate respectively. In addition, the presence of 

substantial H3O
+ contributed to protonated ions such as m/z = 54, 56 and 75 from 

acrylonitrile, propionitrile and methyl acetate respectively. These are shown in the upper 

part of Figure 5.2. The results for PTR-MS showed prominent peaks at m/z = 54, 56, and 

75, which were ascribed to acrylonitrile, propionitrile and methyl acetate, respectively, 

while m/z = 61 and m/z = 89 were produced from ethyl acetate. These are shown the 

lower part of Figure 5.2.  
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Figure 5. 2: First group of standards (S1). 

The results for the second group of standards are shown in Figure 5.3. Peaks at m/z = 43 

and m/z = 75 belong to butanedione and 2-butanone, respectively. The signal m/z = 61 

arose from acetone or propanal, whilst the signal at m/z = 127 arose from acetone or 

benzene. Acetaldehyde and acetone produced protonated molecular ion at m/z = 47 and 

59 respectively. As a consequence, CF3
+ as reagent in CIR-TOF-MS was able to 

differentiate between the members isobaric twins (acetone and propanal). The lower part 

of Figure 5.3 shows PTR-TOF- MS spectra obtained from these standards. Peaks at m/z 

= 43, 59, 73, and 87 correspond to acetaldehyde, acetone (or a fragment of propanal), 

butanone and butanedione, respectively. 

The spectra showed peaks at m/z = 80, 136 and 148 derived from pyridine, followed by 

fragments due to methyl furan at m/z = 82, 83, and 151.  Other peaks at m/z = 127 and 

147 belong to benzene (or acetone) and furan, respectively. The results obtained here are 

confirmed by the PTR-TO-MS spectra. These compounds belong to the third group of 

standards (Figure 5.4).  
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Figure 5. 3: Second group of standards (S2). 

 

Figure 5. 4: Third group of standards (S3). 

The mass spectra presented in Figure 5.5 were produced from the reaction of CF3
+ and 

H3O
+ as reagents in CIR-MS with the fourth group of standards. The signal at m/z = 127 

was thought to correspond to benzene, ethyl benzene and acetone. Fragments at m/z = 

141 and 173 belong to toluene and styrene by addition of CF2, respectively. Meanwhile, 

both signals at m/z = 155 and 175 were assigned to xylene. The protonated molecular ion 
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at m/z = 47 corresponds to ethanol. The results obtained from PTR-TOF-MS support 

these findings. 

 

Figure 5. 5: Fourth group of standards (S4). 

In the fifth group of standards, pentane was detected at m/z = 71 using CF3
+ as a reagent 

in CIR-MS, though it was not detected using PTR-TOF-MS. Other peaks at m/z = 93 and 

135 are believed to belong to -pinene Figure 5.6.  

 

Figure 5. 6: Fifth group of standards (S5). 
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5.3.2 Estimating relative concentrations of particular VOCs in exhaled 

breath using injected standards 

In order to quantify (in terms of the difference in amount between smokers and non-

smokers) the VOCs in breath samples of human subjects, the ion signals for breath 

samples with and without standards were acquired. These values were used in Equation 

5.1 to estimate the relative concentration of the compounds of interest in subjects who 

were smokers and non-smokers. The results for CF3
+ are shown in Table 5.3 and Figure 

5.7, whilst the results for H3O
+ are shown in Table 5.4. 

𝑡ℎ𝑒 𝑟𝑎𝑛𝑔𝑒 𝑜𝑓 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

=
𝑖𝑜𝑛 𝑐𝑜𝑢𝑛𝑡 𝑜𝑓 𝑏𝑟𝑒𝑎𝑡ℎ 𝑠𝑎𝑚𝑝𝑙𝑒 ∗ 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

𝑡ℎ𝑒 𝑖𝑜𝑛 𝑐𝑜𝑢𝑛𝑡 𝑜𝑓 𝑏𝑟𝑒𝑎𝑡ℎ 𝑤𝑖𝑡ℎ 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
          (5.1) 

Table 5. 3: Estimated relative concentrations in breath sample, as detected by CF3
+ as a 

reagent in CIR-MS.                                                                    

Compound mass relative con. Range, smoker relative con. range, non-smoker 

octane 57 0.06-0.12 ppmV 0.05-0.11 ppmV 

butanone 75 0.13-0.37 ppmV 0.05-0.06 ppmV 

acrylonitrile 122 0.44-0.68 ppmV 0.24-0.24 ppmV 

benzene 127 0.28-0.42 ppmV 0.10-0.16 ppmV 

toluene 141 0.10-0.13 ppmV 0.07-0.12 ppmV 

methyl acetate 143 0.10-0.14 ppmV 0.04-0.12 ppmV 

Table 5. 4: Estimated relative concentration in breath sample detected by H3O+ as 

reagent in CIR-MS. 

compound mass relative con. Range, smoker relative con. range, n-smoker 

acetonitrile 42 1.17-1.60 ppmV 0.19-0.62 ppmV 

ethanol 47 0.16-0.48 ppmV 0.04-0.06 ppmV 

acrylonitrile 54 0.14-0.27 ppmV 0.13-0.21 ppmV 

acetone 59 0.07-0.15 ppmV 0.06-0.07 ppmV 

ethyl acetate, 61 0.02-0.05 ppmV ≤0.01 ppmV 

butanone 73 0.20-0.36 ppmV ≤0.01 ppmV 

methyl acetate 75 0.01-0.11 ppmV ≤0.01 ppmV 

benzene 79 0.28-0.86 ppmV 0.34-0.48 ppmV 

Variations in estimating the total volume of the Tedlar bags employed for the injected 

standard method introduced an additional uncertainty into the error estimation for the 

breath sample of approximately 10%.  
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Figure 5. 7: Concentration range of detected compounds for smokers and non-

smokers, as detected by CF3
+ as a reagent in CIR-MS, is shown in ppmV. Error bars 

represent the minimum and maximum concentrations per m/z value. Internal 

standard method. 

5.3.3 Bromobenzene as a single standard                                                   

In the previous section, two sets of data were produced. One set was produced from the 

breath samples only and compared to another set with standards added. However, the two 

samples could differ in humidity and volume, thereby introducing additional uncertainty 

in the estimation of the concentration of the compounds of interest. In an attempt to reduce 

the sources of error, the design of the experimental procedure was amended. Tedlar bags 

with a capacity of 3 litres were used to collect breath samples. These required less to fill 

and would be easier to clean. In this series of experiments bromobenzene (50 ml of 1.33 

ppmV) was injected only into one bag to estimate the relative concentration of compounds 

of interest in breath samples. Later volunteers were asked to fill these bags with their 

exhaled breath.  

5.3.3.1 Estimate of the relative concentration of VOCs of interest using 

bromobenzene as an internal standard 

Breath samples with and without bromobenzene were measured via CIR-TOF-MS using 

both reagents. The ion count for breath samples with and without bromobenzene were 
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acquired and used for estimation of the relative concentrations of various VOCs. Equation 

5.2 shows how to calculate the relative concentration of an analyte in breath samples. The 

result obtained with CF3
+ is shown in Table 5.5 and Figure 5.8, and the results for H3O

+ 

are shown in Table 5.6. 

                        𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 

=  
𝑠𝑖𝑔𝑛𝑎𝑙 𝑜𝑓 𝑎𝑛𝑎𝑙𝑦𝑡𝑒 ∗ 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑏𝑟𝑜𝑚𝑜𝑏𝑒𝑛𝑧𝑒𝑛𝑒

𝑠𝑖𝑔𝑛𝑎𝑙 𝑜𝑓 𝑏𝑟𝑜𝑚𝑜𝑏𝑒𝑛𝑧𝑒𝑛𝑒
      (5.2) 

Table 5. 5: Estimated relative concentrations in breath sample detected by CF3
+ as 

reagent in CIR-MS. 

compound mass relative con. range, smoker relative con. range, n-smoker 

octane 57 0.37-0.43 ppmV 0.25-0.5 ppmV 

pentane 71 0.29-0.32 ppmV 0.21-0.27 ppmV 

butanone 75 0.17-0.24 ppmV 0.09-0.15 ppmV 

acrylonitrile 122 0.08-0.11 ppmV 0.03-0.13 ppmV 

acrolein 125 0.15-0.17 ppmV 0.08-0.13 ppmV 

ben/carbonyl 127 1.94-2.15 ppmV 1.26-2.78 ppmV 

toluene 141 0.13-0.19 ppmV 0.06-0.19 ppmV 

methyl acetate 143 0.51-0.52 ppmV 0.45-0.79 ppmV 

Table 5. 6: Estimated relative concentrations in breath samples detected by H3O+ as 

reagent in CIR-MS. 

compound mass relative con. range, smoker relative con. range, n-smoker 

ethanol 47 0.29-1.52 ppmV 1.09-2.61 ppmV 

acrylonitrile 54 0.26-1.67 ppmV 0.33-0.64 ppmV 

ethyl acetate, 61 0.20-0.56 ppmV 0.56-0.78 ppmV 

butanone 73 0.52-1.59 ppmV 0.46-0.79 ppmV 

In the initial set of measurements, samples were taken from two bags: one containing the 

sample alone, with the other containing the sample injected with a standard of known 

strength. However, owing to the variable humidity in breath samples which caused 

instability in the equipment, it was not easy to achieve reproducible results. 

In the second attempt (Equation 5.2), only one bag was injected with the bromobenzene 

standard. The remaining bags contained no additives but all were assumed to have the 

same composition. It was hoped that this would eliminate errors arising from comparing 

separate runs. Moreover, the amended design allows the measurement of more than one 

bag for same sample. Instabilities in the operation of the CIR-TOF-MS made it impossible 

to obtain satisfactory results from two separate breath samples. This method has the same 
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limitations as previous one viz:  the test volume uncertainty (± 10%) and sensitivity of 

bromobenzene which could change during the experiment. 

 

Figure 5. 8: The bromobenzene method results. The concentration of the range of 

detected compounds for smokers and non-smokers, using CF3
+ as the reagent in CIR-

TOF-MS and using bromobenzene in ppmV (Table 5.5). The error bars represent the 

minimum and maximum concentration per m/z value. The y-axis is formatted in a log 

scale to accommodate the large range of yields observed.  

5.3.4 Estimated concentration of VOCs in breath using calibration curves 

In design two, the estimation of the concentration of a number of the detectable masses 

in exhaled breath samples was found to introduce unacceptable levels of uncertainty. 

Errors could arise from the imprecise estimates of the volume of the breath sample in 

each bag and the sensitivity of bromobenzene. As a result, a series of standard solutions 

were prepared and measured to calculate the sensitivity of the VOCs of interest that could 

be used to estimate the concentration of compounds detected in exhaled breath. 

5.3.4.1 Calibration curves 

Related stock solutions and a series of diluted standards were prepared as discussed in 

Chapter 4 and reported in Table 5.1. The sensitivities of these compounds were estimated 

from the gradient of their calibration curves. Figure 5.9 shows a standard curve for mass 

122 as detected by CF3
+ as reagent in CIR-TOF-MS. 
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Figure 5. 9: Calibration curves for m/z = 122, the major fragment of acrylonitrile. 

5.3.4.2 Calculation of VOCs concentrations using calibration method 

The sensitivity of compounds detected in breath samples were estimated from the 

gradients of standards of these compounds. Equation 5.3 show how sensitivity can be 

used to calculate the concentration of compounds detected in breath samples.  

                                    SN = 
#

[x]
             (5.3) 

SN = sensitivity of the compound, [x] = concentration (ppmV) and # = normalized ion 

count of the compound (ncps). The sensitivity is therefore in units of ncps ppmV-1. The 

results for the concentrations of detected compounds are shown in Tables 5.7 and 5.8, and 

illustrated in Figure 5.10. 

Table 5. 7: Estimated concentration in breath samples detected by CF3
+ as reagent in 

CIR-MS. 

compound mass relative con. range, smoker relative con. range, n-smoker 

octane/butane 57 1.31-1.4 ppmV 0.67-1.20 ppmV 

butanone 75 0.09-0.14 ppmV 0.05-0.06 ppmV 

acetonitrile 110 0.13-0.21 ppmV 0.01-0.02 ppmV 

acrylonitrile 122 0.12-0.16 ppmV 0.03-0.06 ppmV 

acrolein 125 0.04-0.05 ppmV 0.03-0.04 ppmV 

acetone/benzene 127 0.49-0.74 ppmV 0.11-0.34 ppmV 

toluene 141 0.12-0.24 ppmV 0.08-0.16 ppmV 

methyl acetate 143 0.31-0.39 ppmV 0.27-0.32 ppmV 
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Table 5. 8: Estimated concentration in breath samples detected by H3O+ as reagent in 

CIR-MS. 

compound mass relative con. range, smoker relative con. range, n-smoker 

ethanol 47 0.12-0.23 ppmV 0.08-0.09 ppmV 

acrylonitrile 54 <0.01 ppm V <0.01 ppmV 

acrolein 57 0.05-0.05 ppmV 0.04-0.05 ppmV 

acetone 59 0.15-0.20 ppmV 0.03-0.060 ppmV 

ethyl acetate 61 0.02-0.03 ppmV 0.01-0.02 ppmV 

butanone 73 0.02-0.03 ppmV <0.01 ppmV 

acetonitrile 42 0.11-0.24 ppmV 0.01-0.02 ppmV 

The calibration curve method also has a number of limitations. For example, fragments 

from several compounds having the same value of m/z. Benzene and acetone appear at 

m/z = 127 with different abundances. As a consequence, the concentration of benzene, as 

estimated using m/z = 127, could not only contain benzene but could also be due to the 

presence of a CF3 adduct of acetone.  
 

Figure 5. 10: Concentration range of detected compounds for smokers and non-

smokers, as detected by CF3
+ as reagent in CIR-MS and using a calibration curve; 

concentrations are shown in ppmV. Error bars represent the minimum and maximum 

concentration for each m/z value. 

5.3.5 Evaluation of the three concentration methods  

The first method to estimate the concentration range of compounds detected for smoking 

and non-smoking subjects used internal standards of the expected compounds, injected 
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into the breath samples. This method relied on a comparison of the intensity of the 

compound of interest in breath with and without standards. The sensitivity of this method 

is satisfactory but suffers from limitations such as uncertainty of the sample volume. 

Other sources of error could arise from dependence of the CF3
+ ion count from one sample 

to another on ambient humidity. 

In the second method, bromobenzene was used as an internal standard to estimate 

concentrations in breath samples from smoker and non-smoker volunteers. This method 

depends on injection of a known concentration of bromobenzene into one of the Tedlar 

bags holding the breath samples. Here again, the uncertainty from estimating the sample 

volume was reduced when using 3 litre Tedlar bags. In addition, the sample-to-sample 

variation in humidity was avoided since the composition of the participating bags derived 

from a single breath collection. In spite of this, this method still suffers from a variation 

of intensity (sensitivity) of bromobenzene during the associated measurements (between 

samples).  

In the third method, calibration curves were generated using standards of compounds 

expected in breath samples. The sensitivity extracted from the gradient of the calibration 

curves was used to estimate the concentration of the species detected. In this method, the 

error from the uncertainty in sample volume was eliminated.  

Of the three alternatives, the calibration curve method offered the best approach. 

Some considerable variation in the concentrations were noticed between the result of CF3
+ 

and H3O
+ for some compounds, such as butanone and acrylonitrile. This could be 

expected as different chemical mechanisms were involved when CF3
+ and H3O

+ are the 

reagents. As noted in Chapter 3, some compounds such as the lighter n-alkanes are 

detected by CF3
+, but not by H3O

+, and alcohols while insensitive to reacting with CF3
+, 

react strongly with H3O
+.  The main aim of this Chapter was to identify the VOCs detected 

in breath samples using a novel reagent in CIR-TOF-MS rather than estimation the 

concentrations of the samples. In spite of the uncertainty in the methods of estimating the 

concentration of VOCs in exhaled breath such as errors in the volume and humidity of 

breath samples, the results showed the intensity of some of VOCs in exhaled breath were 

consistently higher in smokers’ breath compared with non-smokers, as shown in Figures 

5.8, 5.9 and 5.11.  



126 
 

5.3.6 Alkanes (C2-C6) in breath 

Proton transfer reactions do not occur with the lighter n-alkanes (≤ C6), whereas the 

remaining VOCs provided an interesting comparison from when using H3O
+ as well as 

CF3
+ [59]. The alkane data showed that the average of the yields for smokers is greater 

than those of non-smokers, as seen in Figure 5.11. 

In the present investigation, a minor fragment of ethane, C2H3
+ (m/z=27) was selected as 

the indicator for the presence of ethane. This fragment is too small to be useful if E/N = 

100 Td but at 120 Td fragmentation of ethane is apparent. The molecular ion group for 

propane at m/z = 43 is believed to contain fragment contributions from other VOCs, 

including butane and pentane so that it cannot be considered a marker for propane 

(C3H7
+). Butane, pentane and hexane whose molecular ion fragments at m/z = 57, 71 and 

85 all were able to differentiate unambiguously between smokers and non-smokers. 

Alcohol reactions with CF3
+ are very weak and the yields obtained are negligible whereas 

in PTR reactions alcohols could be detected without difficulty. 

 

Figure 5. 11: Comparison of the yields of C2-C6 alkane molecular ions and fragments.               

5.3.7 Interpretation of breath spectra 

PTR-TOF-MS measurements cannot distinguish structural isomers or nominally isobaric 

species [60]. As result, it is not always possible to identify specific peaks in the mass 
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spectrum and impossible when two or more VOCs or fragments have the same mass. 

Moreover, fragmentation and clustering of products make this process even more 

complicated. Using CF3
+ as a precursor, however, it is possible to identify small-chain 

alkanes which do not react with H3O
+ [59]. In addition, CF3

+ offers a variety of reaction 

routes so is able to react preferentially with certain target VOCs and differentiate VOCs. 

The end products of the two reagents rarely have the same m/z. For example, certain 

compounds, such as the nitriles, or functional groups, such as the carbonyl group readily 

form CF3-adducts or normal protonated ions, depending on the reagent type [61].  

Figures 5.12 and 5.13 show the results of smoking and non-smoking volunteers, 

respectively, where the upper charts represent the results of breath samples measured by 

CIR-TOF-MS using CF3
+ as the precursor, and the lower charts the results obtained with 

the CIR-TOF-MS using H3O
+ as the precursor.  

Predominant and expected known peaks in the exhaled breath of smoking and non-

smoking volunteers will be discussed in more detail. 

 

Figure 5. 12: Expected compounds in breath smoker, resulting from the use of CF3
+ 

(upper chart) and H3O+ (lower chart) as precursors. Background spectra due to lab air 

was subtracted. 
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Figure 5. 13: Expected compounds in the breath non-smokers, where CF3
+ (upper 

chart) and H3O+ (lower chart) are used as precursors. Background spectra due to lab 

air was subtracted. 

5.3.7.1 m/z = 29                                                                                                                                  

A peak at m/z = 29 is produced by reaction of a breath sample using CF3
+ as the reagent. 

Blake et al. [61], found that pentanone and ethanol give fragments of C2H5
+ with relative 

abundances of 3% and 56%, respectively. In another study, Blake et al. [59], reported that 

the parent ion of ethane, C2H5
+, has a 94% relative abundance. It seems that m/z = 29 

contains contributions from ethane as well as ethanol. Further investigation in the mass 

spectral region of m/z = 29 shows evidence of two overlapping groups: firstly, from the 

source reaction of CF3
+ with an alkane (most likely ethane) to form C2H5

+ at m/z = 

29.0611, as shown in equation 5.4.  

 

Another peak with the same mass (m/z = 29.0176) is CHO+ but it is not obvious by what 

mechanism it would be created [61]. 

The CIR-TOF-MS instruments used in this work do not have sufficient resolution (m/m 

~1000) to separate these peaks, so software was used to resolve the data into its two 

constituents to estimate the contribution of C2H5
+. In conditions of high humidity, the 

interfering group was dominant and the percentage of hydrocarbons contributed only 5% 

of the total of m/z = 29 yield in the exhaled breath samples. Figure 5.14 illustrates a 
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situation in which the contribution of the C2H5
+ is dominant, a situation not encountered 

in conditions of high humidity. 

VOCs have the potential to be used as biomarkers for many disorder in the human body. 

The concentration of ethane has been detected previously by GC-MS and been found to 

be raised in human breath immediately after smoking, returning to baseline within three 

hours [62]. In addition, Handelman et al. and Stevenson et al. [63, 64], found that ethane 

in breath increased significantly in 52% of haemodialysis patients when compared to a 

control group. The authors suggested that long-term metabolic processes were 

responsible for this elevation of ethane. The concentration of ethane in breath has also 

been found to be increased in inflammatory disease, and with patients with asthma, and 

is produced by lipid peroxidation [5]. On the other hand, another study claims that ethane 

and pentane are in fact not biomarkers of airway inflammation or oxidative stress [65].  

Finally, ethane is one of the species that is considered to be a biomarker of oxidative 

stress and schizophrenia [49, 66-68].  

 

Figure 5. 14: Estimated hydrocarbon percentage from the total intensity at m/z = 29. 

The software used was MagicPlot Student (St. Petersburg). 

From the library (Chapter 4) it appears that m/z =29 more likely is composed of a mixture 

of the fragments C2H5
+ and CHO+. As a result there are problems using m/z = 29 as 

marker but it is a useful predictor for ethane and ethanol when humidity is low, in the 

case of high humidity, the CHO+ fragment can dominate. 



130 
 

5.3.7.2 m/z = 57                

In the alkane work, the peak at m/z = 57 may be attributed to butane or fragments from 

heptane or octane. Blake et al. [59, 61], found that butane produces a parent ion at m/z = 

57 with a relative abundance of 96%, while heptane and octane produce main fragments 

at m/z = 57 with relative abundances of 95% and 50%, respectively [59, 61]. Blood-borne 

butane may originate from protein oxidation and/ or bacteria activity in the colon. The 

concentration of butane in human breath has been shown to be in the range from 0.6 to 

6.5 ppb [69]. Butane was found to be one of five VOCs which were significantly different 

between subjects with healthy and diseased lungs [70]. In addition, butane was found to 

decrease after surgery on diseased lungs, suggesting that butane is linked to tumour 

growth [70]. Our results show that m/z = 57, which may belong to butane, is higher in 

smokers than non-smokers. This could support the apparent relationship between 

smoking and diseased lungs. It seems that owing to the observed overlap of m/z = 57, it 

cannot be used as biomarker for a specific compound but it does give indication to the 

existence of the hydrocarbons i.e. butane, octane or heptane. 

5.3.7.3 m/z = 61                                                                                                                              

A significant peak was observed at m/z = 61, which was thought mainly to belong to 

aldehydes and ketones. Blake et al. [61], (Ch. 4 results), demonstrated that propanal, 

acetone, ethyl acetate, hexanone, DMS and propanol react with CF3
+ as reagent and gave 

fragments at m/z = 61 with relative abundances of 58, 23, 20, 14, 8 and 4%, respectively. 

It is likely that the m/z = 61 is useful as a marker of some compounds possessing a 

carbonyl group, mainly acetone and propanal where fluorine replaces oxygen in –COH+ 

to form -CFH+. 

5.3.7.4 m/z = 71                                                                                                                           

The ion with m/z = 71 is likely associated with pentane or octane. Blake et al. (results of 

Ch. 4) found that pentane and octane produced fragments at m/z = 71 with relative 

abundances of 74.3 and 39.7 %, respectively, in the CIR-TOF-MS work using CF3
+ as 

the reagent [59, 61]. Pentane and octane produced no meaningful PTR-TOF-MS results. 

A study was conducted on preschool children (2-4 years) with preclinical asthma using 

GC-TOF-MS; octane was one of the VOCs which increased during episodes of wheezing 

compared with children with transient wheezing at 6 years of age [71]. Elevated levels of 

pentane in breath can be correlated with the progression of sickness in inflammatory 
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bowel disease patients [72]. Our findings exhibit the signal at m/z = 71, which could 

belong to pentane, was higher in smokers compared to non-smokers. This could provide 

some evidence that smoking may play a part in the occurrence of the disease mentioned 

above. While m/z =71 cannot be attributed to a definite compound, it could be used as 

sigh of existing pentane and/or octane. 

5.3.7.5 m/z = 75          

The small signal observed at m/z = 75 might be produced by 2-butanone. Blake et al. 

[61], found that 2-butanone gave predominant peaks at m/z = 75 and 55, with relative 

abundances of 45 and 41%, respectively, with CF3
+ as a precursor. Figures 5.12 and 5.13 

(lower part - H3O
+ results) show a peak at m/z = 73 which could belong to 2-butanone. 

In addition, our GC-MS measurements showed that 2-butanone was one of the 

compounds present in breath samples (Table 5.9). Amal al et al. [73], conducted a study 

on breath samples of patients with gastric cancer using GC-MS and cross-reactive 

nanoarrays combined with pattern recognition. The results of this study showed that eight 

VOCs, one of them 2-butanone, were significantly different across the cases considered 

in this study [73]. 2-butanone is one of the ketones whose concentration varies 

significantly in cirrhotic patients compared to healthy volunteers in a study conducted 

using PTR-TOF-MS [74]. A study was conducted to quantify carbonyl volatile organic 

compounds in lung cancer patients, the authors of which used silicon microreactor 

technology to capture carbonyl VOCs which were then measured by FT-ICR-MS. The 

results of this study showed that one of these compounds, 2-butanone, has a higher 

concentration in the exhaled breath of lung cancer patients compared with healthy 

controls [75, 76]. Another study showed that 2-butanone, 2-pentanone, methanol, 

limonene, and carbon disulphide are markers for early-stage liver disease [77]. Our data 

showed that the concentration of butanone in smokers is twice as high as that in non-

smokers. Meanwhile m/z = 75 appears to be a useful biomarker of 2-butanone (smokers) 

particularly when compared with PTR-MS result. 

5.3.7.6 m/z = 110                                                                                                                           

Another significant peak at m/z = 110 resulted from the addition of CF3
+ to the molecular 

ion and can be assigned to acetonitrile. From Figure 5.12 (lower part), the peak at m/z = 

42 arises from the reaction of H3O
+ and acetonitrile. As consequence, both CF3

+ and H3O
+ 

can be used to confirm the presence of acetonitrile in smoker samples. A study was 
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conducted to detect acetonitrile in smokers and non-smokers using SIFT-MS. The 

concentration range of acetonitrile was found to be 17-124 ppb [78]. Our own 

concentrations were higher in smokers than non-smokers. Research indicates the effects 

of different sampling techniques such as mixed expiratory, alveolar, and time-controlled 

samples on the results of breath analysis. The author found the concentration of 

endogenous VOCs is higher in alveolar samples, and the ratios Calv/Cmixed for acetonitrile 

were within the range 1-1.5 [79]. The concentration of acetonitrile in the breath of 

smokers was found to increase while using thermal desorption tubes (TD) during 

measurement with PTR-MS [80]. Breath samples (smokers, passive smokers, and non-

smokers) were measured using extractive electrospray ionization mass spectrometry. The 

results showed that the concentration of acetonitrile reaches a maximum (around 30 ng/L) 

within 1-4 hours after smoking, returning to background levels within seven days [81]. 

Our library (Blake et al. [61], and Chapter 4), indicate that m/z = 110 could be used as 

biomarker to identify acetonitrile.  

5.3.7.7 m/z = 122                                                                                                                             

A small peak at m/z = 122 resulted from the reaction of CF3
+, and is thought to belong to 

acrylonitrile. Our findings in Chapter 4 demonstrated that acrylonitrile produces a 

fragment at m/z = 122 with a relative abundance of 83.4 %. As seen in the lower part of 

Figure 5.12, PTR-MS measurements produced a peak at 54 amu which may belong to the 

protonated parent of acrylonitrile. Acrylonitrile concentrations have been found to be 

elevated in individuals exposed to tobacco smoke [82]. A study conducted to detect VOCs 

in the plasma of oesophageal adenocarcinoma (EAC) and gastroesophageal reflux-

diseased patients showed that acrylonitrile was one of nine VOCs that decreased 

significantly in the plasma headspace of EAC patients compared to those without EAC 

[83]. Acrylonitrile is considered one of the component of vapour phase of mainstream 

cigarette smoke [84]. Our data showed that acrylonitrile level is higher in smokers 

compared with non-smokers. m/z = 122 is a good biomarker for smokers. 

5.3.7.8 m/z = 125                                                                                                                               

The small signal at m/z = 125 has been assigned to acrolein. Blake et al. [61], found that 

acrolein with CF3
+ produced a product of mass 125 (CH2CHCHO.CF3

+) with a relative 

abundance of around 50%. Another peak with m/z = 59 has a relative abundance of 41% 

[1]. Figure 5.12, (lower) shows a corresponding signal at m/z = 57, which would be 
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expected from the reaction with H3O
+. As a consequence, both precursors produce a 

positive result. A study conducted on normal tobacco and E-cigarette smoke found the 

amount of acrolein released from cigarettes ranged from 0.17 to 8.27 μg (cig. eq.) [85]. 

Another study detected acrolein in human breast cancer cells [86].     

5.3.7.9 m/z = 127                                                                                                                                 

A significant peak at m/z = 127 was observed from the reaction of CF3
+ with the sample. 

Blake et al. [61], found the m/z = 127 groups could result from reactions with acetone, 

benzene and bromobenzene with relative abundances of 63.9, 87.7, and 36.5%, 

respectively. As seen in Figures 5.12 and 5.13, of the peak at m/z = 59 (reaction with 

H3O
+) was prominent using both CF3

+ and H3O
+, where it is suggested that m/z = 127 is 

more likely to stem from the CF3-adduct with acetone. The average concentration of 

acetone in normal healthy breath is lower than 0.83 ppmV, while the average 

concentration of acetone in diabetic breath is found to be above 1.11 ppmV [87]. One 

study showed that acetone concentrations ranged widely from 100 ppb to 1000 ppb [88], 

whilst another study found the range to be 148-2744 ppb [50]. The concentration of 

acetone was found to be lower (458.7 ppb) in lung cancer patients than in healthy controls 

(627.5 ppb) [89]. Schwarz et al. [90], investigated variations of acetone concentrations in 

breath with changes in body-mass index (BMI), age and gender. The study found no 

significant differences between acetone concentrations in breath and these factors.  

Acetone is one of the compounds which has been observed to increase in the breath of 

anaesthetized patients during laparoscopic surgery; this could be due to the onset of 

lipolysis [91]. The concentration of acetone in breath increases overnight during sleep 

(575-1460 ppb) compared to the daytime (234-580 ppb) [92]. There is a positive 

correlation between the concentration of acetone and serum C-reactive protein (CRP). 

The levels of these compounds were found to be in lower on the day of discharge 

compared with the day of admission in community-acquired pneumonia patients [93]. 

Endogenous acetone concentrations have been found to be significantly raised in cancer 

patients during lung surgery as a result of long periods of fasting and lipid hydrolysis 

[71]. Natural intra-individual biological and diet may result in variations of the 

concentration of acetone in breath. As a result, it is not easy to use acetone in breath to 

monitor blood glucose [94]. Benzene is one of the hydrocarbons which has a higher 

concentration in smokers’ breath. Studies showed the concentration of benzene was 

significantly higher in smokers and passive smokers than with non-smokers [53, 95]. 
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Unfortunately, m/z =127 cannot be used as marker for a single compound but could be 

used as indication of the presence of acetone/ or benzene/or ethylbenzene or a mixture of 

any of these. 

5.3.7.10 m/z = 141                                                                                                                            

A small peak at m/z = 141 could be assigned to toluene. Blake et al.[61], found that 

toluene gave a predominant peak at m/z = 141 with a relative abundance of 78.2% with 

CF3
+ as the precursor [61]. Our GC-MS measurements showed that toluene was one of 

the compounds present in breath samples (Table 5.9). A literature search for a list of 98 

hazardous smoke compounds found toluene as one such compound [82]. A study in 

alveolar and blood of hospital staff showed toluene concentrations of 1-22 ng/l, which 

were higher in smoking than non-smoking volunteers [96]. In addition, our results 

indicated that level of toluene in smokers is higher approximately twice as high than 

found for non-smokers. Hence m/z = 141 qualifies as a useful marker for toluene. 

5.3.7.11 m/z = 143                                                                                                                     

An ion observed at m/z = 143 was thought to be methyl acetate. The results in Chapter 4 

found that the reaction of CF3
+ with methyl acetate produced its principal fragment at m/z 

= 143 with a relative abundance of 65.4%. The PTR-MS results showed a small signal at 

m/z = 75 which could belong to methyl acetate (Figure 5.12 and 5.13) [61]. Several 

studies were conducted to measure the change in VOCs as a result of physical exercise. 

King et al. [69], showed that methyl acetate showed a drastic increase in concentration 

by a factor of 3-5 shortly after starting exercise Our results show that methyl acetate in 

smokers is slightly higher compared with non-smokers, so that m/z = 143 is useful as a 

potential marker for methyl acetate. 

5.3.7.12 other peaks                                                                                                                       

The peak at m/z = 43 arises from propane (C3H7
+), but also from the fragmentation of 

various compounds with longer alkyl chains. In addition, some peaks, such as m/z = 59 

and 47, arose from competitive H3O
+ secondary reactions which become significant as 

the humidity increased in the sample. These belonged to acetone and 

ethanol/acetaldehyde, respectively. 

It is clear that CF3
+ acts as an excellent reagent in CIR-MS in terms of the detection of 

the numerous different VOCs in the exhaled breath of smokers and non-smokers. As seen 
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in CF3
+ and H3O

+ spectra, it seems that CF3
+ has the greater ability to detect VOCs and 

small-chain alkanes compared with H3O
+ in CIR-MS. As a result, CF3

+ is complementary 

to H3O
+ in CIR-MS to identify VOCs in exhaled breath with greater specificity and 

accuracy.  

5.4 Statistical investigation 

Multivariate analysis is an important tool for the examination of all variables in complex 

datasets to extract the underlying patterns from this data [97, 98]. Analysis of breath via 

CIR-TOF-MS using CF3
+ as a reagent provided an extensive dataset by which to identify 

the many VOCs in human breath. In total, 39 samples (14 smokers and 25 non-smokers) 

and 39 variables (m/z values) were analysed statistically and subjected to principal 

component analysis (PCA), agglomerative hierarchical clustering analysis (AHC), and 

partial least squares - discriminant analysis (PLS-DA) using XL STAT [99]. Masses of 

reagents (CF3
+, H3O

+), clusters and undetectable masses were manually excluded from 

the mass range before running statistical analyses to avoid complications in output data. 

Figure 5.15 shows the differentiation of smoker and non-smoker data by PCA in two 

dimensions. Observation of the resultant graph shows that if data are represented on only 

one axis, the variability may still be high (56.81%) and the two axes represent 71.74% of 

the initial variability of the data. 

 

Figure 5. 15: Principal Component Analysis of smoking and non-smoking volunteers 

(samples ending with S and N represent smokers and non-smokers, respectively). 

A cluster analysis was performed in order to find the similarities and dissimilarities 

between the VOCs in smoker and non-smoker samples. The dendrogram (Figure 5.16) 
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shows that the results were grouped into two main groupings depending on the state of 

volunteer smokers or non-smokers, and indeed other conditions such as the humidity of 

the sample. The first group on the right side of Figure 5.16 has two main subgroups, the 

first with the red colour being more likely to represent non-smoker samples. The second 

subgroup includes the subgroups in green and light purple which represent the mix 

between smoking and non-smoking samples. This area is believed to represent the overlap 

between these two groups of individuals. The main group on the left-hand side of the 

dendrogram represents the smokers within the samples. The difference between the two 

main areas in the dendrogram are related to the difference/ concentration of VOCs in 

breath samples between smokers and non-smokers. 

 

Figure 5. 16: shows the dendrogram. The bottom (x-axis) nodes represent the 

individual subjects (smokers and non-smokers), which are distributed along the x-axis 

according to their Euclidean distances, so that similar subjects are plotted close to one 

another. The other nodes belong to the clusters to which subjects belong, spaced 

along y-axis depend on the level of dissimilarity. 

PLS-DA was conducted in order to discriminate between the breath of smoker and non-

smoker samples. The receiver operating characteristic curve (ROC) is a function of the 

specificity and the sensitivity of every value in the model. ROC is a measure of true 

positive vs false positive. A plot of sensitivity against the reciprocal of specificity 

produces the ROC (Figure 5.17). The area under this curve also called the c-statistic, and 
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has range from 0.5 (minimum or no discrimination) to 1 (maximum discrimination) [100]. 

As can be seen from inspection of Figure 5.17, PLS-DA has the ability to distinguish 

between the smoking and non-smoking groups, where the value of the ROC is 0.994.   

 

Figure 5. 17: Receiver operating characteristics curve (ROC) has a high outcome value 

of 0.994 meaning the PLS-DA model’s performance is high, which shows that PLS-DA 

makes a clear distinction between the two groups (smokers and non-smokers). 

Inspection of the observation on the two axes (Figure 5.18), shows a meaningful 

separation between the smokers (green colour) and non-smokers (blue colour). Partial 

overlap between the two groups indicate some smoker subjects have VOC profiles similar 

to non-smokers, and vice versa. Furthermore, the overlap could be related to the habits of 

certain smokers. In addition, the number of samples might not be enough to allow for 

good separation in the model. 

Figure 5.19 shows the variables important to enable good discrimination between the two 

groups (smokers and non-smokers) in PLS-DA. Masses such as 29, 33, 59, 61, 110, 127, 

131, and 141 have a higher influence on allowing for the separation of the smoker group 

from the non-smoker group. These masses, such as that at 110, could belong to 

acetonitrile, which are more likely to be a marker of a smoker subject. 
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Figure 5. 18: PLS-DA shows the separation that exists between the two groups 

(smokers and non-smokers). The green and blue entries represent the smoker area 

and non-smoker area respectively in the model. 

 

Figure 5. 19: PLS-DA shows the important variables (masses) that allow for 

discrimination between two sets of data (smokers and non-smokers). 

The negative area in Figure 5.19 shows masses that to separate between smokers and non-

smokers demonstrated more clearly in Figure 5.20. From Figure 5.20 it can be seen that 

masses 110 amu and 61 amu, which may belong to acetonitrile and carbonyl group, have 
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the strong effect on the separation of smokers and non-smokers. Masses which have more 

possibility to arise from one compound are shown in Table 5.9. 
 

Figure 5. 20: PLS-DA coefficients for discrimination between smokers and non-

smokers. 

Table 5. 9: Masses and compounds that distinguish between smokers and non-smokers. 

tentative assignment  mass Structure (CF3
+) CF3

+ H3O+ GC-MS1  

methanol 32 CH3OH+ - m33  

C4, C8, C9 57 C4H9
+ - m57  

acetone 58 CH3COHCH3
+ - m59  

butanone 72 CH3CH2CFCH3
+ m75   

acetonitrile 41 CH3CNH.CF3
+ m110   

acrylonitrile 53 CH2CHCN.CF3
+ m122   

propionitrile 55 CH3CH2CNH.CF3
+ m124   

pyrrole 67 C4H4NH.CF3
+ m136   

toluene 92 C7H7.CF2
+ m141   

methylacetate 74 CH3OCOCH3.CF3
+ m143   

                      1Data obtained by measuring breath samples with GC-MS 

5.5 Summary 

The utility of CF3
+ as chemical precursor in chemical ionization time-of-flight mass 

spectrometry (CIR-TOF-MS) to identify volatile organic compounds (VOCs) has been 

tested in breath samples from smokers and non-smokers. CF3
+ reacts with a wide range 

of VOCs in exhaled breath samples. In this work, Tedlar bags were used to collect exhaled 

breath samples. Samples were measured using CF3
+ as a chemical reagent in CIR-TOF-
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MS and by PTR-TOF-MS for comparative purposes. The CF3
+ spectra showed various 

fragments belonging to compounds resulting from the reaction of CF3
+ with the analytes. 

In the same spectra, the protonated parent ion could be seen for certain compounds, by 

products from the reaction of H3O
+ (generated from the high humidity samples and in 

competition with CF3
+). Using more than one precursor is helpful in the detection of 

VOCs in real-time and from the same sample, which could react with one or both 

chemical reagents, CF3
+ and H3O

+.                                                                                     

Certain fragments are more likely to belong to, or be produced, from one analyte such as 

at m/z = 122, 137, 141 and 143 which can be assigned to acrylonitrile, furan, toluene and 

methyl acetate, respectively. Some fragments could result from more than one analyte, 

such as m/z = 29, which may arise due to either ethane, ethanol or CHO+. The signal at 

m/z = 43 (C3H7
+) is a common fragment for many compounds as well as the molecular 

ion of propane. The fragment at m/z = 57 could be assigned to molecular ion of butane as 

well as fragments from heptane or octane. The peak at m/z = 61 represents ketone and 

aldehyde groups, while m/z = 71 belongs to pentane (molecular ion) or a fragment from 

octane.                                    

Some analytes favour the production of a protonated ion from proton transfer such as 

ethanol/acetaldehyde and acetone at m/z = 47 and 59, respectively. Other analytes such 

as the n-alkanes can react with CF3
+ but not H3O

+. 

Multivariate analysis is an excellent tool with which to test all the variables in complex 

datasets to extract the underlying patterns from the associated data. PCA, AHC and PLS-

DA were used to discriminate between exhaled breath samples of smokers and non-

smokers. The results showed that PLS-DA has the ability to distinguish between samples 

obtained from smoker and non-smoker subjects, where the value of the ROC is 0.994. 
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Chapter 6: Determination of VOCs in urine headspace by CF3
+/CF2H+ 

chemical ionization reaction mass spectrometry  

6.1 Introduction 

To avoid the problems of analyte extraction from complex liquid sample matrices 

headspace analysis can be carried out to determine volatile organic compounds (VOCs) 

content using direct-mass spectrometry, such as chemical ionization mass spectrometry 

(CIR-MS) [1]. Analytes detected in the headspace VOC profile have potential to be used 

as markers of disorder or disease [2, 3].  

Urine can be used to supply information on the physiological state of an individual. 

Analysis of urine is fast, relatively low cost, and routinely employed for diagnostic testing 

for diabetes mellitus, pregnancy and infection assessment [4]. Linus Pauling (1971) was 

the first to detect over 280 VOCs in urine vapour using gas chromatography. More 

recently, researchers have identified VOCs related to specific disorders and disease states 

such as a diagnostic test for gastro-oesophageal cancer [4]. Urine is considered a useful 

biofluid for medical analysis because it is non-invasive, easily accessible and available in 

relatively large volumes [4, 5]. 

Urine has been used as a biomarker of many disorders and diseases since 4000 BC. 

Hippocrates and Galen believed that urine was a filtrate from humours and blood, and 

begun using urine as biomarker to diagnose disease [6]. More recently, urine analysis has 

been established as a tool to diagnosis many disorders and diseases. It is a classical 

method used in clinical practice to analyse urine samples as it can be applied to near-

patient testing or laboratory testing. Near-patient testing employs a reagent strip or a 

dipstick sample collection and is applied prior to comprehensive, more complex and 

expensive laboratory techniques. Dipstick testing is widely applied owing to its simplicity 

and ability for near-patient testing [7-12]. Some applications of dipstick tests are the 

measurement of urinary pH, diabetes insipidus and haematuria. Laboratory testing 

includes routine, or indeed less routine, measurement of metabolites to acquire 

quantitative data. These data are used for diagnostic purposes such as determining 

metabolite concentration, metabolic pathways and drug interactions [13-16]. 

Gas chromatography is widely used to detect VOCs in urinary metabolites. Pasikanti et 

al. [17], have utilized GC-quadrupole MS to undertake global profiling of human urine 

samples owing to the sensitivity, peak resolution and reproducibility of GC-MS. The 
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results of this study identified the presence of 150 endogenous compounds. These were 

classified as 29% organic acids, 23% sugars, 10% amino acids, 3% aromatic, 2% fatty 

acids, 1% glycerols, 29 other chemical classes as well as 3% unknown compounds.  

6.2 Urine sampling and storage accessible  

As previously stated, urine is considered an accessible analytical tool owing to a number 

of clear advantages over other body fluids. It can be collected in sufficient quantities in a 

manner that is non-invasive. An analytical advantage is that urine needs far less complex 

sample pre-treatment as it contains fewer proteins and is stable from a thermodynamical 

perspective. Urine samples can be collected as random samples, timed samples or 24-h 

samples. The timing of urine collection has advantages and disadvantages. Random 

samples can be collected at any time, but ignore diurnal variation of exertion and do not 

give a direct measurement of the volume of urine excreted. Timed samples require greater 

subject compliance and 24 hour samples supply a more complete picture of excretion, 

although this method is cumbersome [18, 19].  

Integrity and stability of urine samples during storage has been shown to be important. 

Samples of urine must be stable to supply valid data. In a study by Ryan. et al.[19], urine 

samples were either immediately frozen at -80 ºC or kept at 4 ºC for 24 h before being 

frozen [19]. Later, before measuring, urine samples were thawed and then examined by 

gas chromatography time-of-flight mass spectrometry (GC-TOF-MS) which found that 

the samples contained a total of more than 700 metabolite peaks. In any one sample over 

200 peaks were recorded. Statistical methods such as principal component analysis (PCA) 

were applied to the samples, stored in the two different ways to find any significant 

differences. In general, neither method of storage showed any statistically significant 

difference in the metabolic profile. In addition, analytical variance from repeat analysis 

of the same sample was found to be the same as the variance between samples that were 

stored in the two ways [19]. 

In this Chapter, chemical ionization time-of-flight mass spectrometry (CIR-TOF-MS) 

with a novel reagent (CF3
+) was used to determine its suitability for detecting the VOCs 

particular to the urine headspace from smoking and non-smoking subjects. As we have 

seen in Chapters 3 and 4, CF3
+ reacts with small chain hydrocarbons (C2-C6) and a wide 

range of VOCs. H3O
+ as reagent in CIR-TOF-MS was also used to detect VOCs in urine 

headspace as a comparative method. Using more than one precursor can be helpful to 
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complement the gaps in the real-time detection of VOCs from the same sample, providing 

VOCs react with both reagent ions, CF3
+ and H3O

+.   

6.3 Experimental 

6.3.1 Instruments 

Two CIR-TOF-MS (Model 4500A, Kore Technologies, Ely) were used in this study, as 

described in detail in Chapter 2. All experiments were run at 100 Td using 60 second 

integration times covering a mass range of 0 - 249 amu. The pair of CIR-TOF-MS were 

supplied with CF4 or H2O vapour as chemical reagents at a rate of 2 and 50 ml/min, 

respectively. The urine headspace was sampled at a flow rate of 60 and 150 ml/min 

respectively to achieve a value of 100 Td in both systems. 

6.3.2 Chemicals  

The standards (Sigma-Aldrich, Gillingham, Dorset, UK) described in Chapter 4 were 

used to prepare calibration mixtures. A stock solution of these standards was prepared by 

adding 3 microlitres of each to 8 litres of N2 in Tedlar bags (Thames-Restek UK, Ltd, 

Saunderton, Bucks., UK). Subsequently, a series of standards were prepared by secondary 

dilution using in a Tedlar bag and diluting the selected sample with 8 litres of nitrogen 

(see Chapters 4 and 5). High purity nitrogen (BOC; 99.999%) was used as a carrier gas 

for the urine headspace for the CIR-TOF-MS systems. An internal standard of 10 ppm 

bromobenzene in nitrogen (BOC) was used for estimating VOC concentrations. 

6.3.3 Sample collection and storage 

Smoker and non-smoker subjects from University of Leicester staff and students were 

invited to take part in this study. The subjects were 11 smokers (10 male and 1 female) 

and 20 non-smokers (17 male and 3 female), ages ranged from 24 to 50 years. 

As before, smoking and non-smoking volunteers were required for urine collection. The 

method of urine collection was explained to the volunteers, who were asked to fill out 

consent and application forms which included the following information:  

 Date of experiment 

 University ID/ e-mail 

 Sample code (to be completed by the researcher) 

 Age 

 Sex 



154 
 

 Weight (kg) 

 Height (cm) 

 Smoking state 

 Recent food and drink consumption.    

Ethics approval was through the University of Leicester- ethical application reference 

so165-cf19a.                                                                                   

Urine samples were collected into 20 ml sterile plastic containers (Thermo Scientific). 

Urine samples of smokers were collected immediately after a cigarette. Urine samples 

were measured fresh where possible, but otherwise were kept in refrigerator and analysed 

within 1 hour of collection. 

6.3.4 Design of experiment 

Urine samples were divided into two 8 ml portions. The first 8 ml of urine sample was 

injected into a Dreschel bottle kept in a water bath to maintain the sample temperature at 

40 ºC. The second part of the sample was refrigerated while the first part of the sample 

was being processed. Figure 6.1 shows the apparatus used for urine headspace analysis.   
 

Figure 6. 1: Urine headspace and water bath. 
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6.3.5 Sample measurements     

Headspace from the urine samples were measured by both CIR-TOF-MS using CF3
+ and 

H3O
+ as reagents to detect the various VOCs in smoking and non-smoking samples. In 

the first part of the experiment and prior to the addition of the urine sample, pure N2 gas 

was passed through the empty Dreschel bottle to measure the background using CF3
+ and 

H3O
+ as precursors. Next, 8 ml of urine sample was introduced into the Dreschel bottle 

in the water bath and allowed to equilibrate for around 5 minutes before taking any 

measurements. Pure N2 gas fed the headspace gases (VOCs) as carrier gas for the two 

CIR-TOF-MS. In the second part of the experiment, a mixture of bromobenzene/nitrogen 

(2.0 ppm) was supplied to an empty Dreschel bottle and used to obtain background 

measurements. Then, 8 ml of a new portion of urine sample was added to the Dreschel 

bottle in the water bath and allowed to stand for 5 minutes to reach 40 ºC after which time 

measurements were taken. Finally, a mixture of bromobenzene/nitrogen was delivered to 

the urine sample in the bottle and the measurements repeated. Both reagents were used in 

CIR-TOF-MS to detect VOCs in the urine samples. The purpose of adding the mixture of 

bromobenzene/nitrogen in second part of the experiment was so that it could be used 

subsequently as an internal standard to estimate the concentrations of the VOCs detected. 

A diagram of the urine headspace experiment is shown in Figure 6.2. 

 

Figure 6. 2: Diagram shows injected bromobenzene in urine headspace; adapted from 

reference [20]. 
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6.3.6 Estimation of the concentration of VOCs in urine headspace using 

bromobenzene as an external standard 

Every sample of urine was divided into two portions. One portion of the urine headspace 

sample was carried in pure nitrogen to the CIR-TOF-MS whilst the other was carried in 

a mixture of bromobenzene/nitrogen (10 ppm). The mixture of bromobenzene/ nitrogen 

was prepared by mixing 60 ml/min of 10 ppm bromobenzene stock mixture with 240 

ml/min of pure nitrogen and delivering this mix to the urine headspace using flow 

controllers, as shown in Figure 6.2. The final concentration of the diluted mixture of 

bromobenzene in the urine headspace was 2.0 ppm. The ion count due to the urine 

headspace sample with and without bromobenzene were acquired and used to estimate 

the relative concentration of the VOCs present. The relative concentration of the analyte 

in the urine headspace samples is shown in Equation 6.1. Tables 6.1 and Figure 6.3 show 

the relative concentrations of candidate compounds or fragments from the urine 

headspace samples. The PTR-TOF-MS results exhibited a few compounds such as 

ammonia and acetone. In the PTR-MS experiment the high concentration of ammonia 

and its large proton affinity (853.6 kJ mol-1) present in the samples prevented protonation 

of many of the expected compounds. 

                        𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =
𝑠𝑖𝑔𝑛𝑎𝑙 𝑜𝑓 𝑎𝑛𝑎𝑙𝑦𝑡𝑒∗𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑏𝑟𝑜𝑚𝑜𝑏𝑒𝑛𝑧𝑒𝑛𝑒

𝑠𝑖𝑔𝑛𝑎𝑙 𝑜𝑓 𝑏𝑟𝑜𝑚𝑜𝑏𝑒𝑛𝑧𝑒𝑛𝑒
      (6.1)  

 

Table 6. 1: Concentrations of VOCs detected in urine headspace using CF3
+ as the reagent 

and bromobenzene as the external standard. 

 compound mass  relative con. range, smoker relative con. range, n-smoker 

octane 57 1.45-1.85 ppmV 0.71-0.84 ppmV 

butanone 75 0.18-0.48 ppmV 0.20-0.38 ppmV 

acetonitrile 110 0.65-1.10 ppmV 0.14-0.50 ppmV 

acrylonitrile 122 0.37-0.59 ppmV 0.12-0.17 ppmV 

toluene 141 0.54-0.72 ppmV 0.18-0.39 ppmV 

methyl acetate 143 0.50-0.92 ppmV 0.29-0.59 ppmV 

pentane 71 0.24-0.45 ppmV 0.15-0.34 ppmV 
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Figure 6. 3: Estimated concentrations of detected masses for smokers and non-

smokers, as detected by CF3
+ as a reagent in CIR-TOF-MS, is shown in ppmV. Error bars 

represent the minimum and maximum concentrations per m/z value. Bromobenzene 

calibration method.  

6.3.7 Estimated concentration of VOCs in urine headspace using calibration 

curve 

The estimated concentrations of VOCs in the urine headspace calculated using 

bromobenzene as external standard may have some associated uncertainties. Errors could 

arise from a change of sensitivity of bromobenzene from one experiment to another. As 

a consequence, standard curves were constructed to estimate the concentration of 

detectable VOCs in the urine headspace samples for smoking and non-smoking subjects. 

A series of standard solutions for VOCs were prepared and measured. Calibration curves 

were extrapolated to calculate the sensitivity of these standards. The sensitivity of the 

VOCs of interest were used to estimate the concentration of VOCs in the urine headspace. 

Figure 6.4 shows example of these curves, as detected by CF3
+ as the reagent in CIR-

TOF-MS. 
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Figure 6. 4: Calibration curve for methyl acetate (m143). 

The sensitivity of compounds of interest in the urine headspace samples (SN) were 

estimated from the gradients of the calibration curves performed for the standards of these 

compounds. (Equation 6.2).  

                  SN = 
#

[x]
                              (6.2) 

SN = sensitivity of the compound, [x] = concentration (ppmV) and # = normalized ion 

count of the compound (ncps). The sensitivity is therefore in units of ncps ppmV-1. 

The concentrations of compounds of interest detected by CF3
+ as the reagent are shown 

in Table 6.2. Only ammonia and acetone are clearly detected by H3O
+ as the reagent in 

this case. The remainder were either not protonated at all or affected by the low H3O
+ 

count rate resulting in small yields. 

Table 6. 2: Concentrations of samples in urine headspace detected using CF3
+ as the 

reagent (calibration curve method). 

 compound mass  relative con. range, smoker relative con. range, n-smoker 

octane 57 0.68-1.21 ppmV 0.34-0.83 ppmV 

butanone 75 0.32-0.85 ppmV 0.18-0.36 ppmV 

acetonitrile 110 0.01-0.02 ppmV ≤ 0.01 ppmV 

acrylonitrile 122 0.09-0.15 ppmV 0.01-0.12 ppmV 

benzene 127 0.25-0.57 ppmV 0.16-0.43 ppmV 

toluene 141 0.09-0.15 ppmV 0.04-0.10 ppmV 

methyl acetate 143 0.02-0.08 ppmV 0.02-0.06 ppmV 
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Figure 6. 5: Estimated concentrations of detected masses for smokers and non-

smokers, as detected by CF3
+ as a reagent in CIR-MS, is shown in ppmV. Error bars 

represent the minimum and maximum concentrations per m/z value. The conversion 

details were obtained from calibration curves.    

6.3.8 Evaluation of concentration methods 

Bromobenzene was used as an internal standard to determine concentrations of VOCs in 

the urine headspace of samples from smokers and non-smokers. Two flow controllers 

were used to mix known volumes of nitrogen and bromobenzene to produce adjustable 

concentrations for passing through the urine headspace. It was inevitable that there would 

be some errors in estimating the contentions of the analytes due to the variation of 

intensity (sensitivity) of bromobenzene during these measurements and allowance had to 

be made for them. 

Calibration curves were created using standards of analytes expected to exist in urine 

headspace samples. The concentration was calculated using the gradient of the calibration 

curves. In this method, the error from the uncertainty could have resulted from the 

difference in humidity between the standards used to generate the calibration curves and 

the urine headspace samples themselves. 
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The aim of this Chapter is to identify VOCs in the urine headspace of smokers and non-

smokers using a novel reagent in CIR-TOF-MS rather than estimation the concentrations 

of the samples. However, even with the possible sources of errors, the differences in 

concentrations of related compounds in the urine headspaces of smokers and non-smokers 

can still be seen, as discussed in the following section. 

 6.4 Results and Discussion  

The urine sample headspace has a relatively high humidity. The humidity will affect the 

percentage of CF3
+/CF2H

+ [21]. As the humidity increases, the CF3
+ ion count decreases 

and CF2H
+ ion count will increase. As a consequence, it was ensured that the CF3

+ ion 

count did not fall below 10% of the value in dry conditions for all experiments. In this 

Chapter, we will focus on the products resulting from the reaction of the analytes with 

CF3
+ and CF2H

+ as reagents and compared with those from the parallel PTR-TOF-MS 

results. Data for the urine headspace measured by CF3
+ and H3O

+ as reagents were 

normalized by summation of 69 + 51 amu and 19 + 37 amu, respectively.  

6.4.1 Concentration ranges in smoker and non-smoker urine headspace 

samples 

An important cause of variation in the results is the profile and recent history of the 

volunteers. In spite of the uncertainty in the methods of estimating the concentrations of 

VOCs in urine headspace, owing to such issues as the humidity of the urine headspace 

samples and sensitivity of bromobenzene, the results still showed the positive 

differentiation of some of the VOCs in urine headspace. Prominent among these is 

butanone, which proved to be higher in smokers’ samples that those from non-smokers, 

as shown in Figures 6.3 and 6.5. 

PTR-MS is used widely to identify volatile organic molecules in the gas phase. The use 

of H3O
+ as reagent in CIR-TOF-MS has some limitations such as distinguishing between 

compounds of the same m/z (isobaric molecules), like aldehydes and ketones [22]. In 

addition, PTR-MS cannot detect small chain alkenes (C2-C6) owing to the proton affinity 

of these compounds being lower than the proton affinity of water. CF3
+, which does not 

react via protonation, has the potential to be an alternative precursor in CIR-TOF-MS. 

CF3
+ can be used detects the presence of small alkanes (C2-C6) and various VOCs in the 

exhaled breath of smoker and non-smoker subjects, (Chapters 3, 4, and 5) [21, 23]. 
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As a consequence, CF3
+ with H3O

+  together as dual precursors have the potential to give 

a clearer picture of the participating VOCs. Figures 6.6 and 6.7 show results obtained for 

VOCs in the urine headspace of smoker and non-smoker subjects, respectively. The upper 

charts represent the results of urine headspaces measured using CF3
+ as the reagent in 

CIR-TOF-MS. The lower charts show the results from urine headspace samples as 

measured by PTR-TOF-MS. 
 

Figure 6. 6: Compounds in smoker urine headspace as a result of the use of CF3
+ (above 

chart) and H3O+ (lower chart) as reagents in CIR-MS. The H3O+ spectra are relatively 

sparse due to the high proton affinity of large amounts of ammonia in the sample 

which suppress the protonation of many of the other VOCs in the sample. Background 

spectrum has been subtracted.  

As seen in Figures 6.6 and 6.7, the PTR-TOF-MS results show fewer peaks except certain 

VOCs such as tentative ammonia, acetonitrile and acetone. As a consequence, we will 

focus only on the results of examining urine headspaces with CF3
+ as the reagent in CIR-

MS. 
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Figure 6. 7: VOCs observed in non-smoker urine headspace using CF3
+ (upper) and 

H3O+ (lower) as reagents. Background spectrum has been subtracted.  

6.4.2 m/z = 29 

The reaction of the CF3
+ with the urine headspace produced a predominant signal at m/z 

29. Pentanone and ethanol produce fragments of C2H5
+ with relative abundances of 3 and 

56 %, respectively [23]. Blake et al. [21], demonstrated that ethane produces the C2H5
+ 

fragment with a relative abundance of 94%. It seems that 29 amu stems partially from 

ethane along with a contribution of COH+ as noted in Chapter 5. The contribution of 

dehydrated ethanol (m/z 29) was weak as yield at m/z = 47 of which it is a minor fragment 

did not itself contribute. 

6.4.3 m/z = 57 

The small peak detected at m/z 57 in the urine headspace samples could belong to 

hydrocarbons such as butane, or fragments of octane and heptane. CF3
+ reacts with these 

three species to produce its most significant signal at m/z = 57. The relative abundance 

of this fragment in butane and heptane is above 95%, while 57 amu represents 50% octane 

[21, 23]. VOCs are well established as biomarkers for many disorders in the human body. 

Perbellini et al.[24], identified n-heptane metabolites in the urine of rats using GC-MS. 

The author found that heptane converts to alcohols and ketones [24, 25]. 
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6.4.4 m/z = 61 

A significant signal intensity was observed at m/z 61 which could belong to aldehydes 

and ketones. CF3
+ as the reagent in CIR-MS reacts with propanal, acetone, ethyl acetate, 

hexanone, DMS and propanol to produce peaks at 61 amu with relative abundances of 

58, 23, 20, 14, 8 and 4%, respectively [23]. Juzheng et al. [4], found that there was a 

significant difference in concentration of some VOCs such as acetone in urine headspace 

samples in cancer groups compared with healthy groups of individuals. Other compounds 

such as propanol exhibited no significant differences between the two groups. Another 

study showed that acetone concentrations in urine headspaces were found to be increased 

by up to 12-fold during the time of ovulation compared with healthy female subjects [26]. 

m/z = 61 cannot be used as marker of a specific compound, but can be used as sign for 

carbonyl group from compounds such as propanal and acetone. 

6.4.5 m/z = 71 

The small peak at m/z 71 was noticed in the mass spectra of urine headspaces, which may 

belong to pentane or octane. Pentane and octane react with CF3
+ as a precursor in CIR-

MS to produce their main fragment at 71 amu with relative abundances of 74.3 and 39.7 

%, respectively [21, 23].  

6.4.6 m/z = 75 

The peak at m/z 75 is likely to belong to 2-butanone. CF3
+ as a reagent in CIR-TOF-MS 

reacts with 2-butanone to produce its predominant signal at 75 amu with a relative 

abundance of 45%. 2-butanone is one of the compounds found in urine headspace in 

relatively high abundance, usually more than 10 ppbV [27]. Anton et al. [2], used a 

headspace sampler, a programmed temperature vaporizer in a solvent-vent injection 

mode, and a mass spectrometer (HS-PTV-MS) to detect VOCs in the urine headspace of 

lung cancer patients. The authors found that 2-butanone and 2-ethyl-1-hexanol provided 

good discrimination between individuals suffering from lung cancer and healthy control 

samples. Smith et al. [28], conducted a study on urine headspace using GC-MS to find 

the effect of pH change on VOCs. They concluded that 2-butanone was one of five 

compounds that was ubiquitous, irrespective of pH [28, 29]. Mochalski et al. [25], 

conducted a study to find potential biomarkers in human urine that could be utilized as 

chemical markers in some events such as human presence in collapsed buildings during 

natural and man-made disasters. The authors found the emission of 2-butanone to be 
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increased four-fold. In the present work the yield of this biomarker was the second lowest 

of those considered but is included because of its importance. The yields do not show 

much difference in the range of yields of the smokers or non-smokers. 

6.4.7 m/z = 110 

The significant peak at m/z 110 resulted from the reaction of CF3
+ with the sample and 

most likely arises from acetonitrile. CF3
+ reacts with acetonitrile to produce its principal 

fragment at 110 amu with a relative abundance 98.7% [23]. Emission of VOCs from urine 

headspace samples are not constant and have concentration profiles that vary with time. 

Acetonitrile is a VOC that has a long wash-out time [27]. Abbott et al.[30], conducted an 

experiment to detect and quantify acetonitrile in urinary headspace and exhaled breath, 

the results of which showed that the concentration of acetonitrile in urine headspace was 

in the range of 0-150 µg/L [30]. Other studies have showed that the mean concentration 

of acetonitrile in urine headspace of non-smokers was 3.74 ppbV. This concentration was 

found to increase with the number of cigarettes smoked daily, with the highest mean 

concentration reaching up to 28.04 ppbV [31].    

6.4.8 m/z = 127 

A significant signal at 127 amu produced from the reaction of CF3
+ with the sample may 

have been related to acetone or benzene, or other benzene derivatives. Blake et al. [23], 

found m/z 127 could result from the reaction with acetone and benzene with relative 

abundances of 63.9 and 87.7%, respectively. Ghittori et al. [32], conducted an experiment 

to measure the concentration of benzene in urine headspace in smokers, non-smokers and 

workers (smoker and non-smoker) exposed to benzene in chemical plants. The results 

showed that the mean concentrations were 790 and 131 ng/L for smokers and non-

smokers who are not exposed to benzene respectively. The mean concentrations for a 

smoker and non-smoker exposed to benzene were 2576 and 1259 ng/L respectively. In 

both cases (exposed and non-exposed), smokers still have higher concentration of 

benzene. Another study showed that the concentrations of benzene in the urine headspace 

of non-smokers, light smokers and heavy smokers were 123, 347 and 441 ng/L, 

respectively [33]. 

6.4.9 m/z = 131 

The small signal detected at 131 amu be attributed to dimethyl sulphide (DMS). CF3
+ 

reacts with DMS to form the main reaction fragment at 131 amu with a relative abundance 
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69.4% [23]. Urine headspace contains many VOCs. The most represented classes of 

compound within such are ketones, aldehydes and sulphur-containing compounds such 

as dimethyl sulphide (DMS) [25].  

6.4.10 m/z = 141  

The small peak recorded at 141 amu may belong to toluene. CF3
+ reacts with toluene in 

CIR-MS and produces its main fragment at m/z 141 with a relative abundance of 78.2% 

[23]. VOCs may be used as biomarkers for many diseases and disorders. Research has 

shown that toluene remains stable and does not fulfil this assumed criterion [25, 34, 35]. 

Fustinoni et al. [33], showed that the concentrations of toluene in the urine headspace of 

non-smokers, light smokers and heavy smokers were 215, 265 and 336 ng/L, respectively. 

6.5 Statistical investigation  

The analysis of urine headspace via CIR-TOF-MS using a CF3
+ reagent provided an 

extensive dataset of the many VOCs present in the urine headspace. Multivariate analysis 

is a useful technique to examine the role of variables in complex datasets [36]. In total, 

31 urine headspace samples (11 smokers and 20 non-smokers) and 42 variables (m/z 

values) were analysed and used as input for principal component analysis (PCA), 

agglomerative hierarchical clustering analysis (AHC), and partial least squares 

discriminant analysis (PLS-DA) using XL STAT [37]. The masses of precursors (CF3
+, 

H3O
+), clusters and unidentified masses were manually removed beforehand. Ideally two-

dimensional PCA would be sufficient to differentiate between smokers and non-smokers. 

As can be seen in Figure 6.8, if data are represented on only one axis, the variability may 

still be significant (46.68%), whilst two axes represents 59.06% of the initial variability 

of the data. 

Cluster analysis was used to extract the similarities and dissimilarities between the VOCs 

in the urine headspaces (Figure 6.9). In the dendrogram which resulted, two main 

groupings resulted identified as coming from smokers or non-smokers. Extraneous 

factors such as the food or drink consumed before taking a urine sample, could also affect 

the results. Generally, most samples from smokers were grouped on the left. The second 

group (on the right) mainly included samples from non-smokers. Each group contains 

two subgroups which in turn had further sub-groupings. The distinction between these 

groups could not be clearly determined probably due to the small number of samples 

available (see Figure 6.9). 
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Figure 6. 8: Principal component analysis of the urine headspace of smoking and non-

smoking volunteers (samples ending with S and N represent smokers and non-

smokers, respectively). 

 

 

Figure 6. 9: Agglomerative hierarchical clustering (AHC). Clusters form using each 

observation, starting with small, similar groups leading ultimately to larger groups. In 

this method, it is possible to identify similar groups from a larger collection of groups.  
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Better discrimination between the urine headspace samples of smokers and non-smokers 

was observed using PLS-DA. The specificity and the sensitivity of the values in the model 

are demonstrated by the receiver operating characteristic curve (ROC). The probability 

of a negative result is represented by the specificity, while that of a positive value can be 

represented by the sensitivity. A plot of sensitivity against the reciprocal of specificity 

creates the ROC curve (Figure 6.10). The area under this curve also called the c statistic 

which ranges from 0.5 (minimum meaning no discrimination detected) to 1 (maximum 

discrimination observed) [38]. 

  

 

Figure 6. 10: Receiver operating characteristics curve (ROC) has a significant outcome 

value of 0.813, meaning the PLS-DA model’s performance is good. This shows that 

PLS-DA is capable of distinguishing between the two groups of urine headspace 

samples. 

PLS-DA (Figure 6.11) shows how it is possible to distinguish between the urine 

headspace samples of smokers and non-smokers when the value of the ROC is 0.813. 

Further examination of Figure 6.10, shows some separation between the urine headspaces 

of smokers and non-smokers. The smokers’ area is located in the middle and the bottom 

of the left side of the graph, while the non-smoking subjects are located in middle, upper 

left side and lower right side of the graph. The non-smokers’ area is wider than that of the 

smokers. There is also a degree of overlap between the two groups, which is located 
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around the middle of the left side, which means that some VOC profiles are common to 

the two groups. The separation between the two groups is not as distinct in the urine 

headspace data as it is in the breath data (Chapter 5). There are several reasons why this 

should be so. Firstly, not all the expected VOCs produced from smoking could be transfer 

from the lungs to the urine. Secondly the overlap could be due to the variety of food or 

drink consumed by certain subjects prior to testing. Thirdly, the number of samples might 

not be sufficient to allow for good separation in the model, and finally, it was difficult to 

find a sufficient number of volunteers to collect more samples. 

 

Figure 6. 11: PLS-DA shows that some separation that exists between the two groups 

of urine headspace samples (smokers and non-smokers). The coloured symbols on the 

plot are the areas that the model believes belong to each group. The green and blue 

symbols represent the smoker and non-smoker areas, respectively, in the model. 

Figure 6.12 shows the prominent variables (masses) located in the bottom of the left side 

(negative area) could influence the distinction between the two groups of urine headspace 

data in PLS-DA. It seems that masses such as 59, 110, 127, 57, 56, 75, 136 and 141 amu 

are prominent candidate VOCs able to influence the separation between the two groups. 

The VOC at m/z = 110, is formed from acetonitrile, a well-known marker for smokers. 

The interesting thing is that mass 59, which may belong to protonated acetone and is thus 

a byproduct of a reaction with a hydronium contamination. It has a strong affect on the 

model in terms of distinguishing between the two groups.  
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Figure 6. 12: PLS-DA shows the important variables (masses) that allow for the 

distinction to be made between the two groups of urine headspace data (smokers and 

non-smokers). 

The negative area in Figure 6.12 shows masses that separate between smokers and non-

smokers, which is demonstrated more clearly in Figure 6.13. From this Figure can be seen 

that masses 59 amu and 110 amu, which may belong to acetone and acetonitrile, have the 

strongest effect on the separation of smokers and non-smokers. m/z 56, m/z 57 (alkane 

C4, C8, and C9 fragments), m/z 75 (butanone tentative assignment) and m/z 127 (benzene 

tentative assignment) have a more moderate effect on the separation between two groups. 

While m/z 136 (pyrrole tentative assignment), m/z 141 (toluene tentative assignment) and 

m/z 173 (styrene tentative assignment) have the lowest effect on the separation between 

the groups; results are shown in Table 6.3. 
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Figure 6. 13: PLS-DA coefficients for discrimination between smokers and non-

smokers 

Table 6. 3: Masses and compounds that distinguish between smokers and non-

smokers. 

tentative 

assignment 

mass structure tentative 

assignment 

mass structure 

acetone 59 CH3COHCH3
+ butanone 75 CH3CH2CFCH3

+ 

acetonitrile 110 CH3CNH.CF3
+ pyrrole 136 C4H4NH.CF3

+ 

benzene 127 C6H5.CF2
+ toluene 141 C7H7.CF2

+ 

 56 C4H8
+ styrene 173 C6H5CHCH2.CF3

+ 

 57 C4H9
+ - - - 
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6.6 Summary  

The ability of CF3
+ to act as a reagent in chemical ionization time-of-flight mass 

spectrometry (CIR-TOF-MS) has been tested to detect VOCs in the urine headspace of 

smokers and non-smokers. CF3
+ reacts with several VOCs in urine headspace samples 

but the differentiation of the yields between smokers and non-smokers are not as apparent 

as in the tests on the breath emissions. 

The CF3
+ data showed several fragments that belong to compounds produced by the 

reaction of CF3
+ with the analytes. Some protonated parent ions were also detected in the 

same spectra such as m/z 59, tentatively assigned to acetone. These peaks were produced 

by the reaction of H3O
+ (as humidity and in competition with CF3

+ in CI-TOF-MS) with 

the analytes. 

Some signals are more likely related to, or be detected from, one analyte (compound) 

such as at m/z = 75, 110, 131 and 141, which may belong to butanone, acetonitrile, 

dimethyl sulphide and toluene, respectively. Some peaks could arise due to contributions 

from more than one analyte (compound), such as m/z 29 which may be assigned to either 

ethane, ethanol or CHO+. The signal at m/z 43 may belong to C3H7
+ and is considered a 

common fragment for many compounds. The signal at 57 amu could represent butane, 

heptane or octane, while the fragment at 61 amu could belong to ketone or aldehyde 

groups. The fragment at 71 amu may arise from pentane or octane. 

Some analytes prefer to react with H3O
+, which is in competition with CF3

+, to produce a 

protonated parent ion such as acetone at 59 amu. 

PTR-TOF-MS data showed only a few signals such as 18, 42 and 59 amu which may 

belong to ammonia, acetonitrile and acetone, respectively. It seems that the reason for 

detecting only a few signals when using H3O
+ as a reagent in CIR-MS is that the 

concentration of ammonia is relatively high in urine samples. The ammonia competes 

with the analytes to react with H3O
+, and as a result the ion count of this reagent will be 

significantly reduced. 

Generally, using more than one precursor is helpful in the detection of VOCs in real time 

and from the same sample, which could react with one or both chemical reagents, CF3
+ 

and H3O
+. 
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Chapter Seven: Summary and Conclusion  

7.1 Introduction  

The ability to measure volatile organic compounds (VOCs) is useful in many areas of 

study, including atmospheric chemistry, food science, homeland security and medical 

diagnosis [1]. Several techniques can be used to detect a number of VOCs, including gas 

chromatography-mass spectrometry (GC-MS), selected ion flow tube mass spectrometry 

(SIFT-MS) and chemical ionization reaction mass spectrometry (CIR-MS). CIR-MS is a 

soft ionization technique which offers good sensitivity and can be low cost, compact and 

have excellent mass resolution. H3O
+ as a reagent in CIR-MS is widely used in a range 

of applications, but other precursors, such as O2
+ and NH4

+, have also been used 

successfully [2]. In this thesis, CF3
+ was demonstrated to be a novel reagent in CIR-MS 

when applied to the quantification of several VOC classes which are difficult to detect 

using conventional reagents.  

Chapter One detailed some of the common reagent ions used in chemical ionization mass 

spectrometry techniques; namely H3O
+, O2

+, NO+, NH4
+ and CF3

+. The reaction of H3O
+ 

with different organic compounds with various functional groups (including aldehydes, 

ketones, alcohols, carboxylic acids, and N- and O-containing heterocyclic compounds) in 

mass spectrometric techniques such as SIFT-MS and CIR-MS was explored in some 

detail. Proton transfer reaction mass spectrometry (PTR-MS) applications in 

environmental measurements and medical science were explored with examples. In a 

similar manner, the reactions of O2
+, NO+ and NH4

+ with different VOCs were explained, 

and the fragmentation pattern produced with these precursors demonstrated. 

Historically, the first exploration of the reactions of CF3
+ with different compounds were 

performed on a compact Fourier transform-ion cyclotron resonance (FT-ICR) 

spectrometer. The action of this reagent in FT-ICR was explored and the mechanism and 

the fragmentation pattern of a number of VOCs showed that CF3
+ reacts with alkanes C2-

C2 via hydride transfer. In addition, CF3
+ reacts as an electrophilic reagent with variety 

of VOCs such as carbonyl compounds causing cleavage of their C-O bond owing to 

migration of the fluorine atom. 

Chapter Two put the fundamentals of GC-MS and CIR-MS into context, explaining why 

these techniques are useful tools for establishing the qualitative and quantitative 

composition of gaseous mixtures. The main components of CIR-MS, namely the ion 
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source, drift tube, mass spectrometry and ion detectors, were described. Aspects of CIR-

MS such as calibration techniques, effect of humidity, accuracy, precision and detection 

limits were also briefly discussed.  

7.2 CF3
+ as a new reagent in CIR-MS for the detection of small chain 

alkanes 

In Chapter Three, it was demonstrated that CF3
+ was a novel reagent in CIR-MS useful 

for the detection of lighter n-alkanes (C2-C6), which are impossible to detect using the 

most widely used chemical reagent, H3O
+ owing to their low proton affinities. Another 

chemical ionization reagent examined was O2
+ which produced extensive fragmentation 

with n-alkanes. CF3
+ on the other hand was found to react with these alkanes with almost 

no fragmentation. The results also showed that the sensitivity to small chain n-alkanes 

with CF3
+ was better than that of O2

+. The alkane results showed that CF3
+ could be used 

for measurements of alkanes in real-life samples such as exhaled breath and polluted air. 

7.3 CF3
+ as a reagent in CIR-MS for the detection of a wide range of 

VOCs 

In Chapter Four, the ability of CF3
+ to react with a wide range of VOC functionality in 

CIR-MS was examined. The VOCs in this instance were represented by organic groups 

such as alcohols, ketones, aldehydes, aromatics and n-heterocyclic compounds. These 

VOCs were selected based on the suspected likelihood of their occurrence in exhaled 

human breath, urine headspace and the environment. The results showed that CF3
+ is good 

reagent to detect several aromatic and nitrile compounds, particularly those that are 

electron-rich and act as Lewis acids. The reaction of CF3
+ with ketones and aldehydes 

mainly produced ROCOR.CF3
+, ROC.CF3

+ or RCO+ although those with longer alkyl 

chains preferred to shed fragments of the chain in preference. Nitriles and DMS preferred 

to produce RCF3
+. Generally, alcohols exhibited little reactivity with CF3

+: no reaction 

with methanol was observed, though other alcohols, where they showed signs of reacting, 

resulted in alkyl fragments being produced. Alkenes produced molecular ions with some 

fragmentation. 
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7.4 CF3
+ as a reagent in CIR-MS for detection of VOCs in exhaled 

breath 

In Chapter Five, the ability of CF3
+ to act as a chemical reagent in CIR-MS to detect 

VOCs in the exhaled breath of smoking and non-smoking volunteers was examined. In 

this work, different designs were used to collect breath samples in Tedlar bags. For 

comparison, PTR-TOF-MS was also used to measure the VOCs in breath samples, so that 

the contributions of interference by PTR products in the CF3
+ reactions could be 

estimated.  

The CF3
+ spectra showed fragments originating from one parent analyte (compound) such 

m/z = 110 (acetonitrile), while other fragments such as that at m/z = 29 could contain 

contributions from several sources (ethane, ethanol and CHO+). Some fragments 

produced a protonated parent ion such as m/z 59 (acetone) and m/z 61 from CF3
+ where 

an oxygen atom is replaced by a fluorine atom. Using both reagents, CF3
+ and H3O

+, in 

CIR-MS is useful for the measurement of VOCs in real-life samples. 

Multivariate analysis such as principal component analysis (PCA), agglomerative 

hierarchical clustering analysis (AHC) and partial least-squares discriminant analysis 

(PLS-DA) of the results were carried out and found to represent excellent tools for 

distinguishing between the breath data obtained from smokers and non-smokers. 

7.5 CF3
+ as a reagent in CIR-MS for detection of VOCs in urine 

headspace 

In Chapter 6, several VOCs in the urine headspace of smokers and non-smokers were 

detected using CF3
+ as a reagent in CIR-MS. Samples were collected in sterile plastic 

containers, which were then transferred to a head-spacing vessel. N2 gas was used as 

carrier gas and measured with CIR-MS using CF3
+ as the reagent. For comparative 

purposes, samples were also examined using H3O
+ as a precursor in CIR-MS.  

Generally, CF3
+ spectra showed three types of signals: the first type represents the signals 

which are most likely related formed from one analyte for example m/z 110, for 

acetonitrile. In the second type, the signal could be produced as a fragment from more 

than one analyte, such as m/z 57 which could represent butane, heptane or octane 

fragments. In the third type, some analytes preferred to react with the H3O
+, producing a 

protonated parent ion such as at m/z 59 which could belong to acetone.  
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Unfortunately, only a few signals were detected using PTR-MS such as m/z 18, 42 and 

59 tentatively assigned to ammonia, acetonitrile and acetone, respectively. One reason 

behind the low detection could be the high concentration of ammonia, which would 

compete with other analytes and significantly reduce the fragment ion counts. This could 

lead to low sensitivity of most analytes. 

CF3
+ and H3O

+ as reagents in CIR-MS could produce a clear picture when detecting 

VOCs in real-life samples although the distinction between smokers and non-smokers 

was not as marked as was found in the breath analysis experiments. 

Multivariate analyses such as PCA, AHC and PLS-DA were applied to find the variations, 

if present, between smokers and non-smokers. Only some distinctions between smokers 

and non-smokers could be determined. It could be that some of VOCs related to cigarette 

smoke were not present at detectable levels. Another reason could be that the amount of 

data collected were not sufficient to allow for reasonable discrimination between smokers 

and non-smokers. 

7.6 Further work 

CF3
+ as a reagent in CIR-MS is an excellent tool for the detection of VOCs in fields such 

as exhaled breath and urine headspace analysis. CF3
+ and H3O

+ as reagents in CIR-MS 

seem to be complementary to each other in the identification of several VOCs.  

Further work will be needed to test the ability of CF3
+ as a reagent in CIR-MS to identify 

methane, other alkanes, and other organic species such as aldehydes, ketones, carboxylic 

acids and heterocyclic compounds. As a result, a relatively large library of spectra could 

be created to help in the interpretation of data obtained from real-life samples. 

Owing to the success of this research in the application of CF3
+ in CIR-MS to identify 

several VOCs present in the exhaled breath and urine headspace of smokers and non-

smokers, it might be useful to conduct further work using CF3
+ as precursor in CIR-MS 

to determine the VOCs in patients caused by diseases such as asthma and/or cancer.  

Many organisms such as Clostridium difficile bacteria release many VOCs such as 

dimethyl sulfide and N-containing compounds. This type of bacteria is responsible for 

around 500,000 infections caused every year and the treatment and management of C. 

difficile infection is considered to be a major economic issue. In the UK, For example, 

treatment of a single Clostridium difficile infection case costs approximately £7,000[3]. 
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CF3
+ as reagent in CIR-MS could be a good method to investigate the behaviour of VOCs 

release from bacterial metabolism and the effect of treatment with different phages on the 

bacteria. 

CF3
+ as precursor in CIR-MS allows numerous VOCs from natural and man-made 

sources to be identified and quantified at high resolution and sensitivity.  
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