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Abstrakt:  

Tato práce popisuje vývoj nové techniky hmotnostní spektrometrie v proudově-
driftové trubice s vybranými ionty, SIFDT-MS, pro on-line kvantifikaci těkavých 
organických sloučenin, VOC, založené na ion-molekulových reakcí v plynné fázi. 
SIFDT-MS představuje novou generaci úspěšně používané analytické metody 
hmotnostní spektrometrie v proudové trubici s vybranými ionty, SIFT-MS. Hlavní 
rozšíření SIFDT-MS spočívá v aplikaci homogenního elektrického pole E podél 
průtokové trubice, která se tak stává proudově-driftovou trubicí, kde mohou být 
iontové procesy řízeny intenzitou pole E. Nově zavedená Hadamardova modulace 
pomocí hradloví čočky před proudově-driftovou trubicí umožňuje přímé měření 
rezidenčního času iontů a odpovídajících dob ion-molekulových reakcí, které je 
nezbytné pro přesné výpočty koncentrací za proměnlivých podmínek. Podrobná 
experimentální studie těchto procesů byla provedena a výsledky posloužily jako 
základ analytické metody. Známý problém SIFT-MS, překryv izobarických iontů na 
hmotnostních spektrech izobarických směsí, byl řešen pomocí maticové 
pseudoinverze. Na závěr dva přístupy pomocí data-minig metod byly úspěšně 
testovány na datech získaných v SIFT-MS pomocí fragmentace iontů sedmi 
monoterpenových izomerů. 
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I. Introduction 
 
 

Summary 

 

This thesis describes the ion processes occurring in a newly developed technique, 

the selected ion flow-drift tube mass spectrometry, SIFDT-MS, and outlines its 

analytical application. SIFDT-MS represents the next generation of gas phase 

analytical instruments and is an extension of the successful selected ion flow tube mass 

spectrometry, SIFT-MS, analytical method. SIFDT-MS is designed to achieve the 

detection and quantification in real time of volatile organic compounds, VOCs, in 

ambient air, human exhaled breath and headspace of biogenic liquids such as urine and 

serum.  

A substantial part of results presented in this thesis was published in three papers 

(Spesyvyi et al. 2015; Spesyvyi and Španěl 2015a; Spesyvyi and Španěl 2015b), two 

of them in impacted journals: Attachment 1: “Determination of residence times of ions 

in a resistive glass selected ion flow-drift tube using the Hadamard transformation” in 

Rapid Communications in Mass Spectrometry and Attachment 3: “Selected Ion Flow-

Drift Tube Mass Spectrometry: Quantification of Volatile Compounds in Air and 

Breath” in Analytical Chemistry. The paper in Attachment 2 ”Flow Drift Tube Study 

of Gas Phase Formation of Hydrated Hydronium” was published in peer reviewed  

WDS'15 Proceedings of Contributed Papers. 

The “Introduction” chapter outlines the motivation for the work, lists the areas 

of application of the recently developed chemical ionization analytical techniques and 

briefly reviews the history of the flow/drift tube instruments. Special attention is given 

to selected ion flow tube mass spectrometry, SIFT-MS, and proton-transfer-reaction 

mass spectrometry, PTR-MS, techniques, which are the most successful methods for 

real time trace gas analyses and which are underpinned by similar ion physics and 

chemistry as our SIFDT-MS technique. 

The construction of the SIFDT-MS apparatus, which is an essential part of the 

experimental work on this PhD project is described in the Chapter II of this thesis. 

Details of the vacuum system, the microwave plasma ion source, the novel resistive 

glass flow-drift tube, the data acquisition and control system and the principles of the 
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Hadamard modulation for the ion residence time measurements are discussed in this 

chapter and relevant schematics and drawings are shown. 

Chapter III covers the conceptual and theoretical aspects of ion transport through 

gases and the ion-molecule reactions occurring in the buffer gas of the SIFDT-MS 

flow-drift tube in which a relatively weak uniform axial electric field is embedded. 

These theoretical ideas and concepts are then applied to the experimental data chosen 

to characterize optimal operation conditions of the SIFDT-MS and to obtain the 

necessary insights into the physical and ion chemical processes taking place during 

trace gas analysis by soft chemical ionization by selected reagent ions in the flow-drift 

tube reactor. In particular, the experimentally obtained ion residence times, the related 

ion mobilities, diffusion losses to the walls of the flow-drift tube, the ion-molecule 

reaction rate coefficients are discussed. A newly developed kinetic model of the 

system of ion-molecule reactions occurring in the flow-drift tube reactor is presented 

and used to interpret the kinetics data obtained. 

Chapter IV describes the important aspects of the applications of SIFDT-MS to 

the quantification of some VOCs of practical importance that in the analysis of air and 

breath containing acetone, 2-butanone, ethanol and isoprene in the presence of water 

vapour.  

Analyses of mixtures of isomers involving overlapping analyte ions are 

discussed in Chapter V using monoterpenes and acetone/propanal mixtures as 

examples. The pseudoinverse matrix method for the approximate solution of equations 

needed to resolve product ion overlap is introduced and its value is demonstrated using 

these examples. A new experimental feature, in-tube collision induced dissociation, 

CID, is introduced that helps to distinguish mass spectra of isobaric compounds. This 

is a valuable extension to the SIFDT-MS analytical method. Its use is exemplified by 

the quantification of individual monoterpene isomers in a mixture using differences in 

CID fragmentation patterns. Also mentioned is exploratory research into data mining 

methods (partial least square regression and artificial neural network) for identification 

of unknown monoterpene isomers on the basis of their fragmentation patterns resulting 

from the individual dissociative charge transfer reactions with NO+ reagent ions in 

field free SIFT-MS flow tube. The last chapter of the thesis is dedicated to conclusions 

and suggestions for further work.  
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I. Introduction 

 

I.1 The aims and rationale of the work 

This thesis is concerned with research into the fundamental ion physics and 

chemistry involved in conceiving and realising a new analytical method, selected ion 

flow-drift tube mass spectrometry, SIFDT-MS, for trace gas analysis. A specific 

objective is to achieve concentration measurements of permanent gases and the 

vapours of volatile compounds based on ion-molecule reactions in a flow-drift tube 

reactor. In order to reach this objective it is important to understand the processes 

responsible for ion transport in carrier gases. SIFDT-MS represents the next generation 

of the well-established and successful selected ion flow tube mass spectrometry, SIFT-

MS, analytical technique. A major motivation for this research came from the need to 

overcome current difficulties in distinguishing isobaric compounds by SIFT-MS. 

During the present work, attention was also paid to optimisation of operational 

parameters that could lead to reduction of instrument size and the reduction in flow 

rates of expensive helium carrier gas and of the sampled air. It is envisaged that these 

advancements will be ultimately realised by adoption of SIFDT-MS as a valuable 

addition to the armoury of analytical techniques used in biological, clinical and 

environmental areas.  

 

I.2 Areas of application of trace gas analysis 

Real time monitoring of trace volatile organic compound, VOC, concentrations 

is needed in several different fields of science and industry. The approaches used for 

the on-line VOC concentration quantification can be divided according to the physical 

principles they use: mass spectrometry, MS, including various forms of chemical 

ionisation, ion mobility mass spectrometry, IMS, optical spectroscopy including 

absorption spectroscopy or light scattering. Two MS techniques have been developed 

specifically for this purpose: SIFT-MS and proton transfer reaction mass spectrometry, 

PTR-MS. In these techniques the concentrations of VOCs are calculated from the 

known rate coefficients for the ion-molecule reactions between chosen reagent ions 

and neutral analyte molecules in the flow tube (SIFT-MS) or the flow/drift tube (PTR-

MS) of the reactors in the presence of helium or air carrier gas, and the measured 

reagent and product ion intensities as determined by an analytical mass spectrometer 
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at the downstream end of the reactors. An advantage of these approaches is that routine 

calibration by internal or external standards is generally not needed in contrast to more 

traditional MS methods (atmospheric-pressure chemical ionization mass spectrometry, 

APCI-MS, extractive electrospray ionisation mass spectrometry, EESI-MS). 

The areas of application of trace gas analysis are well demonstrated by examples 

of SIFT-MS analyses in several areas ranging from biology and medicine to 

environmental science and safety monitoring. As a real time technique, SIFT-MS 

allows direct breath analysis that has been used, for example, to study the influence of 

diet on breath VOCs (Ajibola et al. 2013; Smith et al. 1999; Španěl et al. 2000; Španěl 

et al. 2011), ethanol metabolism (Smith et al. 2010a; Smith et al. 2002b; Španěl et al. 

2005), oral microflora (Smith et al. 2013a; Španěl et al. 2006b), odorous breath 

compounds (Pysanenko et al. 2008), Antabuse ingestion (Bloor et al. 2006) and 

influence of physical exercise on breath trace gases (Senthilmohan et al. 2000; Smith, 

Chippendale, Dryahina and Španěl 2013a). SIFT-MS has also been used to analyse 

headspace of liquids, for example human urine for biomedical purposes, which are 

well exemplified by studies of ketones (Pysanenko et al. 2009; Wang et al. 2008) and 

of volatile biomarkers of ovulation in urine headspace (Diskin et al. 2003; Smith et al. 

2006). SIFT-MS has been used even to analyse VOCs emitted from skin (Turner et al. 

2008). 

A promising application of SIFT-MS is for the detection of volatile biomarkers 

due to infection and metabolic disease, for example respiratory 

infection/inflammations and even cancers. To establish disease biomarkers, it is 

important to involve a statistically significant number of patients and to compare the 

results with a control group of healthy people. The statistical comparison of these data 

sets results in identification of compounds that should be systematically investigated 

with respect to individual physiology and disease pathology. Outcomes of such studies 

are most often represented by identification of certain compounds or their 

combinations as diagnostic biomarkers of the investigated disease. Such an approach 

was used to discover breath biomarkers for Pseudomonas Aeruginosa bacterial 

infection that complicates cystic fibrosis (Enderby et al. 2009; Gilchrist et al. 2013; 

Gilchrist et al. 2012a; Gilchrist et al. 2012b; Smith et al. 2013c), kidney dysfunction 

(Davies et al. 1997; Davies et al. 2001; Španěl et al. 1998; Španěl et al. 1999), cancer 

diagnostic (Smith et al. 2010b; Španěl and Smith 2008), diabetes (Smith et al. 2011b; 
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Storer et al. 2011; Turner et al. 2009) and bowel diseases (Dryahina et al. 2013). Other 

than breath analysis, SIFT-MS has been used in biomedical research to quantify 

volatile emissions from bacterial cultures (Carroll et al. 2005; Shestivska et al. 2012) 

and cancer cell lines (Smith et al. 2003a; Sule-Suso et al. 2009). 

The SIFT-MS technique has been also used extensively in food science. It was 

used, for example, to quantify the aroma compounds from the meat fermentation 

(Olivares et al. 2010), in oil quality monitoring (Davis and McEwan 2007; Davis et al. 

2005), for food flavour analysis (Agila and Barringer 2012a; Agila and Barringer 

2012b; Agila and Barringer 2013; Bowman and Barringer 2012; Huang et al. 2011; 

Huang and Barringer 2011; Langford et al. 2012; Olivares, Dryahina, Navarro, Flores, 

Smith and Španěl 2010; Xu and Barringer 2009) and to detect volatile compounds 

emitted by fruits and vegetables (Mosneaguta et al. 2012; Ozcan and Barringer 2011; 

Sumonsiri and A Barringer 2013; Ties and Barringer 2012; Wampler and Barringer 

2012; Xu and Barringer 2010).  

The capability of SIFT-MS to perform real time quantification of VOCs makes 

it suitable for environmental and safety monitoring. Commercial SIFT-MS 

instruments by Syft Technologies Ltd, New Zealand, have been adopted for particular 

analytical tasks and widely used to monitor cargo containers (Baur et al. 2006). SIFT-

MS was also used to monitor exhaust gases (Smith et al. 2002a; Smith et al. 2004), 

VOCs in tobacco and cannabis smoke (Bloor et al. 2008; Kushch et al. 2008; Smith 

and Španěl 1996), atmospheric pollutants (Francis et al. 2009; Hastie et al. 2010; Hurst 

et al. 2005; Langford et al. 2013; Prince et al. 2010; Smith et al. 2000; Sovová et al. 

2008) and to detect the markers of explosives and fumes of explosions (Civiš et al. 

2011; Sovová et al. 2010; Wilson et al. 2006). 

 

I.3 Overview of the flow/drift tube techniques and instruments for the ion 

chemistry studies 

Both SIFT-MS and PTR-MS have evolved from the techniques designed to 

study gas phase ion chemistry, particularly ion-molecule reactions and their rate 

coefficients under thermalized and non-thermalized conditions. The method to derive 

a reaction rate coefficient is very simple in principle. It is derived from the slope of the 

logarithmic primary ion decay curve as the reactant neutral gas flow rate is increased 
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in the flow (or drift) tube for a fixed flow/carrier gas pressure, using the downstream 

mass spectrometer to monitor the reagent ion count rate or current. 

In the first versions of the flow tube, the flowing afterglow, FA (see Figure I.1) 

developed by Ferguson et al. (1969a), reactant ions were generated by an electrical 

discharge through the carrier gas/ parent gas mixture, thus producing an afterglow 

plasma consisting of electrons, metastable atoms, positive (or negative) ions along the 

length of the flow tube. The reactant gas was then introduced into the afterglow plasma 

at a controlled flow rate.  

 

 

Figure I.1 – Schematic view of the early flowing-afterglow mass spectrometer. 
Represented from (Ferguson et al. 1969b). 

 

The development of the SIFT apparatus by Adams and Smith (1976) allowed the 

creation of reactant ions of interest in an ion source separated from the flow tube by a 

quadrupole mass filter (see Figure I.2). The reactant ions were selected and injected 

into the helium carrier gas via a Venturi inlet. This method was a significant step 

forward in ion-molecule reactions studies as it allowed the introduction of a wide 

variety of selected ions into the flow tube without the interfering charged, neutral and 

metastable species (Bohme 2000). To create ions of interest a great variety of different 

ion sources were used: low-pressure electron-impact ionization, chemical ionisation 

with electron-emission filaments, microwave and DC discharges, flowing afterglow, 

electron impact on metallic vapours, supersonic expansion for cluster-ion production 

and inductively coupled plasmas. 
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Figure I.2 – Schematic diagram of the selected ion flow tube apparatus, SIFT, 
developed by N.G. Adams and D. Smith. Represented from (Adams and Smith 1976). 

 

The reagent ions introduced into the flow tube through the Venturi inlet are 

rapidly thermalized in collisions with the helium carrier gas normally held at room 

temperature. However, it is necessary to study ion-molecule reactions over a wide 

temperature range to obtain results useful for the Earth’s ionosphere and interstellar 

plasma conditions. Thus, some instruments were developed to operate over variable 

temperatures within the range from 80 to 1800 K (Hierl et al. 1996). The first version 

realised the variable temperature selected ion flow tube VT-SIFT that operated over 

the temperature range of 80-550 K. An important extension to the FA was the inclusion 

of a Langmuir probe to study of stationary afterglow plasma (Smith et al. 1968; Smith 

and Plumb 1972) and flowing plasmas (Španěl 1995) that allowed the study of electron 

attachment and electron-ion and ion-ion recombination processes that are important in 

real plasmas (Korolov et al. 2008; Španěl et al. 1993; Španěl and Smith 1998). 

In order to measure ion mobility and to study the energy dependence of ion-

molecule reactions, Ferguson and his colleagues developed the flow-drift tube 

technique, FDT (McFarland et al. 1973b). This allowed the influence of vibrational 

excitation of ions to be studied over a range of interaction energies (Albritton et al. 

1973; McFarland et al. 1973a; Villinger et al. 1983). Of relevance to the present study 

are the selected ion drift apparatus, SIDA (Johnsen and Biondi 1972), in which there 

was a static buffer gas in a drift tube into which heavy metal atomic ions generated in 

an external ion source and selected by a quadrupole mass filter were injected. 

Following the inception of the field-free selected ion flow tube, SIFT, the principles 

of flow tubes and drift tubes were combined as various forms of the selected ion flow-
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drift tube, SIFDT, apparatus built in several laboratories (Fahey et al. 1981; Glosik et 

al. 1995; Howorka et al. 1979; Tichý et al. 1987) as a versatile replacement for the 

FDT. Subsequent versions of the SIDT allowed very small ion injection energies and 

low flow rates of carrier gas (Villinger, Futrell, Richter, Saxer, Niccolini and Lindinger 

1983). Probably the most versatile technique allowing independent variation of ion 

energies and neutral molecule temperatures is the variable temperature VT-SIFDT 

illustrated by the schematic in Figure I.3 (Smith et al. 1984).  

 

 

Figure I.3 – Schematic diagram of the variable temperature VT-SIFDT apparatus by 
D. Smith and N.G Addams. Represented from (Smith and Adams 1979). 

 

The great amount of experimental data obtained on plasma ion and electron gas 

phase chemistry, particularly on ion-molecule reactions, electron attachment, electron-

ion and ion-ion recombination, ion mobility and diffusion coefficients and the 

theoretical understanding of these processes, has greatly assisted the development and 

operation of other soft chemical ionisation mass spectrometry, CIMS, techniques 

(Heinritzi et al. 2016; Munson 2015).  

 

I.4 Selected ion flow tube mass spectrometry, SIFT-MS 

Selected ion flow tube mass spectrometry, SIFT-MS, is the result of the further 

development of the SIFT by P. Španěl and D. Smith in 1995 (Španěl and Smith 1996a; 

Španěl and Smith 1996b). This gas phase analytical technique allows the quantification 

of trace gases in real time in dry and humid sample, for example, in exhaled breath and 

the headspace of biogenic liquid.  
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Figure I.4 – Schematic diagram of the Profile 3 SIFT-MS instrument. Reproduced 
from (Smith and Španěl 2015). 

 

When analyte neutral molecules are introduced in the flow tube through the 

sample port (see Figure I.4) they undergo chemical ionization via ion-molecule 

reaction with the selected reagent ions introduced through the Venturi inlet, the 

injected reagent ions being thermalized in collisions with the helium carrier gas. The 

number density of the analyte VOC can be described by the differential equation for 

the reagent ion number density:  

 

i
i i2

[R ]
[R ] [M] [R ]iDd

k
dt

  


,                                  (I-1) 

 

[Ri] is the number density of the reagent ion, [M] is a number density of the neutral 

reactant in the flow tube, k is a rate coefficient of the ion-molecule reaction, Di is a 

diffusion coefficient of the reagent ion and Λ2 is a diffusion length depending on a 

diameter of the flow tube (McDaniel and Mason). The analytical solution of the 

differential kinetic equation is given by formula (I-2), where t is a reaction time: 

i i 0 2
[R ] [R ] exp [M] iD

k t t
     

,                              (I-2) 

As the product/analyte ions are continuously formed and lost during transport through 

the flow tube, their reaction time is not fixed as for a single reagent ion. The analytical 



I. Introduction 
 

8 
 

solution of the system of ordinary differential equations describing processes in the 

reactor gives the number density [Mi] of the Mi product ions in the limit of [M]0, 

corresponding to the trace gas analysis situation is expressed as:  

i i[M ] [R ] [M] ek tD ,                                    (I-3) 

De is a differential diffusion enhancement coefficient (dependent on the difference of 

diffusion coefficients of reagent and product ion). Note that this calculation is correct 

only for analyte concentrations small enough to reduce the reagent ion density slightly.  

There are only a few ions suitable as reagent ions for SIFT-MS. These ions are 

H3O+, NO+, O2
+• that do not react with the major compounds presented in ambient air 

that is invariably the sample gas for analysis, but they do react slowly with water 

vapour molecules that are always present in environment air and exhaled breath. For 

example, when H3O+ is used as the reagent ion, hydrated hydronium ions 

H3O+(H2O)1,2,3 and hydrates of the protonated analyte molecule MH+(H2O)1,2,3 are 

created, and similarly NO+ (H2O)1,2. The essential feature of the SIFT-MS is that the 

sum of the all analyte ions count rates originating from the M is proportional to the 

number density [M] of the neutral analyte in the flow tube. Then neutral analyte 

number density is 

1 1 2 2

1 2
1 1 2 2

/ / ...1
[M]
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,                          (I-4) 

Ip1, Ip2, … are the product ions count rates, Ii1, Ii2, … are the count rates of the reagent 

ions, k1, k2, k3, … are the reaction rate coefficients for reaction of M with H3O+(H2O)0-

n (Smith and Španěl 2015).  Coefficients Dep and Dei account for differential diffusion 

losses between the precursor and analyte ions (Španěl et al. 2006a). The reaction time, 

t, is calculated from the pumping speed of the drive pump and the flow rate of carrier 

gas. The concentration, C, of M in parts-per-billion by volume, ppbv, in the sample is 

given by: 

0[M] / ( ) /b He s sC k Tp p    ,                            (I-5) 

where kb is Boltzmann constant, T is the carrier gas temperature, p is its pressure and 

ΦHe, Φs are carrier gas and sample flow rates.  

There are two modes of SIFT-MS operation – the full scan (FS) mode and the 

multiple ion monitoring (MIM) mode. In the FS mode a complete mass spectra over 
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the selected m/z range is obtained by the analytical quadrupole system. The reaction 

time can be used to calculate the neutral analyte concentration from the integrated 

reagent and product ions count rates. But the primary aim of the FS mode is to identify 

trace compound in the sample. Then corresponding analyte ions are monitored in the 

MIM mode by the fast m/z switching of the detection quadrupole to calculate 

concentrations of the compounds of interest in real time (see Figure I.5).  

 

 

Figure I.5 – MIM mode of the SIFT-MS operation for the analyses of time profiles of 
concentrations of water vapour, CO2, acetone and hydrogen cyanide (HCN) during 
breath exhalations by a volunteer. Reproduced from (Smith and Španěl 2015). 

 

The latest generation of the classic SIFT-MS technique is presented by the 

Profile 3 instrument, Trans Spectra Ltd, UK (Figure I.6). The flow tube used is 5 cm 

long and 1 cm inner diameter. Syft Techologies, New Zealand produces SIFT-MS 

instruments with a curved flow tube. Their instruments have been successfully used 

for safety and pollution monitoring, food science and medicine. Their approach is to 

optimise instrument settings and kinetic libraries to the customer needs. A very 

interesting modification of SIFT-MS instrument has been made by the Syft Company 

to produce negative reagent ions. Then fast switching between seven negative and 

positive reagent ions gives high dimensional analytical output data, where the issue 

with the product ion m/z overlaps is minimized.  
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Figure I.6 – Commercial SIFT-MS instruments: Transpectra Profile 3 and Syft 
VOICE200ultra. 

 

I.5 Proton transfer reaction mass spectrometry, PTR-MS 

PTR-MS, proton transfer reaction mass spectrometry, was developed by 

Lindinger and colleagues in Innsbruck, Austria. Its schematic diagram is shown in 

Figure I.7. Essentially, it is a drift tube instrument utilising the chemical ionisation. 

Initially, only H3O+ was used as reagent ions exploiting proton transfer reactions as 

the most suitable for the chemical ionisation of the volatile organic compounds in the 

air sample similar to the SIFT-MS. The collision rate coefficients were used as 

calculated using the Su and Chesnavich theory (Su and Chesnavich) for which it is 

necessary to know the polarizability and dipole moment of the neutral analyte 

molecule.  

The main difference between PTR-MS from SIFT-MS is the absence of the 

selection quadrupole mass filter in PTR-MS, but it is claimed that the H3O+ reagent 

ion produced in the hollow cathode ion source achieves purities up to 99.5%. Such 

construction reduces reagent ion loss that occurs in the quadrupole mass filter (as 

happens in SIFT-MS) and thus increases the sensitivity of the PTR-MS technique. The 

use of the uniform electric field of about 130 Td in the flow-drift tube and the use of 

environmental air as the carrier gas reduces diffusion loss of reagent and product ion, 

but introduces complications to the ion chemistry that occurs (Sulzer et al. 2012). 

It is interesting to note that the option to use NO+ and O2
+• in PTR-MS is 

available now. This modification of PTR-MS is called selective reagent ionization 

mass spectrometry, SRI-MS (Jordan et al. 2009; Lanza et al. 2013). 
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Figure I.7 – Schematic diagram of the proton transfer reaction mass spectrometry 
instrument. Abbreviations: HCD, hollow cathode discharge; N, neutral gas species; 
SEM, secondary electron multiplier. Represented from (Lindinger 2001) 

 

The method of the analyte concentration calculation in PTR-MS is similar to the 

SIFT-MS. Reaction time is calculated from the reagent ion drift velocity in the uniform 

electric field. Ionicon, Austria, is the main producer of PTR-MS instruments. 

Engineering improvements have been achieved to reach detection limits down to 1 

particle per trillion by volume, pptv, what was reported in (Lindinger et al. 1998a; 

Lindinger et al. 1998b). Also, high resolution time-of-flight (TOF) mass spectrometry 

has been introduced in some models (Figure I.8) that allows separation of protonated 

isobaric ions (Zardin et al. 2014). 

 

Figure I.8 – Ionicon PTR-TOF1000 and PTR-QiTOF instruments. 
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II. Selected ion flow-drift tube apparatus, SIFDT 

 

A schematic drawing of the selected ion flow-drift tube, SIFDT, apparatus 

constructed during this PhD project is shown in Figure II.1. The basic concept of the 

instrument originates from the established SIFT technique, and includes an external 

ion source, an injection mass filter and a detection mass spectrometer. The main 

difference concerns the flow reactor, which in this instrument is a flow-drift tube 

entirely contained within a separate chamber pumped by a scroll vacuum pump down 

to a pressure of typically 2 mbar. 

The details of construction and operation of this new SIFDT-MS instrument are 

discussed in this chapter separately for each of the following functional blocks: 

vacuum system, microwave discharge plasma ion source, quadrupole mass-filters, 

electron multiplier, Venturi injector and the resistive glass flow-drift tube. Electronics 

and the instrument control software and data acquisition system will also be described 

with special focus on the newly developed module performing time multiplexing of 

the injected ion current that facilitates Hadamard transformation ion drift time 

measurements. 

 

 

Figure II.1 – A schematic drawing of the selected ion flow-drift tube in, SIFDT, 
apparatus developed and used for the present experiments.  
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II.1 Vacuum system  

The SIFDT instrument has three vacuum chambers: the first for the injection 

quadrupole mass filter, the second for the flow-drift tube and the third for the detection 

quadrupole mass spectrometer and an electron multiplier. The entire design is 

symmetrical (see Figure II.2) as identical quadrupole rod systems were available for 

the ion injection and the detection systems.  

 

Figure II.2 – Simplified view of the 3D model of the SIFDT instrument vacuum 
chambers with Perspex lids (1) installed on the rack with rails (2).  

The external ion source is connected to the injection chamber via an axial flange. 

A flange linking the injection chamber to the flow-drift tube chamber contains a 

Venturi injector (for details see the Section II.4). An identical flange connecting the 

flow-drift tube chamber to the detection chamber is fitted by a sampling nose cone 

with a 0.5 mm diameter on-axis orifice that allows sampling of ions from the helium 

carrier gas downstream into the analysing quadrupole mass filter and onto the electron 

multiplier detector. The ion source extraction electrostatic lenses, selection quadrupole 

mass filter and the Hadamard gate lens (see the Section II.6) are mounted along a 

common axis in the injection chamber. The vacuum chambers, their thickness and 

dimensions were designed by J. Jan according to the specified requirements using an 

Adobe Inventor drawing software package and manufactured according to this custom 
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design by Activair s.r.o, Opava, Czech Republic. As mentioned earlier, this 

construction differs from the previous SIFT and SIFT-MS instrument as the flow-drift 

tube is enclosed in a separate chamber coupled to the pumps. This design was chosen 

in order to facilitate easy modifications and replacements of various types of flow 

tubes or drift tubes. The overall assembly of the SIFDT vacuum chambers as shown 

in Figure II.2 is placed on an elegant frame with top rails allowing easy movements of 

the individual chambers, so interim modules (represented in the current experiments 

by the Venturi injector and the ion sampling nosecone) could be easily installed 

between the chambers. Vacuum chambers are covered with transparent Perspex lids 

with elastomer o-ring seals, which are located in the horizontal plane by four metal 

rods. The feedthroughs for electrical connections of quadrupoles and ion optics lenses 

were made from Perspex blank flanges and M3-threaded brass rods sealed into them 

using cyanoacrylate adhesive. 

The injection and detection chambers are evacuated to a base pressure <4x 510

mbar by a pair of nEXT300T turbo molecular pumps (Edwards Ltd, UK) with pumping 

speeds 1080 m3/h. Backing for the turbo molecular pumps is provided by a scroll pump 

XDS35i (see Figure II.3).  

 

 

Figure II.3 – Vacuum systems: standard providing 35 m3/h pumping speed (left) and 
using XDS35i booster ports providing total 48 m3/h pumping speed (right).  

In the pilot experiments mimicking the traditional SIFT operation, a simple 

metallic stainless steel flow tube was used (14.5 cm long, 2 cm inner diameter) and the 

tube chamber was pumped directly by the XDS35i at its full pumping speed of 35 m3/h 

(see the left part of Figure II.3). When an appropriate flow rate of helium was 

introduced into the flow tube establishing 2 mbars of pressure in this chamber, the 

residence time of ions in the flow tube was 0.34 ms, as calculated from the pumping 

speed and tube geometry, which results in significant diffusion loses. In order to 



II. Selected ion flow-drift tube apparatus, SIFDT 
 

15 
 

suppress diffusion we experimented with increasing the pumping speed by using two 

booster ports of the nEXT300T pumps each with the pumping speed 24 m3/h (right part 

of Figure II.3). Additional loading of these ports did not influenced the pressures in 

the quadrupole vacuum chambers, but reduced the diffusion loses of the ions 

significantly. But the greatest improvement resulted when the flow tube was replaced 

by a 14.5 cm long flow-drift tube with an inner diameter of 1 cm. Now there was no 

longer a need for such high gas pumping speeds that consume large amounts of helium, 

because diffusive ion losses were compensated by an axial electric field in the flow-

drift tube. Thus, we were able to reduce the pumping from the tube chamber by the 

introducing a throttling orifice (see Figure II.1) 

To assess the performance of the vacuum system, the pressures in each of the 

chambers was measured by Penning (Edwards Ltd. AIM, active inverted magnetron) 

and diaphragm gauges as a function of the helium carrier gas flow rate within the range 

from 0 to 200 mL/min. The experimentally obtained dependencies of the pressures in 

the injection, pinj, and detection, pdet, chambers on the pressure in the tube chamber, 

ptube, and a dependence of the pressure in the tube chamber on the helium flow rate are 

shown in Figure II.4.  

 

Figure II.4 – Plots of dependencies of the pressures in the injection chamber pinj and 
in the detection chamber pdet on the helium pressure in the tube chamber ptube (a) and 
plot of the dependence of the pressure in the tube chamber ptube on the helium flow 
rate.  

The linear dependencies of pinj and pdet on ptube indicate that the pumping system 

operates as expected. The steeper slope for the pinj(ptube) dependence can be explained 

by the two times larger diameter of the Venturi inlet orifice (1 mm) than the orifice 

diameter (0.5 mm) in the downstream sampling nose cone. Also these dependencies 
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show that the maximum acceptable pressure in the tube chamber is 3 mbar; at higher 

values the elevated pressure in the detection chamber can damage the electron 

multiplier detector. 

 

II.2 Microwave discharge plasma ion source 

A microwave discharge plasma ion source is used to generate the H3O+, NO+ 

and O2
+• reagent ions. This ion source type provides a stable operation without 

corruption and sputtering of metal electrodes associated with DC glow discharges. Its 

schematic view is shown in Figure II.5. Plasma is established inside a 10 mm inner 

diameter glass tube in the region where a brass Evenson cavity resonator is placed. The 

glass tube is mounted onto the injection flange and vacuum tightened by a Viton O-

ring. The microwave discharge is maintained by the 2.45 GHz electromagnetic field 

(~ 10 W power) generated by a Microtron 200 microwave power generator. 

 

Figure II.5 – Microwave glow discharge plasma ion source schematic drawing. 

 

The plasma is ignited by a short high voltage spark and the microwave field 

accelerates free electrons in the tube and initiates the electron avalanche process of 

free primary electrons and ion production. 

The maximum electron concentration in the ion source plasma when it operates 

in stable mode can be estimated considering the plasma frequency. The plasma 

dielectric permittivity   can be expressed as 

2 21 /p    ,                                               (II-1) 
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where   is the frequency of the electromagnetic field. The plasma frequency is related 

to the electron density as 4 1/25.65 10p en    s-1. The dielectric permittivity is 

negative when the electron density is greater than the critical value(Raizer 1991): 

  213 -3
, 01.11 10 [cm] cme crn    .                             (II-2) 

The microwave discharge is established at the frequency 2.45 GHz and 

corresponding wavelength 0 12.5   cm and thus the critical electron density in the 

ion source plasma is ne,cr = 7.1×1010 cm-3. When this value is reached microwaves are 

reflected and the electron density cannot readily this value, so the corresponding ion 

number density will thus be lower than ne,cr . 

To study the plasma composition in the ion source, the injection quadrupole mass 

filter was set up as a total ion guide (no DC voltage and small RF voltage). This 

enabled all ions to get introduced into the flow-drift tube and to analyse their 

composition by the detection quadrupole mass filter. Figure II.6 shows the mass 

spectra of the major ions created in the microwave discharge when the ion source gas 

is only water headspace (blue line) and then laboratory air (orange line). 

 

 

Figure II.6 – Mass spectra of the ions produced in the ion source glow discharge at 
the injection chamber pressure of 4.8 10-5 mbar (pinj) for two ion source gases: water 
vapour from water headspace (blue) and laboratory air (orange). Injection quadrupole 
mass filter options were set to allow all ions from the ion source enter the flow-drift 
tube, in which He pressure ptube was 2 mbar and reduced electric field strength E/N 
was 14 Td.  
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The sequence of ion-molecule reactions occurring in the plasma leading to the 

production of the H3O+, NO+, O2
+• ions observed as the dominant species is indicated 

in the scheme in Figure II.7. 

 

Figure II.7 – Scheme of the ion molecule reactions occurring in the microwave 
discharge plasma ion source that leads to the production of the H3O+, NO+, O2

+• reagent 
ions. 

The question of the origins of the O2
+ arises, when water vapour is used as the 

ion source gas without the addition of air. The level of the O2
+• in the ion source, which 

is almost the same as H3O+, indicates that water vapour must be somehow dissociated 

to form O2 molecules as there is no feasible exothermic ion chemistry pathway leading 

to O2
+ involving neutral H2O only. The details of this mechanism have not been studied 

for glow discharge plasma to our knowledge. A literature search relating to this 

phenomenon reveal some interesting results (Mededovic and Locke 2007), where the 

pulsed electrical discharge in liquid water was modelled. It is proposed that the next 

set of the most important chemical reactions to take place in the discharge channel are: 

2H O + M H + OH  + M ,                                     (II-3) 

2H + H  + M H  + M   ,                                        (II-4) 

2 2OH + OH H O   ,                                            (II-5) 

2O + OH O + H  .                                            (II-6) 

So the molecular oxygen is formed by atomic oxygen reaction with hydroxyl 

radicals.  

To determine optimal pressure conditions in the ion source, the flow rate of the 

ion source gas was varied by a needle valve. The pressure changes were monitored as 

the changes of the pressure in the injection chamber, pinj. 
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Figure II.8 – Plots of the dependencies of the reagent ions counts rates (solid line, 
right axis) and relative abundance of reagent ions (dashed) on the pressure in the 
detection chamber what corresponds with pressure in the ion source for two 
configurations: a) laboratory air ion source gas and b) water headspace vapour in the 
vial as ion source gas. Red rectangles indicate the optimal pressure range for the 
selection of certain reagent ion.  

From the obtained ion current ratios shown in Figure II.8 the optimal ion source 

pressure conditions can be determined for the selection of the required reagent ion. For 

example, for NO+ the maximum intensity of 9×106 c/s is achieved using laboratory air 

at pinj of about 5×10-5 mbar, but at this point its relative intensity at 60% is the lowest. 

The optimal compromise between the ion signal intensity and the purity of the reagent 

ion is at 6×10-5 mbar of pinj. For practical use it is possible to judge the composition of 

the gas in the ion source by the colour of the discharge glow: dark red corresponds to 

water vapour and light pink corresponds to air (see Figure II.9). In these experiments 

the ion current ratios of H3O+, NO+ and O2
+• were observed when the injection 

quadrupole mass filer was set up to work in the total ion mode, but these observations 

are useful for fine tuning for the highest individual reagent ion signal. 
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Figure II.9 – Microwave discharge plasma in the ion source when laboratory air (left) 
and water vapour (right) are used as the source gases. The laboratory air mode is 
usually used to produce NO+ reagent ions and the water mode to produce H3O+ and 
O2

+• reagent ions. 

It is interesting to discuss the mass spectrum obtained when headspaces of acetic 

acid or acetone water solutions were used as ion source gases. Regular levels of H3O+ 

reagent ion were observed on a mass spectrum again operating the injection 

quadrupole in the total ion mode together with a busy spectrum containing a great 

number of different organic ions (see Figure II.10). A complication arises when using 

acetic acid and acetone as ion source gases, which is the creation of a carbon layer on 

the inner surface of the ion source glass tube.  

 

 

Figure II.10 – Mass spectrum of the ions produced in the microwave discharge with 
acetone/water vapour headspace used as an ion source gas. 

 

II.3 Quadrupole mass-filters and electron multiplier. 

As mentioned earlier, the SIFDT instrument contains two quadrupole mass 

filters in common with the regular SIFT and SIFT-MS instruments. The first 
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quadrupole is used as a mass filter for reagent ion selection from the ion source mixture 

and the second acts as a quantitative mass spectrometer for determination of the count 

rates of the reagent and product ions after the ion-molecule reactions have occurred in 

the flow-drift tube reactor. Quadrupole mass spectrometers became widely used during 

the early 1960’s (Dawson and Whetten 1971) and currently represent an essential and 

common type of mass-to-charge ratio analyser in various analytical applications. Ion 

separation in a quadrupole is based on the stability of their trajectories inside the 

electric field as established by applying appropriate voltages to the four-quadrupole 

rods. Opposing rod pairs are connected together and a sinusoidal RF voltage and a DC 

voltage is applied between them.  

1 ( sin( ))V U V t    ,                                          (II-7) 

2 ( sin( ))V U V t     ,                                         (II-8) 

where V1, V2 are the time, t, dependent voltages applied to the rod pairs, U is the applied 

DC voltage, V is amplitude of RF voltage, ω is angular frequency of the RF and θ is 

phase. When an appropriate combination of U and V is chosen then only ions with 

mass-to-charge ratios m/z in a certain range given by the so-called stability region 

(Gerlich 1992) have a stable trajectory and pass through the rods while ions of other 

m/z values are filtered away.  

The sets of hyperbolic quadrupole rods with the field radius of 4 mm and length 

of 20 cm used in the present instrument were recovered from an older tandem mass 

spectrometer and mounted inside the vacuum chambers (see Figure II.11). Power 

supply systems for the quadrupole mass filters were developed by Juraj Jašík and Ján 

Žabka. The advantage of these custom made power supply systems is in the high 

flexibility of the operation control. Resolutions, integration times, synchronization 

with the modulated gate, m/z switching and other parameters can be changed routinely 

in a desired way. The injection quadrupole operates at 2.4 MHz providing an 

acceptable filtering of energetic ions in mass range up to m/z 40 and the detection 

quadrupole operates at 1.6 MHz analysing thermalized low energy ions in a mass range 

up to m/z 150. 
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Figure II.11 – Frontal view of the detection quadrupole mass filter with inner radius 
r0 = 4 mm between ellipsoid rods. 

In practice, the resolution of the quadrupole mass filter is defined by the ratio of 

DC (U) and RF (V) components of the quadrupole rod voltages. The value for 

maximum resolution is U/V=0.168 corresponding to an extremely narrow range of m/z 

values of ions with stable trajectories and thus highly resolved ion peaks. Marginally 

lower values of U allow the optimal resolution to be set that enables separation of the 

ion peaks on the analytical spectra without serious loss of signal. In the present SIFDT 

instrument the values of U and V are controlled via USB interfaces from a Windows 

PC control software. The effect of resolution observed in the SIFDT instrument is 

shown in Figure II.12. 

 

 

Figure II.12 – Mass spectra obtained at the three different resolution settings of the 
detection quadrupole. Spectrum (b) is the same as for (a) but with smaller c/s range on 
the y axis. The spectra were obtained for the NO+ reagent ion at injected into helium 
carrier gas in the flow-drift tube.  
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Zero resolution (U = 0) allows the injection quadrupole mass filter to be operated 

in the total ion guide mode, when all ions extracted from the ion source are sampled 

into the flow-drift tube reactor as shown in Figure II.13 (this mode was described 

earlier for the study of the ions created in the source). 

 

 

Figure II.13 – Mass spectra obtained using the downstream detection quadrupole for 
two modes of the selection quadrupole operation: in the total ion guide mode, when all 
ions created in the ion source transferred to the flow-drift tube and in the reagent ion 
selection mode. 

The reagent and product ions sampled at the end of the flow-drift tube and 

analysed by detection quadrupole are detected by a multiple dynode electron multiplier 

(ETP, see Figure II.14) mounted on the detection flange at the downstream end of 

apparatus. The basic process in the multiplier operation is secondary electron emission. 

When ions of sufficient energy strike a surface they cause the release of secondary 

electrons from the outer atom layers. The efficiency of secondary electron release 

depends on the surface type, ion angle and the incident ion energy. The ETP electron 

multiplier uses the discrete-dynode type of electron multiplication. It has 12 dynodes 

with very high secondary electron emission layer of approximately 1000 mm2 square 

and can provide a gain of the ion signal up to 108. The electrons are accelerated using 

a high voltage provided by external power supply that is connected to the first dynode 

(Applied kilovolts 3kV negative supply). The output signal is amplified and converted 

into digital TTL pulses using a pre-amplifier discriminator (type P-15D, manufactured 

by Advanced Research Instruments Corp., Bandon, OR, USA). 
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Figure II.14 – ETP electron multiplier mounted on the detection flange Two contacts 
are realised via vacuum PNC sockets built in the flange: right is for the signal output 
to the preamplifier/discriminator and left one for a high 3 kV power supply. 

 

It is important to keep in mind that it is not only the desired ion current that can 

induce secondary electron emission from the dynode layer, but that pulses can be also 

generated by photons or cosmic rays resulting in noise observed in mass spectra.  

Finally it is important to note that quadruple mass spectrometers exhibit so called 

mass discrimination (Smith et al. 2009). This phenomenon is responsible for reduced 

sensitivity to ion current and is usually increasing with increase in m/z of the ion being 

selected. It is also influenced by the kinetic energy (velocity) of the ions in the 

quadrupole analytical field, i.e., the time spent by the ion in this field and by 

differential detection efficiency of the electron multiplier to ions of differing m/z and 

the velocity of the ions impacting on the electron emitting surface of the multiplier. 

Quantitatively the effect of mass discrimination will be discussed on an example of 

ion chemistry data in Chapter III. 

 

II.4 Venturi injector 

To inject the selected reagent ions from the injection mass filter (located in a 

pumped chamber at a pressure of <10-4 mbar) into the flow-drift tube at a pressure of 

2 mbar, a Venturi inlet is used (see ) in the same way as it is established in the SIFT 

and SIFT-MS instruments (Smith and Adams 1988). Reagent ions pass through a 1 

mm orifice and are mixed and thermalized in fast flowing helium gas. The Venturi 
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inlet construction reduces backflow of the helium buffer gas into the injection 

chamber. Two types of the Venturi injector design were traditionally used in the flow 

and flow/drift tube techniques: a circular array of holes in the original SIFT apparatus 

designed by Adams and Smith (Adams and Smith 1976) and a annular designs by 

Howorka et al. (Howorka, Fehsenfeld and Albritton 1979) and Mackay et al. (Mackay 

et al. 1980). Dupeyrat et al. (Dupeyrat et al. 1982) reported that the performance of the 

Venturi injector increased with reducing the area of the buffer gas introduction, but 

simultaneously this increased the buffer gas turbulence effects in the tube, which 

influenced the precision of ion-molecule reaction rate coefficient measurements. To 

avoid this issue a second buffer gas inlet was introduced by Mackay et al. (Mackay, 

Vlachos, Bohme and Schiff 1980) and further developed by Van Doren et al. (Van 

Doren et al. 1987). This dual injector combined supersonic and subsonic flows to 

minimize the turbulence problem. It has to be noted that the production of the dual 

annual Venturi inlet was expensive in fabrication and needed very precise machining. 

Detailed study of the dual “hole pattern” Venturi inlet and its modifications can be 

found in the paper by Fishman & Grabowski (Fishman and Grabowski 1998). 

 

Figure II.15 – Cross section of the annular Venturi injector used in the current SIFDT 
apparatus (to scale from the actual production drawings using a 3D modelling 
software).  



II. Selected ion flow-drift tube apparatus, SIFDT 
 

26 
 

In the SIFDT instrument constructed in the course of this PhD work a single 

annulus Venturi injector was used (see Figure II.15). This construction allows easy 

production and modification, which was done several times in the order to enhance 

selected reagent ions transmission. It does not suffer from turbulence effect because 

the helium flow rate typically does not exceed 100 mL/min. In the pilot experiments 

with the newly constructed apparatus the sample to be investigated/analysed 

(typically air or liquid headspace) was introduced in the helium carrier gas prior to its 

entry into the injector and the flow-drift tube (as is shown in Figure II.1), which led 

to an unacceptable increase of O2
+• impurity ions when H3O+ reagent ions were 

injected. This occurred because the O2 molecules in the air sample were ionized by 

the H2O+ fragment ions formed by dissociation of injected H3O+ ions in energetic 

collisions with relatively heavy air molecules before their thermalization in multiple 

collisions with helium atoms. Hence, the final workable design incorporates a 

separate capillary introducing the sampled air in parallel with the helium stream as 

shown in Figure II.15 – Cross section of the annular Venturi injector used in the 

current SIFDT apparatus (to scale from the actual production drawings using a 3D 

modelling software).  

To experimentally characterise the ion transmission through the Venturi injector 

the ion current arriving from the injection mass filter at the Venturi orifice cone in 

(measured in nA) was investigated as a function of the pressure settings in the ion 

source, and the current at the sample nose cone ip was measured (in pA).  
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Figure II.16 – A plot of dependence of the current measured at the end of the flow-
drift tube at the sampling nose cone in pA, ip, on the filtered ion current measured in 
nA on the Venturi inlet port disk in. Data for two different compositions of the ion 
source gas are shown. It is clear that the ion current ip saturates to a constant value of 
210 pA at approximately 50 nA of in. 

The dependence of ip on in shown in Figure II.16 shows for in > 50 nA the current 

at the sampling nose cone ip stops increasing with in and reaches apparent saturation.  

This means that the maximum current that can be injected through the Venturi orifice 

is limited by space charge of the focused beam that prevents all the filtered ions to pass 

through the orifice.  

 

II.5 The resistive glass flow-drift tube 

Traditionally, drift tubes have been constructed as a stack of discrete rings 

separated by dielectric spacers or insulating rings (Morozov and Meyer 1999; 

Praxmarer et al. 1998; Viehland 1986). The homogeneous electric field inside was 

achieved using a chain of divider resistors. Such arrangements were successfully used 

in large-scale laboratory instruments, but the reduction of the flow-drift tube size 

needed to take SIFDT-MS towards wider use as an analytical tool requires a new 

generation of miniaturized instruments (5 cm long flow tubes (Smith, Pysanenko and 

Španěl 2009)).  Construction of a precise set of rings, their mountings and the divider 

circuit is quite demanding and unrealistic. Fortunately, resistive glass tubes have 

recently become available and are now successfully used in ion mobility spectrometry 

as drift tubes. Thus, is seemed appropriate to use such a resistive glass tube as a flow-

drift tube in the current SIFDT instrument. In order to integrate the tube directly into 

the middle chamber of the instrument it was designed to have a length of 14.5 cm and 
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an internal diameter of 1 cm. The lead silicate-coated glass tube having a 14 M 

resistance was manufactured according to these specifications by Photonis, Sturbridge, 

Massachusetts, USA (see Figure II.17). Note that the electrical contacts are formed by 

the 1 cm wide thin metal NiCr conductor layer on the outer surface of each end and 

can be used to define electric potential of the inner semiconductor layer at both tube 

ends ensuring a strictly homogeneous field with minimal fringe effects. 

 

Figure II.17 – To scale cross section of the flow-drift tube used in the SIFDT 
instrument. The Venturi inlet and the sample nose cone are also shown (rendered from 
the construction drawings using a 3D modelling software). 

Application of a voltage between the ends of the flow-drift tube establishes a 

uniform electric field, E, along its axis (see Figure II.18). Variation of E and/or the 

carrier gas number density, N, allows the reduced field strength E/N to be varied at 

will. Reduced field strength is commonly used in the ion drift science as it allows the 

influence of the E-field in the flow/drift reactor on the diffusion losses and the ion 

kinetics to be investigated independently of the number density of the carrier gas 

atoms. It is measured in Townsend units, Td, where 1 Td is equal to 10-17 V cm2. 
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Figure II.18 – A schematic diagram of the resistive glass flow-drift tube, the 
embedded uniform electric field E and sampling nose cone. The conversion of the 
H3O+ reagent ion into product/analyte ions due ion-molecule reactions with neutral 
analyte molecules M and water vapour molecules H2O is shown.  

An additional valuable feature is that the application of a voltage (3 to 15 V) 

between the downstream end of the flow-drift tube and sampling nose cone creates a 

local inhomogeneous electric field that increases the fraction of ions that enters the 

sampling orifice and thus increases the ions intensities on the analytical mass spectra. 

Further increase of this voltage (15 to 50 V) leads to collision induced dissociation of 

ions that can be used as additional analytical dimension for isomer identification. This 

technique will be discussed in detail in Section V.2. 

The successful use of the resistive glass tube for the SIFDT-MS operation will 

be shown later; the implication is that even more miniature flow-drift tubes can be 

potentially manufactured and used if there is such need. 

 

II.6 Instrument control and data acquisition system 

The data acquisition and control systems of the SIFDT-MS instrument are built 

around a programmable microcontroller Arduino (Arduino DUE microcontroller 

board based on the Atmel SAM3X8E ARM Cortex-M3 CPU with 84 MHz clock, 

manufactured by Arduino Hungary Kft, Budapest, Hungary) connected to a Windows 

PC with a USB interface. Microcontroller firmware was written using C++ 

programming language using the Arduino and the Windows software for instrument 

control and data collection was developed in C# programming language using 

Microsoft Visual Studio 2015. For the particular tasks of flow-drift tube voltage 

switching and the modulation of the gate lens for the Hadamard transformation, special 
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electronic interface modules were developed and installed. A schematic diagram of the 

instrument control and data acquisition system is presented in Figure II.19. 

 

 

Figure II.19 – A schematics of the power supply, control and data system of the 
SIFDT-MS instrument. Parts indicated by red numbers are: the ion source injection 
nosecone (1), injection ion optic lenses (2,3,4), the injection quadrupole mass filter 
(5), the focusing ion optic lens (6), the Hadamard gate lens (7), the Venturi injector 
(8), the flow-drift tube (9), the sampling nose cone (10), detection ion optic lenses (11, 
12, 13), the detection quadrupole (14), the electron multiplier (15). The electronic 
interface modules A, B, C and D are shown in details below. 
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Figure II.20 – Electronic interface module A for the voltage pulse modulation at the 
gate lens.  

To measure the ion residence times in the flow-drift tube, a voltage can be 

applied to the gate lens (7) to stop the ion current. The electronic interface module A 

for fast (µs) voltage control is shown in Figure II.20. There are two power supplies 

which provide the voltage for the gate lens. The fixed 100 V supply output is connected 

to a resistor divider one end of which can be grounded in a programmed sequence by 

a bipolar BD139-16 transistor as its base voltage is controlled by the Arduino digital 

output 13. 

The unique and critical part of the SIFDT instrument is the flow-drift tube that 

across which a variable voltage can be applied to vary the uniform electric field inside 

the reactor. There is a need to rapidly and precisely switch the field strength 

automatically in order to obtain mass spectral data under different E/N conditions. This 

is realised by the additional module B shown in Figure II.21.  
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Figure II.21 – The electronic interface module B for switching the voltage across the 
flow-drift tube. 

An integer code in the range 0-7 is sent to the Arduino microcontroller and its 

three bit binary form (000 to 111) opens or closes the three transistors with different 

resistor values connected in a divider configuration. Thus, the maximum voltage 

corresponds to the binary code 000 when all three transistors are closed and code 111 

corresponds to the lowest voltage.  

The ion pulses from the electron multiplier pre-amplifier discriminator (see 

Section II.3) are acquired by the Arduino counter inputs 11 and 12 (see the schematics 

in Figure II.22) and are further processed by the microcontroller firmware sent via a 

USB to the connected Windows PC where it is recorded by the C# software and 

processed to provide mass spectral data in the form of ion count rates for different m/z 

settings (controlled over separate USB connections, see Section II.3) and also ion 

residence time information (see Section II.7). 



II. Selected ion flow-drift tube apparatus, SIFDT 
 

33 
 

 

Figure II.22 – Electronic scheme of the interface module C for recording ion counts. 

 

The ion current collected by the downstream sampling nose cone is measured by 

a custom made picoammeter. Its analogue output signal is conditioned by a differential 

amplifier to suppress any voltage bias as shown in Figure II.23 and is read by the 

Arduino analogue-to-digital converter and transmitted via USB to the Windows PC 

and recorded together with the ion count data. 

 

 

Figure II.23 – Electronic scheme of the module D for the measurement of the ion 
current at the sampling nosecone using a picoammeter. 

 

II.7 Hadamard transformation for the drift times measurements 

The measurement of the ion residence time in the flow-drift tube needs to be 

performed continuously at different experimental settings without any significant 

distortion of the reagent and product ion currents in the flow-drift tube. The residence 
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time of the reagent ions is equal to the reaction time and mainly characterises the drift 

of the ions in the helium carrier gas under the applied uniform electric field E.  

Ion drift/residence time measurements can be realised by pulse modulation of 

the reagent ion current entering the flow-drift tube. Traditionally used modulation by 

narrow pulses has a significant reducing effect on the ion signal arriving at the detector, 

because its duty cycle cannot be typically more than 1% i.e. 10 µs wide pulses repeated 

each 1 ms. Such residence time measurement would cause unacceptable loss of 

analytical sensitivity of the SIFDT-MS instrument which is undesirable. However, it 

is possible to use modulation by a pseudorandom Hadamard sequence of pulses with 

a duty cycle of 50% (see Figure II.24) that does not reduce ion signal by more than a 

factor of 2.  

 

 

Figure II.24 – Time diagram of the single pulse (orange) and Hadamard (blue) modes 
of the gate lens voltage modulations acquired by a digital oscilloscope. The time region 
marked by red dashed lines in a) is shown in more detail in b). Note that the closed 
gate periods indicated in (a) correspond to the single pulse mode only. 

The Hadamard gate lens electrode (see Figure II.19) is used to modulate the 

injected ion signal by switching it on (the lens electrode voltage tuned for optimal 

focusing) and off (the lens voltage increased by about 100 V above the optimum setting 
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thus blocking the ion beam entirely). The gate lens voltage is driven by a simple 

switching transistor circuit controlled from the digital output of the Arduino 

microcontroller. Firmware written especially for this purpose can be programmed to 

generate pulses of variable duration (1 to 999 µs) at a fixed frequency of 1 kHz. The 

code controlling the actual pulse width is sent over the USB interface from a Windows 

PC running a custom software application. 

The ions detected by an ETP electron multiplier generate electrical pulses that 

are amplified and discriminated according to their amplitude using the preamplifier-

discriminator (see Figure II.19). The resulting digital pulses are presented to a counter 

of the Arduino microcontroller. The firmware performs the function of a multichannel 

scaler using 256 bins per 1000 µs synchronised to the modulation pulse. In order to 

supress any 50 Hz modulation of the ion source, 40 modulation periods (40 ms) are 

integrated in the microcontroller operating memory and the resulting time-resolved ion 

count table is sent over the USB interface to the Windows PC where they are further 

processed by the C# software. 

It is relatively easy to implement the Hadamard transformation into this setup by 

extending the firmware to modulate the injected ions by 128 pseudorandom pulses per 

1000 µs (interval about 8 µs) controlled by a sequence of 0 and 1 as given by the 

following source code snippet:  

 

static const uint8_t randomGate128[] = //from S-matrix 127*127 
1,0,0,0,0,0,0,0,1,1,1,1,1,1,0,1,1,1,1,1,0,0,1,1,1,1,0,1,0,1,1,1,0,0,0,0,1,1,0,1,1,1,0,1,0,0,1,1, 
0,0,0,1,0,1,0,1,1,0,0,0,0,0,1,0,1,1,1,1,0,0,0,1,1,1,0,1,1,0,1,1,0,0,1,0,0,1,0,1,0,0,1,0,0,0,0,1, 
0,0,1,1,1,0,0,1,0,1,1,0,1,0,0,0,1,0,0,0,1,1,0,0,1,1,0,1,0,1,0,1,1,0,0,0,0,0,0,0,1,1,1,1,1,1,0,1, 
1,1,1,1,0,0,1,1,1,1,0,1,0,1,1,1,0,0,0,0,1,1,0,1,1,1,0,1,0,0,1,1,0,0,0,1,0,1,0,1,1,0,0,0,0,0,1,0, 
1,1,1,1,0,0,0,1,1,1,0,1,1,0,1,1,0,0,1,0,0,1,0,1,0,0,1,0,0,0,0,1,0,0,1,1,1,0,0,1,0,1,1,0,1,0,0,0, 
1,0,0,0,1,1,0,0,1,1,0,1,0,1,0,1 }; 

 

This sequence was taken as the first column of an S-matrix (Marshall 1982)  with 

127 rows generated by a cyclic polynomial x7+x+1 (Spesyvyi and Španěl 2015a). The 

reverse transformation of the data is carried out by the Windows PC software using a 

matrix multiplication of the received ion count table with the entire 127×127 S-matrix.  

To compare and verify the operation of the classic pulse and the Hadamard 

modulation approach, the arrival time spectra of injected H3O+ reagent ion were 

integrated during the equal time periods at E/N of 1 Td and 14 Td. The resulting arrival 

time spectra are shown in Figure II.25. The residence times of the H3O+ ion differs in 

few µs, what can be explained by a small delay introduced by Hadamard 

transformation but agreement is still very good. The ion intensity in the Hadamard 
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mode is 10 times higher than in the pulsed mode, thus justifying its use in the SIFDT-

MS experiments. 

 

 

Figure II.25 –Residence time profile of the H3O+ reagent ions obtained using the 
single pulse mode and the Hadamard transformation mode at two reduced field 
strengths E/N, of 1.0 Td (right scale) and 18.4 Td (left scale).  

Residence time profile distributions can be obtained for each m/z setting of the 

detection quadrupole mass filter scanned in 0.1 m/z steps. Thus, it is possible to obtain 

two-dimensional data that can be presented in the form of a heat map plot, as shown 

in Figure II.26. Multiple arrival-time profiles of several different product ions are 

obtained when three reagent ions H3O+, NO+ and O2
+• are simultaneously injected into 

the helium carrier gas with water vapour and ethanol vapour.  

It can be seen from this heat map that the maximum intensities are positioned at 

the m/z 19, 30 and 32 and that the residence times of all three reagent ion are almost 

identical, while residence times of the product and hydrated ions formed in the flow-

drift tube are longer.  
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Figure II.26 – A heat map plot showing the arrival time spectra obtained using the 
Hadamard transformation for a range of the detected ion m/z from 10 to 80 at an E/N 
= 9.2 Td The colour coding of accumulated ion count is indicated in the top-right 
corner. The horizontal and vertical slices indicated by white lines correspond to an 
arrival-time profile for ions at m/z 19 (top) and the time resolved mass spectrum at 
arrival time of 290 µs, respectively (right). The mass spectrum intensity is presented 
on a logarithmical scale.  

 

It is instructive to obtain data for a more complex situation when a greater range 

of multiple ion species are simultaneously injected into the flow-drift tube. Such 

experiment can be carried out using acetone vapour in the microwave discharge (see 

the Section II.2). The results of drift time analyses of multiple (mostly organic) ions 

that were shown in mass spectrum in Figure II.10 are presented again in a raw heat 

map form in Figure II.27 as seen on the screen of the PC software. It can be seen here 

that the residence time correlates with the ionic m/z but for certain ions the measured 

time is somewhat different than the correlation trend would predict. 
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Figure II.27 – Raw heat map plot of the residence times of the ions created in the 
plasma glow discharge when acetone was used as the ion source gas. The dashed 
rectangle indicates the region of interest where the data for the actual observed ions 
are present, whilst the signals bellow and above this rectangle are mostly minor 
artefacts of the Hadamard transformation. 

It is also possible to present the data on ion count rates as a function of both m/z 

and the residence time in a 3D line plot (so called waterfall graph) as shown in Figure 

II.28 which may be easier to understand than the heat map concept. Note that the line 

plot represents only the indicated region of interest from the heat map. 
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Figure II.28 – Arrival time spectra from the cropped region of the heat-map for the 
ion drift in the helium carrier gas when acetone is used as ion source gas obtained at 
E/N of 14 Td. Intensity is plotted in the logarithmic scale.  

 

The ability to routinely measure the ion residence times in the flow-drift tube 

reactor is essential for the analytical applications of SIFDT-MS where the reaction 

time is needed to calculate trace concentration in air. As will be shown in the following 

chapters, the ion residence time depends on the operating conditions such as strength 

of the electric field in the flow-drift tube and the fraction of air in the helium carrier 

gas. 
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III. Processes in the flow-drift tube 

 

The construction of the SIFDT instrument described in the previous chapter leads 

to the formulation of a new method for trace gas analysis. For this application, 

moderately reduced electric fields, E/N, are adopted to transport the selected reagent 

ions (H3O+, NO+ and O2
+•) through a carrier gas containing a known fraction of the 

sampled air with neutral analyte molecules. The time during which the ion-molecule 

reactions on which the trace gas analysis depends corresponds to the residence time of 

the reagent ions in the flow-drift tube reactor, which depends on E/N and the ion 

reagent ion mobilities. Product ions production rates are dependent on the rate 

coefficient of the ion-molecule reactions between the reagent ions and the neutral 

analyte molecules. The ion signals measured by the downstream detection system are 

influenced by diffusion loses to the walls, which must be fully understood. It is also 

important to understand that the ion kinetic energy in the flow-drift tube is defined by 

the ion drift velocity which is dependent on the E/N value and the ion mobility. 

Knowledge of this energy can be used to investigate changes of the ion-molecule 

reaction rate coefficients with E/N, as is required for accurate analyses. Last but not 

least, it is important to establish the optimal conditions in the terms of carrier gas and 

sample gas flow rates and pressures and E/N from the point of view of analytical 

sensitivity. 

 

III.1 Ion transport in the electric drift field  

Reagent ions introduced in to the flow-drift tube via the Venturi injector with 

laboratory kinetic energies typically 30 eV are thermalized in multiple collisions with 

atoms of the flowing helium carrier gas. The thermalized ions interact with neutral 

particles (sample analyte and carrier gas) in the reactor under the presence of an 

electric field. Collisions between ions and molecules can be elastic or inelastic. Elastic 

collisions affect only the velocity vectors of colliding particles, whilst their internal 

energies (rotational, vibrational, electronic) are unchanged. This elastic process 

governs the transport of ions in the carrier gas and their free diffusion that leads to the 

losses of ions on the walls of the flow-drift tube. Inelastic collisions can result in the 

loss or gain in the internal energy of the ions when a fraction of the excitation energy 

of the ion can be transferred into kinetic energy (quenching of the excitation) or part 
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of the collisional energy can be converted into the vibrational and rotational energy of 

the colliding ions and molecules. In extreme cases dissociation and even ionization of 

the colliding species can occur. Ion-molecule reactions can be considered as a special 

kind of inelastic collisions, and these deserve a special discussion that will be presented 

later.  

Two main factors should be considered concerning ion transport in the flow-drift 

tube. These are convection of ions by the flow of carrier helium gas and ion drift in 

the applied uniform electric field, E. The mean ion velocity vi can be thus expressed 

as: 

i g dv v v  ,                                            (III-1) 

vg is the mean flow velocity and vd is the ion drift velocity. The mean flow velocity 

corresponds to the laminar carrier gas flow velocities averaged over the radial 

distribution of the ion number densities (Smith and Adams 1988). The positive ion 

drift velocity is proportional to the electric field strength E (Mason and McDaniel 

1988): 

dv E ,                                                (III-2) 

 is the ion mobility in the buffer gas. To compare ion mobilities obtained under 

different conditions, it is usual to use the reduced ion mobility 0 , appropriate to 

standard atmospheric pressure of 760 Torr and the specific temperature (Mason and 

McDaniel 1988):  
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 .                               (III-3) 

The ion mobility,  , in a mixture of several gases is given by Blanc’s law (Biondi 

and Chanin 1961): 

1

i

i i

f







,                                         (III-4) 

fi is the fractional composition of the i-th gas and i .is the corresponding mobility. For 

typical SIFDT-MS operation the fraction of the air in the carrier gas is 1% to 10%, 
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which is sufficient to influence the ion mobility and so it is necessary to measure ion 

residence time (see Section III.2). 

Ionic diffusion occurs in a gas when there is an ionic number density gradient. 

In SIFDT this is primarily due to recombination of ions on the drift tube wall. The ion 

number density near the wall is thus zero and radial diffusion occurs that moves the 

ions from the centre (axis) of the drift tube towards its walls.  The flux of the positive 

ions 


 can be written as the sum of a drift term and a diffusion term according to 

Fick’s first law of diffusion (Raizer 1991): 

n E D n   


,                                        (III-5) 

n is the ion number density and D is the free diffusion coefficient of the ions in the 

gas. 

Ion mobility,  , and diffusion coefficient, D, are connected by the Einstein 

relation (Koutselos and Mason 1991): 

B

eD

k T
  ,                                             (III-6) 

where e is elementary electron charge, kB is Boltzman constant and T is the absolute 

temperature. 

The electric field E applied along the flow-drift tube allows the ion molecule 

interaction energies to be changed and influencing the ion residence time in the flow-

drift tube, ion diffusion losses and the kinetics of the ion-molecule reactions. The mean 

ion-carrier gas atom centre-of-mass energy Ec, and the mean ion-reactant gas centre-

of-mass energy Er can be calculated from the Wannier formula (Lindinger and Smith 

1983) that expresses the kinetic energy of the drifting ions KEion in the frame of 

reference of the flowing gas: 

2 23

2 2 2
i d c d

ion B

m v m v
KE k T   ,                               (III-7) 

mi  is the ion mass and mc is the mass of carrier gas atoms (He in our case), kB is the 

Boltzmann constant. The centre-of mass collisional energy related to the collisions of 

reagent ion with neutral analyte molecule can be then calculated from KEion as: 
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2 2r r i r ion B BE m m m KE k T k T    .                    (III-8) 

Similarly, the mean centre-of-mass energy for collisions of reagent ion with the carrier 

gas atoms is: 

3 3
[ / ( )]( )

2 2c c i c ion B BE m m m KE k T k T    .                 (III-9) 

As referred to previously, it is it is conventional to characterise the strength of 

the electric field by using the reduced electric field strength, E/N: 
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p
   ,              (III-10) 

This equation gives E/N in units of Townsend (Td), T is in K, E is in Vcm-1 and p is in 

Torr. The value of E/N can be used to classify the field conditions according to typical 

processes that take place, for example Raizer (Raizer) calls E/N < 5 Td as “low” 

because only elastic collisions take place. Note that in PTR-MS (see Chapter I) typical 

E/N is in the range from 100 Td to 150 Td. As will be discussed later, in SIFDT-MS 

the typical E/N range is 7 to 28 Td when inelastic collisions can take place to some 

degree but elastic collisions are dominant. 

 

III.2 Ion residence times and mobility measurements 

An important desire in the development of the new SIFDT-MS was to exploit 

ion residence time measurements to distinguish isobaric or isomeric ions by their 

differing drift velocities in the helium carrier gas. Unfortunately, the first experiments 

showed that for the present instrument configuration it was not possible to achieve 

satisfactory drift time separations even for quite different isobaric ions formed by ion-

molecule reactions in the flow-drift tube (for example, protonated ethanol, C2H5OH2
+, 

and protonated formic acid, HCOOH2
+). 

Residence-time profiles of the ions are nevertheless a very important indicator 

of the processes occurring in the flow-drift tube as well as the ion drift time 

measurements. Figure III.1 shows normalised ion residence time profile peaks 

obtained for H3O+ ions at different E/N values from 1 Td to 34.2 Td (more details are 

in Attachment 1 (Spesyvyi and Španěl) ). These peaks differ in shape as well as in drift 
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time. The widening of the peaks is caused by axial diffusion in the ion swarm (that for 

10 µs duration has a special dimension of typically several mm along the axis) during 

the ion transport through the flow-drift tube buffer gas, with a possible contribution to 

the axial gas velocity variation in the parabolic laminar flow profile. 

 

Figure III.1 – Residence-time profiles for the H3O+ ions at five different reduced field 
strengths, E/N, obtained in the SIFDT instrument. Intensities I of the peaks are 
normalized to the respective maximal intensity values Imax and plotted as I/Imax. 

 

The drift time of the ion depends on its mobility in the carrier gas (see equation 

(III-2)). In Figure III.2 the residence-time profiles are shown for H3O+ ions at an 

E/N=14 Td for different laboratory air concentrations in the buffer gas. 
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Figure III.2 – Residence time profiles for the H3O+ ion for six different percentages 
of laboratory air in the flow-drift tube (a) and for the same but normalised data (b).  

Each profile was acquired for the same integration time of 960 ms and thus the decay 

in the peak amplitude directly corresponds to the reduction of the ion signal intensity 

with the air concentration, which can be explain by association reaction of the H3O+  

ions with H2O molecules present in the sample air. Detailed analysis of this effect has 

to account also for changes in diffusion losses (see Section III.3 later).  

However, the time position of the peaks can be explained by the change of ion 

mobility with fractional composition of the gas mixture according to Blanc’s law (see 

equation (III-4)) that predicts how the ion mobility changes with the composition of 

the carrier gas. The ion mobility in helium He  is higher than in the air Air , so with 

the air addition via the sample port (higher sample flow rate) the ion mobility decreases 

and thus it takes more time for the ion to drift through the flow-drift tube with a fixed 

length l. This effect can be seen in Figure III.3 that shows the experimentally obtained 

dependencies of the reagent ion residence times on the sample flow rate into the flow-

drift tube.  
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Figure III.3 – Plot of the dependencies of the H3O+, NO+, O2
+• reagent ions resident 

times on the sample flow rate and thus the fraction of the air in the flow-drift tube. 

These dependencies are clearly linear and their slope A can be defined by the equation: 

Air
0

0

p
t t A

p
  ,                                        (III-11) 

pAir is the partial pressure of air in the carrier gas for a total pressure p0 that is held 

constant during this experiment and t0 is the drift time in the pure helium buffer gas. 

Ion drift times in pure helium t0 and in 100% air t100 correspond to the respective ion 

mobilities as: 
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He  and Air are the ion mobility in air and helium respectively. By combining the 

three previous equations the slope A can be expressed as: 

Air He
Air He
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,                       (III-14) 

 tAir and tHe are the residence times that ion needs to drift through the flow-drift  tube 

of length l at a field E in pure air and pure helium respective. The experimental results 
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are compatible with the well-established H3O+ mobility, Air = 2.7 cm2/(V·s) and He  

= 21.5 cm2/(V·s) (Ellis et al.). 

Experimental ion mobility can be obtained from the SIFDT data as the slope of 

the linear dependence of the ion velocity on the field strength E:  

i gv E v  ,                                       (III-15) 

Ion velocity in the flow-drift tube of length l is simply determined from the 

residence time t as: 

/iv l t .                                           (III-16) 

Example calculation of the H3O+ reagent ion mobility at three carrier gas 

pressures 1.5, 2, 2.5 mbar is shown in Figure III.4. It is not necessary to calculate vg at 

the zero-field ion transport in the flow-drift tube, because it is determined as the 

intercept of the v(E) dependencies and has similar values for the different E/N (see 

Figure III.4). 

 

Figure III.4 – Dependence of the H3O+ ion velocity, v, on the E-field at the three 
helium pressures in the SIFDT. The linear fits with R2 values are shown for each 
pressure. Note the common intercept corresponding to, vg, the ion velocity due to the 
carrier gas flow only (zero E-field). 

To validate the accuracy of the ion residence time measurements, this approach 

was used to obtain ion mobilities not only for H3O+ reagent ion but also for its hydrates 
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and for protonated ethanol and its hydrates and then to compare these experimental 

measured values with previous theoretical (Dryahina and Španěl) and experimental 

values (de Gouw et al. 1997; Ellis, McDaniel, Albritton, Viehland, Lin and Mason 

1978). The results are shown in Table III.1 where very good agreement can be seen. 

Note that the reduced ion mobilities from the SIFDT experiments were calculated 

using equation (III-3) and at a temperature T=295ºK and p=2 mbar. 

Table III.1. Reduced ion mobility calculated from the present SIFDT experimental 
measurements for the ions indicated compared with the previously published 
theoretical and experimental values.  

Ion Mass (Da) µ0 (cm2V-1s-1) 
Experimental Theoretical a Previous 

H3O+ 19 20.1 21.4 21.5±1.5b 
H3O+  (pure He) 19 24.0 21.4 21.5±1.5b 
H3O+(H2O) 37 15.1 15.6 17.2±1.2b 
C2H5OHH+ 47 14.8 13.4  
H3O+(H2O)2 55 12.0 12.2 13.9±1.0b 
C2H5OHH+(H2O) 65 11.2 11.5  
H3O+(H2O)3 73 12.1 10.3 11.5±0.8c 
C2H5OHH+(H2O)2 83 11.1 9.9  

 

a Taken from (Dryahina and Španěl)  

b Taken from (Ellis, McDaniel, Albritton, Viehland, Lin and Mason 1978)  

c Taken from (de Gouw, Krishnamurthy, Bierbaum and Leone 1997) 

Theoretical determination of ion mobilities using the method developed by 

(Dryahina and Španěl 2005) shows very good agreement with our experimental results. 

This means that unknown ion mobilities and thus diffusion coefficients of some 

compounds in helium may be estimated in this way and used for the more precise 

concentration calculations and in the kinetic models. The geometries of ions needed 

for the effective hard sphere cross section calculation with IonCalc software can be 

obtained using available molecular modelling packages, for example Abalone with 

embedded quantum chemical programs ORCA, NWChem, CP2K and PC GAMESS. 

In the case of the H3O+ reagent ion is used for the neutral analyte concentration 

calculation, its hydrates H3O+(H2O)n must also be considered as reagent ions so there 

is need to measure their residence times which correspond to the reaction times of 

ligand switching reactions with analyte neutral (see Section III.4.5). Figure III.5 shows 

normalised residence time profiles for the H3O+ reagent ion and its hydrates (created 
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by a sequence of ion-molecule reactions with water molecules present in the laboratory 

air) at the E/N 14 Td and sample flow rate of 3 mL/min. The width of the peaks 

becomes wider with increasing hydration due the slower diffusion in the buffer gas 

and also because the hydrated ions are formed continuously along the flow-drift tube 

in a sequence of association and dissociation reactions, as it will be discussed into the 

Chapter IV together with the kinetic model describing this process. Here it is sufficient 

to point out that the hydrated ions formed near the downstream end of the flow-drift 

tube will apparently have drift time similar to the primary H3O+ ions (i.e. 300 µs). 

 

 

Figure III.5 – Residence time profiles for the hydrated hydronium ions at E/N = 14 
Td and a sample flow rate of 3 mL/min. Ion residence times are written under the 
particular ion cluster.  

Comparison of the residence time profiles of the isobaric protonated ions of 

ethanol C2H6OH+, formic acid HCOOH2
+ and their mixture is presented in Figure III.6. 

Their reduced mobilities in the helium carrier gas were calculated theoretically using 

method mentioned earlier and are 13.4 cm2/(V cm) for protonated ethanol and 16.3 

cm2/(V cm) for protonated formic acid. First of all the vapours of ethanol and formic 

acid were sampled separately and the residence time profiles of protonated product 

ions from the reaction with H3O+ reagent ion were obtained, then the residence time 
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profiles at E/N 14 and 28 Td were obtained when the mixture of both compounds 

vapour was sampled. The difference between C2H6OH+ and HCOOH2
+ residence 

times at E/N 14 Td and 28 Td is about 15 µs but as can be seen from residence time 

profiles for mixture it is not enough to separate two peaks.  

 

Figure III.6 – Protonated ethanol and protonated formic acid ion residence time 
profiles obtained at the E/N of 14 Td and 28 Td. Residence times are appropriate to 
the maxima of the peaks in microseconds.  

 

Although the initial hope that the ion drift time measurement could distinguish 

isobaric ions was not successful, the ion residence time in the flow-drift tube is a very 

important parameter in the use of the SIFDT-MS technique for gas phase analysis, 

because it corresponds to the ion-molecule reaction time that is an essential parameter 

for the precise calculation of analyte molecule concentration in the sample gas. Worthy 

of note is that the shape of the time-residence spectra of the ion can be described by 

the analytical solution of the transport equation for the product ion. It was even 

described (Gatland 1975) that rate coefficients of ion-molecule reactions and the ion 

diffusion coefficients can be obtained by fitting the analytical dependence to the 

experimental residence-time profile. 
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III.3 Diffusion losses 

Diffusion loss to the walls of the flow-drift tube during ion transport in the 

carrier gas is the dominant process affecting the reagent and analyte ion signal 

magnitudes at the detector in the SIFDT-MS. So it is important to characterize 

diffusion losses in order to define the optimal operating values of the field strength, 

buffer gas pressure and sample flow rate. Thus, a detailed study was performed for the 

H3O+ reagent ions by measuring the ion current arriving at the downstream sampling 

nose cone, i, as the buffer gas pressure, the flow rate of the humid air sample and 

reduced field strength E/N were varied. According to the theory of the axial diffusion 

in cylindrical tubes(McDaniel and Mason 1973), lateral diffusion losses to the wall of 

the H3O+ ion in the flow-drift tube are described by 

22
0 0( / )( / )( / )

0 0
D p p tDti i e i e    ,                          (III-17) 

i0 is the injected ion current, t is the ion residence time, and  is a characteristic 

diffusion length that depends on the dimensions of the flow drift tube and D0 is the ion 

free diffusion coefficient at a pressure p0=1 Torr. 

 

Figure III.7 – Plots of the H3O+ ion current, i, in pA collected at the end of flow-drift 
tube at 3 different pressures of helium as a function of t as varied by changing the 
voltage across the flow-drift tube between 6 V an 100 V (E/N values ranging from 2 
to 18 Townsend, Td).  
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Figure III.7 shows the exponential decay of the ion signal in the flow-drift tube 

in agreement with equation (III-17). Diffusion coefficients D0 calculated from the 

exponential time constants are given in Table III.2 (see also Attachment 3). 

In the near-zero field assumption the ion mobility and the ion diffusion 

coefficient are connected by the Einstein relation: 

Bk T
D

e
 ,                                         (III-18) 

where kB is Boltzmann constant and T is absolute temperature. Thus D and D0 can be 

calculated from the acquired ion mobility and compared to the values obtained from 

the ion current measurements, see Table III.2. 

Table III.2. Reduced ion mobility, µ0, and the derived diffusion coefficient, D0 

(normalised to a pressure of 1 Torr; see text) of H3O+ ions in pure helium at humid air 
sample flow rates of 0, 1.5 and 3 mL/s and at three total He/air pressures of 1.5, 2.0 
and 2.5 mbar. For comparison, the corresponding D0 obtained from the dependence of 
ion current on t are also given. 

He/air mixture 
 Results from t 

measurements 
 Results from ion 

current loss 
Air 
flow, 
mL/min 

p,   
mbar 

He 
flow, 
mL/min

 
µ0, 

cm2/Vs 
D0, 

Torr·cm2/s 

 

D0, Torr·cm2/s 
0 1.5 65  21.5 415  284 
0 2.0 94  20.9 403  307 
0 2.5 125  22.3 432  320 

1.5 1.5 63  18.6 360  260 
1.5 2.0 94  18.8 362  271 
1.5 2.5 121  19.6 380  298 
3 1.5 63  15.7 303  169 
3 2.0 94  16.9 327  207 
3 2.5 121  18.4 357  257 

 

 

The fact that all D0 determined from the H3O+ current loss are lower than ones 

determined with mobility µ0 mean that ion losses to the wall are not occurring via 

fundamental mode diffusion along the whole length of the flow-drift tube and that an 

“ion beam” is formed in the upstream region that is not in close contact with the walls. 

In these experiments the total injected ion current i0 derived from the intercepts of the 

exponential fits to the data in Figure III.7 is 37 pA, which is close to the ion current of 

45 pA when total ion current is collected only on the flow-drift tube walls. Note, that 
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in current SIFDT-MS operation after a series of improvements to the ion source and 

the Venturi inlet the ion current at the nose cone typically reaches value of 70 pA at 

E/N=14 Td for p=2 mbar and a carrier gas flow rate of 75 mL/min. When E/N>7 Td, 

the drift velocity alone is sufficient for ion transport along the drift tube, and so the 

carrier gas flow velocity corresponding to the required pumping speed can be reduced 

to very low values and a small drive pump can be used. 

To investigate the effect of the Venturi inlet ion injection efficiency at different 

carrier gas pressures, O2
+• reagent ion reduced current measurements were made in the 

range of E from 1.7 to 9.4 V/cm at four pressures (and corresponding carrier gas flow 

rates) of 1, 1.5, 2, 2.5 mbar, equivalent to values E/N ranging from 2.7 to 38.5 Td. The 

reduced ion current was calculated as the ratio of the ion current i at the nose cone in 

the end of the flow-drift tube to the ion current in at the Venturi injector before ions 

enter the tube. Dependencies of the ion reduced current on the residence ion time at 

three carrier gas pressures are plotted in Figure III.8. 

 

 

Figure III.8 – Plot of the dependencies of the reduced current of the O2
+• reagent ion 

on its residence time in the flow-drift tube. The corresponding carrier gas pressures 
and flow rates are noted in the legend. 

The maximum values of the reduced ion current for carrier gas pressures of 1.5, 

2 and 2.5 mbar are in the residence time region of the 200-500 µs. The main 

significance of these results for the SIFDT-MS operation as an analytical technique 

for trace gas analysis is that the residence times should be <500 µs as achieved by 

using voltages >50V at pressures of 1.5-2.5 mbar, which avoids major diffusive losses 

of reagent and product ions.  
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III.4 Ion-molecule reactions in the flow-drift tube 

Several types of ion-molecule reactions take place in SIFDT-MS. They are 

characteristic of the type of the selected reagent ions created in the microwave 

discharge ion source. For H3O+ reagent ions, proton transfer to reactant neutral 

molecules is the primary process, and also association reactions with neutral molecules 

leads to the formation of hydrated ions which can undergo ligand switching with M. 

Note that exothermic proton transfer reactions can sometimes be dissociative. For NO+ 

charge transfer to M with ionisation energies lower than 9.2 eV can take place, hydride 

ion transfer forming (M-H)+ can occur when such is energetically possible and 

association sometimes occurs forming MNO+ adduct ions. Finally, the radical cation 

O2
+• reacts by charge transfer typically followed by fragmentation of the nascent 

product molecular ions. 

III.4.1 Collisional rate coefficient 

The collisional rate coefficient was introduced by Langevin more than one 

hundred years ago (Langevin 1905). He assumed the colliding ion and neutral 

molecule to be a point charge and a point-polarizable neutral respectively and thus 

derived the attractive potential between them. When an ion approaches a neutral 

molecule without a permanent dipole, its Coulomb field induces a dipole on the 

neutral, the attraction force arises between them and an ion-neutral collision complex 

is formed if the impact parameter is below a critical value: 

1

2

2 n
L

r

k e
m


 

  
 

,                                   (III-19) 

e is the elementary charge, αn is the polarizability of the neutral, mr is the reduced mass 

of the ion-neutral pair (Eichelberger et al. 2003) and kL is a capture rate coefficient or 

Langevin collision rate coefficient, which indicates the rate at which colliding ion and 

neutral are captured into spiralling orbits. 

When the neutral molecule possesses a permanent dipole momentum µD, the 

capture rate coefficient is larger than kL. For this situation, Su and Bowers derived the 

average dipole orientation (ADO) limiting rate coefficient (Su et al. 1978): 
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C is a weighting coefficient depending on the degree of orientation of the permanent 

dipole and depends on the ratio µD/αn
1/2. Later, equation (III-20) was refined to the 

temperature dependent expression kc(T)=kLKcap , where  
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with 1/21/ / (2 )R D n Bx T k T    (Su and Chesnavich 1982). The collision rate 

coefficient values when using Kcap differ significantly only for low temperatures. 

Collisional rate coefficient can be used to calculate the collisional frequency n  

of the ion and carrier gas helium atoms with density N, and thus the time between 

collisions tcoll and ion mean free path lfree between collisions: 

n ck N  ,                                          (III-22) 

1/coll nt  ,                                         (III-23) 

/free d nl v  ,                                       (III-24) 

For exothermic proton transfer ion-molecule reactions involving small reactant 

molecules (masses up to 100 Da), the calculated collision rate coefficient can be used, 

because proton transfer occurs in every collision between reagent ion and analyte 

neutral molecules (Lindinger 2001).  

III.4.2 Proton transfer reactions 

When a reaction between ions and neutral molecules occurs in every collision, 

then the rate coefficient for the reaction will be equal to the collisional rate coefficient 

that can be calculated as described in the previous section. An example of such reaction 

is exothermic proton transfer (Bouchoux et al.). This reaction is exothermic when the 

proton affinity, PA, of the neutral acceptor molecule, M, is greater than the PA of the 

donor neutral R:  

+ +M RH MH R   .                              (III-25) 
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PA is defined as the negative of the enthalpy change under standard conditions during 

the reaction: 

+ +R H RH  .                                   (III-26) 

In SIFDT experiments, H3O+ is used for the chemical ionisation of the analyte 

molecules via the proton transfer reaction:  

+ +
3 2M H O MH H O   .                           (III-27) 

The PA of the molecule H2O molecule is 696.6 kJ/mol; this is lower than those for 

many molecules present in the environment air and exhaled breath and so H3O+ is a 

valuable reagent ion. A short list of PA values is given in Table III.3 (Lias et al. 1984). 

A relatively recent compilation of proton affinities was given by Hunter and Lias 

(1998). 

Table III.3. Proton affinities of some compounds presented in the environmental air 
and exhaled breath. 

Compound Chemical formula 
Proton Affinity, 

kJ/mol 
 
Helium  

 
He 177.8 

Argon  Ar 370.7 
Oxygen  O2 422.2 
Nitrogen  N2 494.5 
Carbon dioxide CO2 547.7 
Water H2O 696.6 
Formic acid  HCOOH 748.1 
Methanol  CH3OH 761.1 
Acetaldehyde  CH3CHO 780.7 
Propanal CH3CH2CHO 786.2 
Ethanol  C2HOH 787.8 
Acetic acid  CH3COOH 795.8 
Acetone  CH3COCH3 823.0 
Isoprene  C5H8 826.3 
2-butanone CH3COCH2CH3 827.2 

 

Atmospheric trace gases that react with H3O+ include unsaturated and aromatic 

hydrocarbons, and also most of the oxygenated VOCs (aldehydes, ketones, alcohols, 

acids, etc.). Numerous studies have shown how the collisional rate coefficient for 

reaction III-27 can be calculated from the polarizability and permanent dipole moment 

of the reactant neutral molecule R (Barker and Ridge 1976; Chesnavich et al. 1980; Su 

and Chesnavich 1982).  
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III.4.2.1 Ion chemistry of H3O+ with acetone at various E/N in the presence of water 

vapour molecules 

Proton transfer from H3O+ ions to acetone molecules represents a very good 

model system for SIFDT-MS studies, because the ion chemistry of this reaction and 

of the subsequent association reactions of its major product, protonated acetone, with 

water molecules are well understood under thermal SIFT-MS conditions (Smith et al. 

2003b; Španěl et al. 1997). Thus, a detailed series of experiments was carried out using 

H3O+ reagent ion and acetone (CH3)2CO (designated as M in Section III.4.2 for clarity) 

at the various values of the concentration of the acetone molecules in the flow-drift 

tube reactor, and at different sample humidities and different E/N applied across  the 

flow-drift tube. The proton transfer reaction rate coefficient was experimentally 

obtained for different values of the reduced field E/N to confirm that it does not change 

significantly under the SIFDT-MS conditions as it will be discussed in this section. 

During this study some additional effects (reagent ion hydration, mass discrimination) 

were observed in the experimental data and they also need to be discussed, as they play 

an important role in the envisaged SIFDT-MS analytical operation. 

The experiments were carried out using the headspace of an acetone solution in 

water. The septum of the vial containing the solution was penetrated with a needle to 

introduce ambient air via bubbling through liquid (see Figure III.9) and the sample 

flow rate was regulated using a needle valve to be within the range 1-10 mL/min as 

measured using a flow meter calibrated for air under standard atmospheric temperature 

and pressure (Alicat Scientific, Inc. M-50SCCM-D).  

 

Figure III.9 – Schematic of the air/sample flow of acetone/water vapour mixture 
headspace for the experiments discussed in Section III.4.2.1. 
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The acetone concertation was chosen as to be sufficient (~0.1% by headspace 

volume) to convert a major fraction of H3O+ ions to protonated acetone MH+ (see 

Figure III.10).The data were obtained for several values of E/N (7, 14, 22 and 30 Td) 

in the form of residence time and mass spectra data, as it was described in Chapter II. 

 

Figure III.10 – Mass spectrum of the raw data obtained when acetone/water solution 
headspace was sampled at flow rate 6 mL/min at an E/N = 14 Td. 

 Relative product ion count rates of the major observed ions are plotted in Figure 

III.11 as functions of the sample flow rate separately for each E/N. Note that the 

relative intensities of the reagent H3O+ ion and its hydrates H3O+(H2O)1,2,3 were 

calculated as a ratio of the individual ion count rates to the sum total of their count 

rates and similarly the relative intensities the product ions, including MH+ and its 

hydrates MH+(H2O)1-n and the protonated acetone dimer M2H+ as a fraction of each in 

the sum of these three count rates. The relative intensities are used to minimise any 

inaccuracies caused by variations of the injected ion current and the associated total 

count rates that change with E/N and with sample flow rate (see Section III.3).  



III. Processes in the flow-drift tube 
 

59 
 

 

Figure III.11 – Plots of relative count rates of protonated hydronium its hydrates (blue 
lines and points) and of protonated acetone and its hydrates (pink lines and points) as 
dependent on the sample flow rate at different reduced field strength: a) E/N = 7 Td, 
b) E/N = 14 Td, c) E/N = 22 Td, d) E/N = 30 Td. Note that fractions of two separate 
ion series are plotted: one for H3O+, H3O+(H2O)1,2,3 (blue) and second for the MH+, 
MH+(H2O), M2H+.(pink). 

Concentrations of acetone reactant [M], water vapour [H2O] and air molecules 

increase in the flow-drift tube reactor proportionally to the increase of the sample flow 

rate according to equation (I-5). The losses of the primary reagent ion H3O+ by proton 

transfer to M and by association reactions with H2O thus clearly increase with the 

sample flow rate as can be seen in Figure III.11. The fraction of the MH+ ion formed 

in the proton transfer reaction also decrease with sample flow rate due to formation of 

MH+H2O and the protonated acetone dimer M2H+. The network of association and 

dissociation reactions of hydronium ion hydrates will be discussed in the following 

Section III.4.3.  
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The same data expressed in the form of the dependencies of the relative ion 

signal on the reduced field strength E/N for three different flow rates are shown in 

Figure III.12. It can be clearly seen how the intensity of the product ions depends on 

the field applied across the flow-drift tube – the reagent ion H3O+ and product ion  

protonated acetone MH+ intensities increase with the field whilst the hydronium 

hydrates H3O+(H2O)n , protonated acetone hydrate MH+H2O and protonated acetone 

dimer M2H+ intensities decrease. Two effects govern these processes – the reaction 

times (i.e. residence times of the reacting ions) decrease with E/N as the ion velocity 

increases and also the ternary association rate coefficients for conversion of H3O+ to 

H3O+(H2O)n and of MH+ to MH+H2O and M2H+ decrease with the higher E/N value 

due to the increasing ion energies (see Section III.4.3 below). 

 

 

Figure III.12 – Plots of relative count rates of H3O+ and H3O+(H2O)1,2,3 (blue) and of 
MH+, MH+(H2O) and M2H+ (pink) as a function of the reduced field strength obtained 
for three fixed sample flow rates: a) Ф = 2 mL/min, b) Ф = 6 mL/min, c) Ф = 10 
mL/min.  

III.4.2.2  Hydration of H3O+; the need to consider H3O+(H2O)1,2,3 as additional 

reagent ions 

To understand the ion chemistry occurring in SIFDT-MS in presence of water 

molecules and ultimately to determine the rate coefficient of the primary proton 

transfer reaction, it is necessary to consider the effect of sample humidity increase on 

the observed ion count rates. The presence of H2O results in formation of the hydrated 

hydronium ions H3O+(H2O)n in a sequence of three-body association reactions. Thus, 

the increasing H3O+ reagent ion decay with the sample flow rate is not only caused by 

proton transfer to M, but also by reactions with water molecules presented in sample. 

The experimental results for the relative intensities of H3O+ with respect to the total 

intensity of H3O+(H2O)0-3 are shown in Figure III.13 at the different values of  E/N.  
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Figure III.13 – Plot of relative intensities of H3O+ (solid lines) and of the sum of its 
hydrates H3O+(H2O)1,2,3 (dashed lines) as a function of the acetone solution headspace 
sample flow rate at four different reduced electric field strengths E/N indicated in Td. 

As the fractional loss of H3O+ due to its reaction with H2O can be appreciable it 

must be considered when determining the rate coefficient of H3O+ proton transfer rate 

coefficient by using the sum of the H3O+ and its hydrates in the calculation. It should 

be note here, however, that if the sole objective of the experiment was to measure a 

rate coefficient it would be possible to dilute the reactant gas by dry air to avoid the 

effects of H2O. The processes of the reagent ion and hydrated product ion hydration in 

the association reactions will be considered in details in later sections. 

III.4.2.3 Use of ion chemistry data to determine mass discrimination correction. 

As mentioned in Chapter II, an important aspect of the quadrupole mass 

spectrometer operation is the so-called mass discrimination effect when the measured 

ion intensity is lower than what would correspond to their concentration at the end of 

the flow-drift tube and this effect increases with the ion mass to charge ratio (m/z). To 

take into account the ion mass discrimination the intensities obtained from the mass 

spectra should be multiplied by the mass discrimination coefficient according to the 

m/z of the ion. Accounting for the mass discrimination effect is necessary in this proton 

transfer reaction rate coefficient study because the H3O+ reagent ions (m/z 19) are 

converted to ions with m/z values higher than 50 and mass discrimination can thus be 
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significant when quantitatively relating their count rates to neutral analyte 

concentrations. Ideally, the total ion count rate at the detection system should not 

change when the reagent ions are converted to product ions. However, the raw data 

from the present H3O+/water/acetone experiments have shown that the total ion count 

rate apparently decreases with the sample flow rate as the ions are converted to higher 

m/z species. Experimental dependence of the values of the total raw ion count rate on 

the sample flow rate is shown in Figure III.14 (black squares). 

 

Figure III.14 – Plots of comparison of the raw total count rates (black) and total count 
rates corrected by mass discrimination coefficient (red) obtained at different sample 
flow rates.  

To illustrate this effect the changes in ion intensities of all the reagent and 

product ions between acetone/water headspace sample flow rate 1 and 10 mL/min are 

shown in Figure III.15 where it can be seen that at the 10 mL/min sample flow rate the 

major fraction of the total ion count rate are the protonated acetone dimers M2H+ 

instead of the reagent ion H3O+ that is dominant at the sample flow rate 1 mL/min.  
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Figure III.15 – Ion count rates obtained at E/N=14 Td for the acetone/water sample 
flow rate values of 1 mL/min (green) and 10 mL/min (blue).  

Thus, there is a need to introduce a mass discrimination correction coefficient 

for ion intensities that can be represented as a function of m/z (Smith, Pysanenko and 

Španěl 2009). This was done using the least square fitting of discrimination 

coefficients at individual m/z were with the objective to optimise them so that the total 

ion count rates obtained in the flow rate range 2-10 mL/min remains as close as 

possible to the initial total ion count rate observed at 1 mL/min (see the red points in 

Figure III.14). The resulting mass discrimination coefficient in dependence on the m/z 

obtained from these experiments is shown in the Figure III.16 for a given setting of 

the quadrupole resolution corresponding to about 1 m/z unit peak width at half 

maximum. 

 

Figure III.16 – Plot of the dependence of the mass discrimination coefficient, KMD, 
on the ion m/z. 
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It can be seen that above m/z 50 the mass discrimination coefficient, KMD, begins 

to increase approximately quadratically with m/z reaching a value of 4.5 at m/z 117. 

(the m/z of the proton-bound acetone dimer) It should be mentioned that mass 

discrimination coefficients are sensitive to the settings of the detection quadrupole 

mass filter. If a very high resolution is needed in the certain m/z region, then mass 

discrimination coefficients would be higher. 

III.4.2.4 Investigation of rate coefficients for H3O+ proton transfer to acetone at 

various E/N 

The rate coefficient of the proton transfer reaction of H3O+ with acetone M:  

19+ +
3 3 2 3 2 2H O (CH ) CO (CH ) COH + H Ok                   (III-28) 

was obtained at E/N values of 7, 14, 22 and 30 Td. The rationale for this study is to 

validate that the rate coefficient k19 of the reaction (III-29) does not change 

significantly with the reduced electric field strength E/N. 

The concentration of the H3O+ in the flow-drift tube [H3O+ ] can be expressed 

according to well-known chemical kinetics equations as: 

+
+3

19 3

[H O ]
- [H O ][M]

d
k

dt
 ,                                (III-29) 

+
3 19+

3

1
[H O ] - [M]

[H O ]
d k dt  ,                             (III-30) 

 +
3 19 19ln [H O ] - [M]k t C  ,                           (III-31) 

 + +
3 3 0 19 19[H O ] [H O ] exp - [M]k t ,                      (III-32) 

where t19 is the residence time of the H3O+ ions that can be determined experimentally 

in SIFDT. The integration constant C corresponds to the logarithm of the initial H3O+ 

concentration designated as [H3O+]0. The reaction rate coefficient can be obtained 

from experimental data as a slope of a semi-logarithmic plot of dependence of [H3O+] 

on [M]t19 according to equation (III-31) or by numerically fitting the reagent ion decay 

data by exponential function according to equation (III-32). Usually, when flow tubes 

are used for the rate coefficient studies, the concentration of reagent [M] is the only 

parameter that is increased with the sample flow rate increase whilst the reaction time 

is fixed. However, in SIFDT the residence time of ions changes with the increase of 

the fraction of air in the carrier gas (see Section III.2), so it is necessary to measure the 
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reaction time at the each sample flow rate and each E/N separately. Fortunately, using 

the Hadamard transformation approach (as described previously) this can be achieved 

routinely. It is also important to note that the total ion count rates and thus H3O+ 

concentrations in the flow-drift tube are not equal for the different values of E/N, so 

the relative intensity (fraction of the total count rates as it was discussed in III.4.2.1) 

should be used in calculations. Figure III.17 shows these two mentioned methods 

applied for the four values of E/N of 7, 14, 22 and 30 Td.  

 

 

Figure III.17 –Dependencies of the relative total precursor ion signal on the product 
of the ion residence time and concentration of the acetone reagent neutral molecules 
in the flow-drift tube at E/N of 7, 14, 22 and 30 Td used to obtain the proton transfer 
rate coefficient k19. a) numerical fitting by exponential function b) linear regression of 
the slope of a semi-logarithmic plot.  

From the plots in Figure III.17 the values of the proton transfer rate coefficient 

for reaction (III-28) obtained by the least square fitting method are in the range 3.67-

4.32×10-9 cm3/s and the logarithmic slope method provides a somewhat narrower 

range of 3.85-4.19×10-9 cm3/s. The lower spread obtained using the semi-logarithmic 

method indicates that this approach is more precise since it considers the relative 

weight of all data points whilst the exponential fitting approach favours the higher 

points. As can be seen, there is no noticeable change in the rate coefficient with E/N 

and all measured values are within 10% of the 3.9×10-9 cm3/s value that is calculated 

using the Su and Chesnavich theory (Smith, Wang and Španěl 2003b; Su and 

Chesnavich) for the proton transfer reaction of H3O+ with acetone molecules. Figure 

III.18 shows the results of calculation of this rate coefficient using compiled data for 

all E/N simultaneously that are very close to the theoretical 3.9×10-9 cm3/s. 
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Figure III.18 – Plot of the dependencies of the relative H3O+ signal on the product of 
the H3O+ drift/reaction time and concentration of the acetone reagent neutral molecules 
in the flow-drift tube at E/N of 7, 14, 22 and 30 Td used to obtain the proton transfer 
rate coefficient k19 using all points simultaneously. 

 

III.4.3 Association and dissociation reactions 

Association reactions usually involve three bodies: the reagent ion, the reactant 

molecule and a third body (an atom or a molecule) and are sometimes called 

termolecular reaction. When an ion collides with a neutral molecule the intermediate 

complex is formed, but it is unstable due to its internal energy and would 

spontaneously dissociate if the excess energy is not removed. It is the role of the third 

body, typically a carrier gas helium atom, to take away this excess of ion-molecule 

complex energy and thus to stabilise it (super-elastic collision). Examples of 

association reactions relevant to SIFDT-MS are represented by a sequence of 

association reactions of H3O+ with H2O: 

1+ +
3 2 3 2H O + H O H O (H O)k ,                          (III-33) 

2+ +
3 2 2 3 2 2H O (H O)  H O H O (H O)k  ,                     (III-34) 

3+ +
3 2 2 2 3 2 3H O (H O)   H O H O (H O)k  ,                     (III-35) 

k1, k2, k3 are the effective bimolecular rate coefficients for the association reactions 

(see Attachment 3, (Spesyvyi, Smith and Spanel 2015)).  

Detailed studies of the reaction H3O+(H2O)n-1 + H2O  H3O+(H2O)n were 

performed previously using pulsed electron beam high pressure ion source 

spectrometer by Y.K. Lau et al. (Lau et al. 1982) by investigating forward and 
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backward pathways of these reactions over a wide temperature range. The rate 

coefficients for the forward ternary association reactions (with methane CH4 acting as 

the third body at pressure of about 1 Torr)  

+ +
3 2 n-1 2 4 3 2 n 4H O (H O)   H O  +  CH H O (H O)   +  CH  .       (III-36) 

Under truly thermalized conditions the empirical temperature dependences exhibit a 

power law relation:  

bk aT  ,                                           (III-37) 

The parameters a and b both increase with n. For n=1 the power law exponent, b, was 

seen to be 4. 

For the purpose of SIFDT-MS it is important to study the association rate 

coefficient for the reaction (II-33) as a function of E/N at a fixed temperature of the 

neutral gas in the flow-drift tube reactor. The detailed description of the experiment is 

given in Attachment 2, (Spesyvyi and Španěl 2015b). The dependence of the 

association rate coefficient on E/N and, thus on the centre-of-mass collision energy 

between H3O+ ion and H2O molecule, and between H3O+ and carrier gas helium atoms 

are shown in Figure III.19. 

 

Figure III.19 – Dependencies of the association rate coefficient on a) reduced field 
strength E/N, b) the mean ion-carrier gas atom centre-of-mass energy Ec and the mean 
ion-reactant gas centre-of-mass energy Er. 

 

It can be seen that the observed rate coefficient decreases with increasing E/N, 

Ec and Er. These energy dependencies approximately correspond to Ec
-1and Er

-0.5. Note 

that the exponents for the dependence on the ion energy are significantly lower than 
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those of the theoretically predicted temperature dependence of T-3 (Fontijn and Clyne) 

and of the high pressure ion source (in the presence of methane) dependence of T-4 

(Lau, Ikuta and Kebarle 1982). This difference is presumably due to the absence of 

rotational temperature of H2O in the present experiments. 

Hydrated hydronium ions created in the association reactions (III-33), (III-34), 

(III-35) then undergo collisions with the helium carrier gas atoms. These collisions 

may lead to dissociation: 

+ +
3 2 n 3 2 n-1 2H O (H O) H O (H O)  + H O .                   (III-38) 

Rates of the dissociation of the protonated water clusters depend on the binding 

energies of the H2O molecules and on the energy of collision with He carrier gas atom. 

Usually, dissociation rate coefficients are expressed in the form of Arrhenius equation: 

exp[ / ]dissociation ak A E RT  ,                            (III-39) 

Ea is the activation energy of the reaction in which the hydrate is created (reverse 

reaction to (III-38)). Dissociation rate coefficients for reaction (III-38) increase rapidly 

with n, due to the decreasing dissociation energies of the H2O molecules. The rate of 

dissociation of H3O+(H2O)n also increases with collisional ion energy which depends 

on E/N. Approximate calculation of these dependencies will be discussed in relation 

to the kinetic model of the ion-molecule reactions in the flow-drift tube in Section 

III.5. 

III.4.4 Charge transfer 

Charge transfer ion-molecule reactions can occur in SIFDT-MS when NO+ and 

O2
+• are used as reagent ions: 

+ +NO M M +NO  ,                             (III-40) 

+
2 2O M M +O   .                              (III-41) 

The neutral reactant M will be ionised by charge transfer reaction when its ionisation 

energy is lower than the ion recombination energy of the ground state reactant ion 

(9.26 eV for NO+ and 12.07 eV for O2). The amount of the excess energy released in 

charge transfer reactions is partitioned between the kinetic energies of M+, NO or O2 

and possibly also internal excitation of M+ and the neutral molecules and may lead to 

product ion dissociation (observed in practice often for O2
+•). In some dissociative 

charge transfer reactions a number of different fragment product ion species can be 
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produced (Smith and Španěl). Exploitation of this phenomenon for the monoterpene 

isomers distinction will be discussed in Chapter V.  

Rate coefficients of NO+ and O2
+• reactions can be determined by simultaneously 

injecting H3O+ reagent ion together with NO+ and O2
+• and increasing the number 

density of neutral reactant of interest in the flow-drift tube reactor. The H3O+ rate 

coefficient (collisional for exothermic proton transfer reactions (Bouchoux, Salpin and 

Leblanc)) can be used as a reference for the rate coefficients calculation for the NO+ 

and O2
+• reactions. An example of determination of charge transfer rate coefficient for 

O2
+• reaction with ethanol is shown in Figure III.20 where it can be seen that the O2

+• 

reaction is somewhat slower than the H3O+ reaction. 

 

 

Figure III.20 – The dependence of the precursor ions signal on the number density of 
ethanol molecules in the tube obtained in the early experiments when SIFDT was used 
only in the flow tube mode. The rate coefficients were measured using the dependence 
of the precursor ion signal decay on the number density of ethanol molecules in the 
flow tube. Obtained values are kH3O+ = 3×109 cm3/s (calculated) kO2+• = 2×109 cm3/s. 
The latter value almost coincides with earlier results from SIFT-MS measurements: 
kH3O+ = 2.7 109 cm3/s, kO2+• = 2.3 109 cm3/s (Španěl and Smith 1997). 

To investigate how charge transfer rate coefficients vary with E/N, the rate 

coefficients of the O2
+• reaction with acetone were obtained at 7, 14, 22 and 30 Td. 

Excess energy released in this reaction causes dissociation of the nascent parent 

acetone cation in about 40% of the ion-molecule interactions(Španěl, Ji and Smith 

1997): 

60% +
2 3 6 3 6 2

40% +
2 3 6 2 3 3 2

O C H O C H O +O   (a)

O C H O C H O +CH +O   (b)  

 

 

 

 
              (III-42) 
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Figure III.21 – The dependencies of the O2
+• reagent ions intensity on the product of 

the number density of acetone molecules in the flow-drift tube and ion residence time 
obtained at E/N of 7, 14, 22, 30 Td. The corresponding charge transfer rate coefficients 
from the plot are 2.9×10-9, 3.1×10-9, 3×10-9, 3.4×10-9 cm3/s.  

The results in Figure III.21 again show that there is no significant difference (15%) 

between the rate coefficients obtained for varying E/N from 7 to 30 Td. 

III.4.5 Ligand switching reactions 

Ligand switching reactions typically occur when the neutral reactant has a 

higher gas phase basicity than a ligand (H2O in the present case) already bound to a 

core ion (for example H3O+). The ligand switching reactions of hydrated hydronium 

ions H3O+(H2O)n contribute to formation of hydrated protonated molecules: 

+ +
3 2 n 2 n 2H O (H O)  + M MH (H O)  + H O  ,                (III-43)  

The simplest case is represented by the reaction of singly hydrated H3O+: 

+ +
3 2 2 2H O (H O) + M MH (H O) + H O  ,                    (III-44) 

The rate coefficient for this reaction is primarily determined by its exothermicity. 

Neglecting entropy changes, the exothermicity can be estimated as a difference 

between the binding energy of H2O to H3O+ (136 kJ/mol) (S.G. Lias) and the binding 

energy of H3O+ to M that is equivalent to the binding energy of MH+ to H2O combined 

with the difference of proton affinities between M and H2O. For example, for acetone 

the binding energy of MH+ to H2O is 85.8 kJ/mol (Mautner 1984) and the difference 
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in proton affinities is PA(M)-PA(H2O) = 126.4 kJ/mol; thus, the exothermicity of the 

ligand switching reaction (III-44) is 76.2 kJ/mol (see Figure III.22). 

 

 

Figure III.22 – A potential energy scheme of the H3O+H2O + M ligand switching 
reaction system. E1 and E2 are indicated binding energies of MH+ to H2O and of H2O 
to H3O+

. 

So, under SIFDT-MS conditions it is expected that the switching reactions (III-

43) will proceed at collisional rate coefficients as long as the neutral molecules are 

highly polar, by analogy with previous SIFT results (Španěl and Smith 1995). 

 

III.5 Kinetic model of the ion-molecule reactions in the flow-drift tube in the 

presence of the homogenous electric field E 

In order to confirm the proper understanding of the ion molecule reaction 

kinetics in the flow-drift tube reactor at different values of E/N, a numerical model was 

created comprising a complete set of the ion-molecule reactions. The ion processes 

occurring inside the drift-tube reactor containing reactive analyte molecules M 

(acetone is used as a test case in this section) and water vapour molecules H2O in 

helium carrier gas (pressure p) can be described by the experimental data for ion peaks 

and their intensities on the mass spectra and the ion residence times (two dimensions). 

This output can be seen as a response of the flow-drift tube experiment to a set of given 

conditions: type of the selected reagent ion, length l of the flow-drift tube, reduced 

field E/N, sample and helium flow rates.  

Now consider a situation when H3O+ is selected as the reagent ion and the neutral 

analyte M is sampled together with certain concentration of H2O molecules. Then the 

following system of ion-molecule reactions takes place: 
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1+ +
3 2 3 2H O   H O H O (H O)k  ,                              (III-45) 

2+ +
3 2 2 3 2 2H O (H O)  H O H O (H O)k  ,                             (III-46) 

3+ +
3 2 2 2 3 2 3H O (H O)   H O H O (H O)k  ,                            (III-47) 

4+ +
2 2MH   H O MH (H O)k  ,                              (III-48) 

5+ +
2 2 2 2MH (H O)  H O MH (H O)k  ,                             (III-49) 

1+ +
3 2 3 2H O (H O) H O  + H Ok ,                              (III-50) 

2+ +
3 2 2 3 2 2H O (H O) H O (H O) + H Ok ,                    (III-51) 

3+ +
3 2 3 3 2 2 2H O (H O) H O (H O)  + H Ok .                 (III-52) 

6+ +
3 2H O  + M MH  + H Ok ,                         (III-53) 

7+ +
3 2 2 2H O (H O) + M MH (H O) + H Ok ,               (III-54) 

8+ +
3 2 2 2 2 2H O (H O)  + M MH (H O)  + H Ok ,             (III-55) 

9+ +
3 2 3 2 2 2H O (H O)  + M MH (H O)  + 2H Ok ,           (III-56) 

 

k1-k9 are the rate coefficients of the corresponding reaction and k-1-k-3 describe the 

possible reverse reactions. The reactions can be categorised to several types: proton 

transfer reaction (III-53), hydronium hydrates ternary association reactions (III-45), 

(III-46), (III-47), hydronium hydrates dissociation reactions (III-50), (III-51), (III-52), 

hydrated protonated analyte (product ion) association reactions (III-48), (III-49) and 

the ligand switching reactions (III-54), (III-55), (III-56). As discussed in the previous 

sections, the rate coefficients for some of these reactions depend on E/N. This system 

of reactions results into seven ions at the downstream output of the flow-drift tube 

reactor: reagent ion H3O+, reagent ion hydrates H3O+(H2O), H3O+(H2O)2, H3O+(H2O)3, 

protonated product ion MH+ and its hydrates MH+(H2O), MH+(H2O)2. Changes of the 

number densities of each ion species during their time spent in the flow tube reactor, 

t, can be expressed by an ordinary differential equation of the form: 

+
+[R ]

[R ][N]
d

k
dt

  .                               (III-57) 

The numerical solution of a set of such differential equations gives the number density 

of each ion species as a function of t. An analogous kinetic model was developed 

previously for the SIFT-MS instrument (Španěl and Smith) constructed on the 

assumption of identical ion velocities for all species. It is possible to adopt a similar 

approach for SIFDT-MS; however, the integration of ion-molecule reaction kinetics 

equations must be done for a specific E/N accounting for different ion velocities by 

virtue of the different mobility for each of the 7 ion species. 
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Thus a system of differential equations is constructed: 

 
+

3

+
+ + +3

1 3 2 6 3 -1 3 2

H O

[H O ] 1
( )[H O ][H O]- [H O ][M] [H O (H O)]

g

d
k E k k

dl v E
  


, (III-58) 




+

3 2

+
+ +3 2

1 3 2 2 3 2 2

H O (H O)

+ + +
7 3 2 -1 3 2 2 3 2 2

[H O (H O)] 1
( )[H O ][H O]- ( )[H O (H O)][H O]

[H O (H O)][M] [H O (H O)] [H O (H O) ] ,

g

d
k E k E

dl v E

k k k
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H O (H O)
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[H O (H O) ] 1
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[H O (H O) ] [H O (H O) ] ,
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+

3 2 3

+
+ + +3 2 3

3 2 2 2 3 3 2 3 9 3 2 33
H O (H O)

[H O (H O) ] 1
( )[H O (H O) ][H O] [H O (H O) ] [H O (H O) ][M ]

g

d
k E k k

dl v E   


, (III-61) 

 
+

+
+

6 3 4 2

MH

[MH ] 1
[H O ][M] [M][H O]

g

d
k k

dl v E
 


, (III-62) 

 
+

2

+
+ + + +2

4 2 7 3 2 8 3 2 2 5 2 2

MH (H O)

[MH (H O)] 1
[MH ][H O]+ [M][H O (H O)] [M][H O (H O) ] [MH (H O)][H O]

g

d
k k k p k

dl v E
  


, (III-63) 

 
+

2 2

+
+ + +2 2

5 2 2 8 3 2 2 9 2 3 2

MH (H O)

[MH (H O) ] 1
[MH (H O)][H O] (1 )[M][H O (H O) ] [MH (H O) ][H O ]

g

d
k k p k

dl v E
   


. (III-64) 
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Several of these equations need to account for changes of the rate coefficients 

with E/N (due to changes in Ec and Er). For this purpose, activation energies for 

dissociation of H3O+(H2O), H3O+(H2O)2, H3O+(H2O)3 were used as 136, 84, 73 kJ/mol 

respectively (Dalleska et al. 1993). For calculation using equation (III-39) a frequency 

factor A is needed; for this model it was estimated as being proportional to the 

collisional frequency of the hydrate ions with the helium carrier atoms. The collision 

frequencies of the hydrates were calculated from the collision rate coefficient (see 

equation (III-21)) and number density of the helium atoms at 2 mbar flow-drift tube 

pressure. The collision rate coefficients of the hydrates H3O+(H2O), H3O+(H2O)2, 

H3O+(H2O)3 are 5.58×10-10, 5.49×10-10, 5.45×10-10 cm3/s. RT in the Arrhenius equation 

(III-39) corresponds to the internal ion energy and it is approximated as a value 

proportional to E/N in the present model. The dissociation rate coefficients k-1-k-3 were 

thus calculated to have an E/N dependence as shown in Figure III.23 

 

Figure III.23 – Approximation dependencies of the hydronium hydrates dissociation 
rate coefficients on the reduced electric field E/N that have been used in the kinetic 
model. 

The association rate coefficients were approximated by a power law 

dependencies on E/N and by fitting the experimental energy dependencies in the form 

of Ec
-1and Er

-0.5. Finally it is important to note that the proton transfer and ligand 

switching reactions were treated as energy independent. 

To check if the model properly represents the experimental results the 

dependencies of the hydronium hydrates intensities on the H2O number density in the 

flow-drift tube and on the E/N value were calculated and compared with the 
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experimental data. Note that in the real experiments the air molecules number density 

also increases with flow rate together with the H2O number density and thus the ion-

molecule reaction times become longer (see Chapter III.2), this effect was not included 

in the model for simplicity. The agreement that was reached between the model 

describing reactions of H3O+ with acetone, M, under presence of H2O and the 

corresponding experiment can be judged by comparing Figure III.24 to Figure III.25 

and Figure III.26 to Figure III.27 where it is seen that most of the features are well 

reproduced.  

 

Figure III.24 – Variation of the relative count rates of the H3O+(H2O)0,1,2,3 ions as a 
function of E/N in the flow-drift tube when samples of humid air at the two flow rates 
indicated (a and b) are introduced into the helium carrier gas, where I is a measured 
count rate of selected ion and Itotal is the sum of all H3O+(H2O)0,1,2,3 ions count rates. 

 

 

Figure III.25 – Kinetic model output demonstrating the dependencies of the relative 
reagent and product ion signal on the reduced field strength E/N at the end of the 
reactor flow-drift tube obtained for two values of number density: a) [H2O] = 4×1013 
cm-3 and b) [H2O] = 4×1013 cm-3, that correspond to experimental sample flow rates 
of 1.5 and 3 mL/min. 
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Figure III.26 – Plot of the dependencies of the relative ion intensities on the product 
of the H3O+ reagent ion residence time and number density of water molecules in the 
flow-drift tube at E/N of 14 Td. This dependencies include association and dissociation 
ion-molecule reactions when H3O+ and its hydrates react with H2O. 

 

 

Figure III.27 – Kinetic model output demonstrating the dependencies of the relative 
reagent H3O+ and hydrated ions on the water molecule number density. 
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Finally it is instructive to use the model to investigate the variation of ion number 

densities along the flow-drift tube as this cannot be done directly by experiments. The 

results of the calculated relative ion number densities for H3O+, H3O+(H2O)1,2,3 and for 

the protonated acetone MH+ and its hydrate MH+(H2O) as functions of the axial 

position along the flow-drift tube, L, are show in Figure III.28. 

 

Figure III.28 – Model calculations of the relative ion intensity distributions of 
hydrates of H3O+ and MH+ in the flow-drift tube. Dashed lines are for 1 Td and solid 
lines are for 14 Td.  
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IV. Characterisation of SIFDT-MS as an analytical technique  

 

IV.1 General notes on concentration measurements with SIFDT-MS 

The main principle underlying SIFDT-MS as an analytical technique is that the 

concentration of a trace gas analyte compound in the flow-drift tube reactor can be 

calculated from the reagent ion and analyte ion count rate ratio using a know the rate 

coefficient for the reaction of the analyte compound with the selected reagent ion and 

the appropriate reaction time as determined by accurate measurement of the residence 

time of reagent ion. The known flow rates of the helium carrier gas and sample gas 

together with the flow-drift tube pressure can then be used to determine the VOCs 

concentration in gaseous sample (air, breath or liquid headspace). The fundamental 

difference between the new SIFDT-MS technique and the established SIFT-MS 

technique is the variable reaction time that is highly dependent on the on flow-drift 

tube E/N and on the mobility of the ions that in turn depends on the fraction of the air 

in the buffer gas. It is thus necessary to measure the reagent ion residence time for each 

established instrument configuration which is easily done using the Hadamard 

transformation method (as discussed in Chapter III). In other aspects the approach to 

concentration calculation is similar to that that is established and well validated in the 

SIFT-MS technique.  

In a general case of multiple product ions and the presence of hydrated reagent 

ions in the flow-drift tube reactor, the number density of the analyte neutral molecule 

can be calculated as 

1 2

1 1 1 2 1 2 2 3 1 3 3

...
[M]

( ) / 2 ( ) / 2 ...
p p

i r i r i r

I I

I k t I k k t I k k t

 


    
,                     (IV-1) 

Ip1, Ip2, … are the product ions count rates, Ii1, Ii2, … are the count rates of the reagent 

ions, k1, k2, k3, … are the reaction rate coefficients for reaction of M with H3O+(H2O)0-

n (Smith and Španěl 2015). This equation differs from the corresponding SIFT-MS 

equation by the inclusion of separate reaction times for each type of the reagent ion tr1, 

tr1, tr3 … The effect of differential diffusion (Smith, Pysanenko and Španěl 2009; 

Španěl, Dryahina and Smith 2006a; Španěl and Smith 2001) can be neglected at this 

stage, because diffusion losses are suppressed by application of the E-field, but they 

may need to be accounted for in future more accurate analyses of larger analyte 

molecules. 
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Equation (IV-1) can be written specifically for the situation when H3O+ is used 

as the reagent ion and hydronium hydrates H3O+(H2O)n are included as additional 

reagent ions. Following the example of acetone, the MH+ product of the proton transfer 

reaction together with its hydrates as created in association and switching reactions 

should all be considered as product ions. Equation (IV-1) thus becomes 

2
1

3 3 2 0 0 3 2
1 1

MH [MH (H O) ]
[M]

1 1
[H O ] [H O (H O) ] [H O (H O) ]

2 2

n

n

n n

n n n nk t k t

 

  



 

  
 



 
,    (IV-2) 

k0 is the rate coefficient for reaction of neutral analyte M with reagent ion H3O+ and kn 

are the rate coefficients for the association/ligand switching reactions resulting in 

MH+(H2O)n , t0 is the residence time of the H3O+ reagent ion and tn are the residence 

times of the hydrated hydronium reagent ions.  

It has to be noted that two assumptions (approximations) were made when 

formulating equation (IV-2). The first is that the average number density of the 

hydrated hydronium ions formed along the flow-drift tube can be approximated by 

areas of right triangles with ion residence time and ion intensity on spectrum as catheti 

(see Figure IV.1): 

3 2 3 2

1
[H O (H O) ] [H O (H O) ]

2n t n ndt t  .                       (IV-3) 

In other words, the average fraction of hydration along the flow-drift tube is a half of 

that observed downstream (Španěl and Smith 2000). This explains the coefficients ½ 

in equation (IV-2). However, the kinetic model for the E/N = 1 Td and 14 Td has 

shown that the hydronium hydrate ions distributions along the flow-drift tube as 

plotted in Figure IV.1 do not change linearly with time (especially at the lower E/N = 

1 Td) and the triangular approximation cannot be used. Thus, a proper mean number 

density must be accounted for when using E/N below 14 Td. For E/N 14 Td the 

discrepancy is only very small. 
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Figure IV.1– Simulated relative ion intensity distributions in the flow-drift tube. 
Dashed lines are for 1 Td and solid lines are for 14 Td. Abscissa originally is for the 
distance along the flow-drift tube in cm, not shown here, instead the ion residence 
times t37 and t55 of H3O+(H2O) and H3O+(H2O)2 proportional to the distance are 
designated.  

The second important assumption is that the analyte concentration [M] is 

sufficiently low that it does not cause significant loss of the reagent ions by reactions 

in the flow-drift tube. Then the average H3O+ number density along flow-drift tube 

corresponds to the downstream value increased by a half of the downstream 

concentration of its hydrates: 

3 3 3 2 0
1

1
[H O ] [H O ] [H O (H O) ]

2

n

t ndt t     
 

 .                    (IV-4) 

In the case when O2
+• and NO+ are used as reagent ions and there is only one 

product ion from charge transfer or association reactions, the calculation of [M] 

becomes very simple: 

2

1 [M ]
[M]

[O ]t k



 ,                                           (IV-5) 

1 [MNO ]
[M]

[NO ]t k



 ,                                         (IV-6) 
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t is the residence time of the reagent ion and k is the rate coefficient of the reaction 

between the given reagent ion and analyte neutral M. However, O2
+• reagent ion 

reactions usually proceed via dissociative charge transfer and then product ion 

fragments should be included in the numerator of equation (IV-5). 

When the number density of the neutral analyte molecules in the flow-drift tube 

has been determined it is possible to calculate the absolute concentration of analyte 

compound in the sample using dilution ratios of atmospheric pressure to the carrier gas 

pressure and by considering the dilution of the sample flow in the helium flow in the 

same way as it is done in SIFT-MS (see Section I.4): 

0[M] / ( ) /B He s sC k Tp p    ,                                    (IV-7) 

kB is the Boltzmann constant, T is the temperature of the helium carrier gas, p and p0 

are the pressures in the flow-drift tube and atmosphere respectively, ΦHe and Φs are 

the flow rates of helium carrier gas and sample gas respectively.  

 

IV.2 Acetone concentration in the headspace of an aqueous solution 

To test the consistency and reproducibility of quantification of a given sample at 

different E/N, measurements were done at four E/N values for four different sample 

flow rates regulated with a needle valve. The sample was prepared as the headspace of 

a water solution of acetone in a glass vial; ambient air was bubbled through the solution 

as described in Chapter III. Then the headspace was introduced into the flow-drift tube 

at a controlled flow rate (see Figure III.9). The concentration of acetone in the water 

was adjusted to realise headspace concentrations to those typical of exhaled breath of 

heathy persons (a few parts per million by volume, ppmv), which is much smaller than 

those used for the ion chemistry investigations described in Chapter III. Note that water 

vapour present in the headspace plays an important role in the ion-molecule reactions 

taking place in the flow-drift tube reactor (Section III.5). 

Acetone molecules number density in the flow-drift tube was calculated from 

the H3O+ data using equation (IV-2). As discussed in the previous section, the 

hydronium ion hydrates H3O+(H2O)1,2,3 at m/z 37, 55, 73  created by association 

reactions are also included as reagent ions. Protonated acetone MH+ and its hydrates 

MH+(H2O), MH+(H2O)2 at m/z 59, 77, 95 are considered as product ions. At each E/N 

and sample flow rate the residence times of reagent ions were measured and used in 
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the calculations. The results of measurements are presented in Figure IV.2 in the form 

of the sample flow rate dependencies of the calculated absolute number density of 

acetone molecules in the flow-drift reactor. It can be seen that the number density of 

acetone molecules in the flow-drift tube increases linearly with the sample flow rate at 

all four E/N values (7, 14, 22 and 30 Td), as expected.  

 

Figure IV.2 – Plot of dependence of the number density of acetone molecules in the 
flow-drift tube on the sample flow rate at four values of E/N (in Td). 

The acetone concentration in the headspace of the acetone/water solution in the 

glass vial was calculated using equation (IV-7). The resulting concentration at different 

electric field strength and sample flow rate conditions is (6±30%) parts per million by 

volume, ppmv (see Figure IV.3). There is an apparent increase of the calculated 

acetone concentration with E/N at the 1 and 3 mL/min sample flow rates. This result 

can be explained by mass discrimination in the analytical quadrupole mass 

spectrometer; at the higher E/N the contribution of the MH+ at m/z 59 to the sum of 

the product ions in equation (IV-4) is dominant (see Section III.4.2) whilst at lower 

E/N ions at higher m/z become more important. 
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Figure IV.3 – Absolute concentrations of acetone molecules in the headspace of the 
water/acetone mixture calculated for different sample flow rates and at four E/N values 
using H3O+ as reagent ion. 

 

IV.3 Determination of 2-butanone concentration in a humid sample using H3O+ 

reagent ions 

In traditional SIFT-MS analysed it is impossible to measure 2-butanone 

concentration using the H3O+ reagent ion because the product ions of reactions of H3O+ 

with water and 2-butanone overlap: both H3O+(H2O)3 and C4H8OH+ have a common 

m/z value of 73, and H3O+(H2O)4 and C4H8OH+(H2O) both have m/z 91. Therefore, in 

SIFT-MS 2-butanone concentration is commonly analysed using NO+ and O2
+• reagent 

ions. However, in SIFTD-MS it is possible to supress the creation of the hydronium 

hydrates H3O+(H2O)n using high E/N values. Figure IV.4 shows mass spectra obtained 

for both the headspace of a 2-butanone/water solution and for the headspace of pure 

water at two values of E/N of 14 Td and 22 Td. In the first case when E/N=14 Td it 

can be seen that the peaks at m/z 73 and m/z 91 of the product and reagent ions indeed 

do overlap, but when E/N=22 Td these peaks can be attributed only to 2-butanone 

product ions only as the hydrated hydronium ions disappear. 
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Figure IV.4 – Mass spectra (counts/s against m/z) obtained for the 2-butanone/water 
sample (red) and only water sample (green) with H3O+  reagent ions at E/N  a) 14 Td, 
b) 22 Td.  

The calculated concentration of 2-butanone is 2482 parts per billion by volume, 

ppbv, at 22 Td. The rate coefficients used in this calculations for the reactions with 

H3O+ k19 = 3.9×10-9 cm3/s, with H3O+(H2O) k37 = 3.0×10-9 cm3/s and with H3O+(H2O)2 

k55= 2.7 ×10-9 cm3/s were calculated from the Su and Chesnavich theory (Su and 

Chesnavich). To verify this concentration obtained using H3O+ reagent ions, the 2-

butanone/water solution sample was also analysed exploiting the charge transfer 

reaction of O2
+•  reagent ions with 2-butanone (rate coefficient k32 = 3.3×10-9 cm3/s) 

that forms an analyte ion at m/z 72. Thus, the concentration of 2-butanone obtained at 

14 Td is 3488 ppbv and at 22Td is 3736 ppbv. The difference of concentration obtained 



IV. Characterisation of SIFDT-MS as an analytical technique 
 

85 
 

when using H3O+ and O2
+• is about 30%, whilst not yet ideal, does demonstrate that 

hydrated ion suppression by this E/N approach can be exploited as an useful addition 

to the analysis when analyte ion overlaps is a problem. 

 

IV.4 Calculation of acetone and isoprene concentrations in the human breath 

As mentioned earlier, the SIFT-MS technique is often used to directly quantify 

the concentrations of volatile metabolites in exhaled human breath and to identify 

potential disease biomarkers. The demonstration of such measurements is described in 

details (Spesyvyi, Smith and Spanel) (see Attachment 3). A sample of breath collected 

into Nalophan bag was analysed with H3O+ and O2
+• reagent ions at E/N values of 7 

and 14 Td for sample flow rates in range of 1 to 5 mL/min. The number densities of 

acetone and isoprene molecules in the flow-drift tube (see Figure IV.5) and 

corresponding absolute concentrations in this breath sample were calculated using data 

from two dimensional output data, reagent ions residence time and ion species 

intensities on the analytical mass spectra using equations (IV-4), (IV-5), (IV-7). 

 

Figure IV.5 – a) Acetone molecule number density in the flow-drift tube reactor [M] 
calculated using equation (IV-2) when humid exhaled breath sample is introduced at a 
variable sample flow rate into SIFDT-MS using both H3O+ and O2

+• reagent ions at the 
two values of E/N indicated. b) Isoprene molecule number density obtained in the same 
experiment using O2

+• reagent ions. 

The derived mean absolute concentration of acetone in the breath sample are 

542±108 ppbv at 7 Td and 503±101ppbv at 14 Td when using H3O+ reagent ions and 

497±99 and 444±89 ppbv respectively, using O2
+• reagent ions.  For isoprene:, the 

concentrations are 140±28 ppbv at 7 Td and 110±22 at 14 Td. Worthy of note is that 
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these concentrations agree with parallel SIFT-MS analyses of the same bag sample 

that give 400±80 ppbv for acetone and 150±30 for isoprene. At the current stage of 

development of the SIFDT-MS technique this agreement is good, but should be 

improved in future by systematic studies using standard mixtures and more reliable 

considerations of mass discrimination effects. 

 

IV.5 On-line monitoring of the ethanol and acetone concentrations in the oral cavity 

after fruit consumption 

One of the main advantages of our flow-drift tube mass spectrometry techniques 

is the possibility of simultaneous real time monitoring of the several VOCs of interest 

in exhaled breath using the MIM mode, as routinely performed using SIFT-MS (see 

Section I.2). This can be achieved using SIFDT-MS in the same way, but additionally 

the reagent ion residence times should be recorder for the given instrument settings 

(E/N and sample flow rate). Thus, experiments were carried out with SIFDT-MS to 

monitor, in real time, the concentrations of the ethanol and acetone vapours in the 

mouth cavity of a volunteer before and after eating an apple. The configuration of the 

instrument was as follows: E/N = 14 Td, sample flow rate of air from the oral cavity 6 

mL/min, corresponding reagent ion residence time of NO+  t = 328 µs. The NO+ 

reagent ion intensities at m/z 30 and product ion intensities (M-H)+ at m/z 45 for ethanol 

and MNO+ at m/z 88 for acetone were acquired for the period of 1.5 ms. The number 

densities of the ethanol and acetone molecules in the flow-drift tube were calculated 

using equation (IV-6) with the rate coefficients for the reactions of NO+ with ethanol 

kethanol = 1.2×10-9 cm3/s and with acetone kacetone= 1.8×10-9 cm3/s (Španěl, Dryahina, 

Rejskova, Chippendale and Smith 2011; Španěl, Wang and Smith 2005). The absolute 

concentrations of ethanol and acetone in the mouth cavity were then calculated using 

the equation (IV-7). The water vapour concentration was measured simultaneously by 

monitoring the count rate ratio of the adduct ion at m/z 48 (H2ONO+) to that of the NO+ 

reagent ion. Here it is important to note that for the association reaction of NO+ with 

water molecules a slight decrease of the rate coefficient at E/N of 14 Td below that 

under thermalized conditions appropriate to SIFT-MS is possible. 
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Figure IV.6 – MIM profile of the acetone and ethanol concentration in the volunteer 
mouth cavity and breath 

 

The results of the VOCs online monitoring of the static oral cavity air during a 

period of 30 min are shown in Figure IV.6. It can be seen that the level of the ethanol 

is two times lower after the apple was eaten, whilst the level of acetone is elevated 

slowly. The breath exhalation profiles of ethanol and acetone are shown at the 25th 

minute. 

  



V. Analyses of isomeric and isobaric mixtures 
 

88 
 

V. Analyses of isomeric and isobaric mixtures 
 

One of the most substantial issues limiting the analyses of mixtures of the SIFT-

MS and PTR-MS techniques is the overlap of the product ion peaks originating from 

isobaric and isomeric compounds. To overcome this limitation the high resolution 

time-of-flight detection mass spectrometer was added to PTR-MS (Zardin, Tyapkova, 

Buettner and Beauchamp 2014). Unfortunately even high resolution cannot help to 

resolve isomeric ions that have exactly identical m/z. Therefore separation techniques 

have to be used as exemplified by recent addition of a fast-GC module to PTR-MS to 

estimate contributions of two isoprenoids (Pallozzi et al. 2016). In SIFT-MS it is usage 

of the three rapidly switched reagent ions facilitating combination of the results of 

different ion molecule chemistries (Smith et al. 2011a; Smith et al. 2013b) gives some 

possibilities to avoid the overlap of product ion peaks on the basis of understanding 

reactivities of the analyte molecules. Moreover, during the last year Syft Inc. 

introduced a facility to use several negative reagent ions in addition to the three 

positive ions normally used in SIFT-MS. However, there is still a need to investigate 

new robust and economic methods for real time distinction of isobaric and isomeric 

compounds in mixtures such as tropospheric air, human breath or food flavours. 

 

V.1 Calculation of isobaric compound concentrations in mixtures using a 

pseudoinverse matrix 

The mathematical approach for calculation of the concentrations of components 

of a mixture from their overlapping spectrum using pseudoinverse matrix approach 

(Vylegzhanin and Eletskii 1990) discussed in this section can be used in any 

spectrometric technique including SIFT-MS and SIFDT-MS. This approach is based 

on the assumption that the concentration of a compound in the analysed mixture of 

isobaric molecules influences the intensity of the product ion peaks on the mass spectra 

lineary in direct proportion to its fraction in the mixture. The pseudoinverse matrix is 

one way to solve linear least squares problems like the problem of overlapping ions on 

a spectrum. 

The method was tested for the SIFDT-MS concentration measurements of 

C3H6O isomers acetone and propanal (see Figure V.1) in humid mixture using the 

H3O+ reagent ion. Protonated product ions and their hydrates are for both compounds 
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at the same m/z: for MH+ at m/z 59, MH+(H2O) at m/z 77, MH+(H2O)2 at m/z 95, 

MH+(H2O)3 at m/z 113 but are present at different relative intensities. 

 

 

Figure V.1 – Schematic drawing of the isomeric molecule structures of acetone and 
propanal. 

For this experiment two vials of water one with small addition of acetone and 

the second with propanal were used as the source of the humid vapours of these 

compounds. Full scan mass spectra (see Figure V.2) were acquired first for each 

compound separately. Then both solutions were mixed in a new vial and the mass 

spectrum of the resulting mixture solution was obtained at the same instrument 

configuration: sample flow rate of 3 sccm, E/N of 7 and 14 Td, H3O+ reagent ion. 

Measured ion product count rates, their fractions of total product ions and the 

calculated concentrations are listed in Table V.1.  
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Figure V.2 – Mass spectra of the headspace of the acetone/propanal water solution 
headspace obtained at the E/N of 14 Td and sample flow rate 3 mL/min.  

 

Table V.1. Ion product count rates of product ions at m/z 59, 77, 95 and 113 obtained 
using H3O+ reagent ions when analysing humid acetone and propanal samples and their 
mixture at two different E/N. 

 
E/N
, Td 

m/z 59 
m/z 

77, c/s 
m/z 

95, c/s 

m/z 
113, 
c/s 

m/z 59 m/z 77 m/z 95 
m/z 
113 

ppb 

Acetone 7 267 1211 189 25 0.158 0.716 0.112 0.01 7707 

Acetone 14 1488 1240 37 7 0.537 0.447 0.013 0.0 8001 

Propanal 7 194 1167 998 583 0.066 0.397 0.339 0.2 14415 

Propanal 14 924 2453 574 177 0.224 0.594 0.139 0.04 14600 

Mixture1 14 1409 2343 446 130 0.326 0.541 0.103 0.030 13884 

Mixture2 14 1409 2343 446 130 0.326 0.541 0.103 0.030 14605 
1 Absolute concentration calculated using rate coeffcients for acetone. 

2 Absolute concentration calculated using rate coeffcients for propanal. 

 

The intensity of a product ion observed in a mass spectrum when H3O+ reagent 

ions react with a mixture of  acetone (M) and propanal (N) is described for example 

for m/z 59 by a differential equation: 
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+ +
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+ +
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[M][H O ] [MH ][H O]

[N][H O ] [NH ][H O].

d
k k

dt

k k

  

 
                (V-1) 

It is important to note that the contribution of each of the isobaric compounds to the 

intensity of this ion product is proportional to its fraction in the mixture. This 

assumption of additivity and linearity is fulfilled when the concentrations of M and N 

are both very low and no secondary reactions take place. 

Let’s express the obtained experimental data in a matrix form. The matrix of the 

relative product ion signals (normalised to total ion signal at m/z 59, 77, 95 and 113 of 

1) for acetone (the first row) and propanal (the second row) measured individually 

designated P is thus (using values from Table V.1) for 14 Td: 

0.537 0.447 0.013 0.003

0.224 0.594 0.139 0.043

 
  
 

P ,                        (V-2) 

and the relative product ion signals at m/z 59, 77, 95 and 113 obtained for the mixture 

of acetone and propanal form a vector: 

 0.326 0.541 0.103 0.030R .                        (V-3) 

The fractions of the two compounds in the mixture together form a matrix M 

acetone propanalf f   M ,                                (V-4) 

where facetone and fpropanal are the fractions of acetone and propanal in the mixture. As 

long as the linearity and additivity assumption is fulfilled, then estimated fractions of 

product ions in the mixture spectrum R corresponds to the matrix product: 

R = MP ,                                       (V-5) 

Using matrix algebra the unknown M can be calculated as: 

+M = RP ,                                      (V-6) 

where P+ is the pseudoinverse matrix of the matrix P. (Vylegzhanin and Eletskii 1990) 

The procedure of the matrix pseudoinversion is necessary here because P is not a 

square matrix and thus an exact inverse matrix does not exist. The pseudoinverse 

matrix is computed numerically using the singular value decomposition 

operation(Ben-Israel 2003). Calculations for the present experiment were done using 

Wolfram Mathematica (version 10), but can be implemented in any popular 
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programming language (Python, C#, C++) using special libraries, for example NumPy, 

Accord, Armadillo or even in Microsoft Excel using built in matrix formulae.  

Results of the calculations for sample data from Table V.1. for 14 Td are: 

2.48338 -1.74234

-0.716913 2.0552

-0.850404 1.10446

-0.27231 0.349586



 
 
 
 
 
 

P ,                                 (V-7) 

as calculated from (V-2). Multiplication according to equation (V-6) gives 

 0.324668 0.669567M .                                 (V-8) 

The calculated fraction of the acetone in the mixture is this 32% and the fraction 

of propanal is 67%. They do not add up to 100% presumably due to rounding of the 

input numbers. 

The ratios of acetone and propanal obtained experimentally on the basis of their 

individual water solutions are 35% and 65% (see Table V.1) in good agreement with 

the matrix calculation results of 32% and 67%, this means that the assumptions were 

fulfilled and demonstrates that this pseudoinverse approach can be used for SIFDT-

MS experimental data. For practical usage this method as described here requires 

exactly identical humidity for the single compound reference experiments and for the 

unknown mixture analysis. This means that P is not constant but needs to be 

constructed for each humidity of the sample. It can be suggested for future work to 

systematically measure product ions ratios at different water vapour concentrations, 

and to compile their dependencies on the corresponding hydrated hydronium ratios 

like those shown in Figure V.3. It will be also necessary to test the precision and 

practical value of the pseudoinverse matrix concentration calculations in a number of 

validation experiments under more realistic and variable conditions.  
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Figure V.3 – The plot of the dependencies of the product ion hydrates fractions from 
the total product ion count rate on the corresponding fractions of hydrated hydronium 
ions from the total reagent ion count rates.  

 

As will be shown in Section V.3., this mathematical method can be used to great 

effect for the experimental determinations of component fractions in isomers mixture 

from data obtained using in-tube collision induced dissociation (CID) experiments, 

because individual isomer fragmentation depends only on the instrument settings and 

is highly reproducible. 

 

V.2 In-tube CID in SIFDT-MS 

A promising solution of the problem of distinction of isomeric compounds in 

SIFDT-MS and possibly also in SIFT-MS is the use of a form of collision induced 

dissociation, CID, to induce controlled fragmentation of product ions forming isomer 

specific fragmentation patterns. The conventional CID is a basis of tandem mass 

spectrometry that is often combined with separation techniques (Polet et al. 2016; van 

den Ouweland and Kema 2012). 

On the basis of this previous work it is logical to propose and test an extension 

of SIFT-MS by a facility for CID at the end of the flow tube reactor allowing optional 

product ion fragmentation prior to the MS analysis. Such technique has been actually 

already described in SIFT twenty years ago by Baranov and Bohme (Baranov and 
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Bohme) when CID was achieved by applying a potential difference up to 80 V between 

the end of the flow tube and the mass spectrometer entrance. The multiple collisions 

of a wide range of molecular ions ranging from diatomic ions to solvated ions and even 

derivatized C60 dications with the atoms of He and Ar carrier gases at 0.47 mbar were 

observed to result in variable degree of fragmentation. Unfortunately, such potential 

difference cannot be easily applied in the current commercial SIFT-MS instruments 

due to restricted ranges of quadrupole mass spectrometer axis potential. 

It is important to note that this proposed in-tube CID method is based on 

presence of a relatively strong inhomogeneous electric field only in a very short final 

region of the flow-drift tube. This means that the reactions of created fragments with 

the gases present in the tube can be neglected and ideally the number of energetic 

collisions of the product ions with target atoms and molecules will be limited thus 

minimising sequential fragmentation. This proposed arrangement is thus 

fundamentally different from a situation when changes in fragmentation are induced 

by variations of homogenous E along the entire length of a drift tube as used for 

example in SIFDT studies of CID of the isometric ions (Glosík et al. 1993) or in 

analogous PTR-MS studies (Hewitt et al. 2003) where fragment ions created within 

the drift tube experience variable amount of subsequent collisions with gas atoms and 

molecules. 

V.2.1 Basics of the in-tube CID  

Only a minor modification is needed to the hardware of the existing instrument 

in order to implement in-tube CID; in practice it involves adding one 0-45 V stabilized 

power supply unit. Figure 1 shows a schematic cross section view of the downstream 

end of the SIFDT-MS drift tube and the nose cone and sampling orifice of the 

quadrupole mass spectrometer. The additional voltage UCID for in-tube CID is applied 

between the end of the drift tube and the instrument ground whilst the nose cone 

potential is kept constant (-2.7 V). The shape of the equipotential lines (solid blue in 

Figure 1) of the resulting electrostatic field in this region was calculated using the 

SIMION® Version 8.1 (Scientific Instrument Services, Inc., Ringoes, NJ, USA) 

package considering the last 2 cm of the flow-drift tube as a conducting electrode with 

potential of UCID = 25 V. The dot-dashed blue lines indicate the equipotentials in the 

area between the homogeneous field within the resistive glass flow-drift tube (length 

14.5 cm, internal diameter 1 cm, 14 MΩ resistance, manufactured by Photonis, 
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Sturbridge, MA, USA) and the stronger inhomogeneous in-tube CID field. Electric 

field lines perpendicular to the equipotentials are also indicated (dashed red lines). In 

order to fully characterise the ion drift in this CID field the reduced field strength E/N 

was calculated for UCID = 25 V as a function of the axial distance from the nose cone 

using the SIMION results for buffer gas pressure p = 2 mbar and temperature T = 

295  K (see the inset in Figure 1). Note that all voltages in the electronic system related 

to the quadrupole mass filter selecting the injected reagent ions are referenced against 

the upstream end of the flow-drift tube, so during the CID operation they are biased 

by the drift tube voltage plus the CID potential at the downstream end. It is important 

to mention that the length of the CID region is only 5 mm and the E/N is greater than 

100 Td only in the last 2 mm.  

 

Figure V.4 – A schematic view of the in-tube CID region of the modified SIFDT-MS 
instrument. The electrostatic field equipotential lines (solid blue) were calculated using 
SIMION® 8.1 for the potential at the end of the flow-drift tube UCID  = 25 V and for 
the nose cone potential of -2.7 V. The equipotential lines indicated by dot-dashed blue 
lines have been estimated by interpolation between the homogeneous drift tube field 
of 14 Td and the CID region field. The electric field strength lines (dashed red) are 
perpendicular to the equipotentials. The inset shows the dependence of the reduced 
field strength E/N on the distance from the nose cone calculated from this field 
intensities (Mason and McDaniel 1988). 
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The mechanism of CID is based on vibrational excitation of ions in collisions 

with the neutral atoms and molecules of the buffer gas. Such excitation can in principle 

occur in a single collision or the vibrational energy can be accumulated in multiple 

collisions. Which of these two situations take place depends on the ion collisional 

frequency and the duration of the exposure of ions to the buffer gas. This means that 

parameters such as buffer gas pressure and its composition, length of the collisional 

region and ion energy determine whether dissociation occurs in the single or the 

multiple collision mode. In the multiple collision situation the fragment ions also may 

undergo CID leading to secondary fragmentation. The present in-tube CID 

arrangement in the SIFDT-MS instrument involves multiple collision excitation of 

ions in relatively weak E/N (<50 Td) on a drift path <5 mm during interaction time of 

several microseconds followed by rapid acceleration to drift speeds exceeding 10000 

m/s in the last two millimetres for UCID = 25 V. The collisional dissociation time is 

thus in the present experiments < 0.2 µs. The number of collisions during this time can 

be estimated from the collisional frequency calculated using the Langevin theory. The 

collisional frequency between ions with m/z 136 and He atoms at pressure of 2 mbar 

is thus 2.8×107 s-1. The collisional frequency for the same ions with N2 present at a 

partial pressure of 0.076 mbar is lower: 1.3×106 s-1. This means that the energetic ions 

suffer several (about 5 at this voltage) collisions with helium and on average just a 

single collision with a heavier air molecule (N2 or O2). The mean relative kinetic 

energy in the centre-of-mass frame between the ions and the buffer gas particles can 

be calculated using the mentioned already Wannier equation:(Fontijn and Clyne 1983; 

Glosik et al. 1993) 

2 2 3

2 2 2
c i d c d

c B
i c

m m v m v
E k T

m m

 
     

,                         (V-9) 

where mi is the ion mass, mc is the mass of the colliding neutral molecule or atom, T is 

the temperature and kB is Boltzmann constant. Equation (V-9) applies for equilibrated 

drift in homogeneous field, in the inhomogeneous field it is also important to consider 

the acceleration of ions(Baranov and Bohme) because the maximum kinetic energy of 

an ion flying in the CID region is absolutely limited by the potential difference (for 
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example 27.7 eV at UCID of 25 V) and the corresponding maximum relative collisional 

kinetic energy in the centre-of-mass frame Ecmax is thus: 

max

3

2
c

c k B
i c

m
E E k T

m m
 


,                            (V-10) 

The calculated values of Ecmax for an ion mi =136 u colliding with a He atom are 

0.8 eV for UCID of 25 V and 1.3 eV for UCID of 45 V. Corresponding values of Ecmax 

for collisions with N2 molecules are 4.8 eV and 7.7 eV respectively.  

A fraction of this centre-of-mass kinetic energy Ec is converted into the internal 

vibrational energy of the ion. The dissociation of this excited ion into ion and neutral 

fragments can be seen as a unimolecular reaction the rate of which is governed by the 

Rice-Ramsperger-Kassel-Marcus (RRKM) theory assuming that the geometry of the 

ion has to reach a transition state on the potential energy surface before the separate 

products can be formed. From the chemistry point of view this means that different 

isomeric structures will fragment at different rates and the ion fragments will 

correspond to different bond cleavages. 

 

V.2.2 Monoterpenes fragmentation patterns 

For this study NO+ was selected as the reagent ion. NO+ react with monoterpenes 

by charge transfer (Wang et al. 2003) : 

+ +
10 16 10 16NO + C H C H + NO  + 1.2 eV  .                    (V-11) 

Energy released in this reaction corresponding to the difference between 

ionisation energies of NO (9.26 eV) and of the monoterpene molecule (8.3 to 8.4 eV) 

(P.J. Linstrom 2011) is transferred into the excitation of the vibrational states of the 

product monoterpene radical cation resulting into some fragmentation even without 

CID (Rimetz-Planchon et al. 2011; Wang, Španěl and Smith 2003). 

Monoterpenes chosen for this study were purchased from Sigma Aldrich Ltd. 

(Dorset, England) with the following stated purities: 3-carene (>90%), β-pinene 

(>97%) and (S)-limonene (>96%). These three isomeric monoterpenes are water 

insoluble liquids. Thus controlled concentrations of their vapours in air were prepared 

using the permeation method. A small amount of monoterpene liquid was placed into 

a 2 mL glass vial closed with 0.1 mm PTFE foil. The headspace of the liquid was 
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allowed to permeate throw the foil at a constant flow into a 60 mL glass vial equipped 

by two ports for air inlet and sample outlet connected via a flow meter calibrated for 

air (Alicat Scientific, Inc. M-50SCCM-D) to the sample inlet port of the SIFDT-MS 

flow-drift tube. The flow rate was set by a needle valve to 3 mL/min. The helium 

carrier gas flow rate was measured by a He-calibrated flow controller (Alicat 

Scientific, Inc. MC-5 SLPM-D) and set to 75 mL/min. The conditions in the flow-drift 

tube were: total pressure 2 mbar, 96% of He and 4% of air. The voltage of 100 V was 

applied across the 14.5 cm long flow-drift tube establishing the reduced electric field 

strength E/N = 14 Td (1 Td = 1017 V cm2). CID potential UCID was varied in the range 

from 0 to 45 V in 5 V steps and the mass spectra were obtained at each UCID for all 

three monoterpenes. 

The residence time of the reagent ions NO+ in the flow-drift tube operating at 

100 V (E/N 14 Td) was measured using the Hadamard transformation (Spesyvyi and 

Španěl 2015a) as 290 µs for UCID = 0 V and as 280 µs for UCID = 25 V. This confirms 

the expectation that addition of CID does not significantly change the time of reaction 

of the reagent ions with the monoterpene molecules. 

The sample mass spectra obtained when air containing monoterpene vapour was 

introduced into the flow-drift tube and reacted with the NO+ reagent ions are shown in 

Figure V.5. Note that the degree of fragmentation increased as expected with the 

increasing UCID to the point where the molecular radical cation became a minor peak 

for all three sample compounds. 
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Figure V.5 – Mass spectra of the products of the reactions of NO+ with vapours of 3-carene, β-pinene and (S)-limonene obtained without CID (0V in 
the top row) and at two UCID of 25V and 45V (middle and bottom rows). 
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Figure V.6 – Break down curves for the product ions of NO+ reaction with 3-carene (a), β-pinene (b), (S)-limonene (c) showing the dependencies of 
the relative signal intensities of the molecular ion (m/z 136) and the fragment ions (m/z 80, 92, 93, 94, 107, 118 and 121) on UCID. The data were 
obtained in buffer gas comprising of 4% air and 96% helium at a total pressure of 2 mbar. The lower part of the figure shows the minor fragment ion 
signals on the scale up to 10%. 
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The mass spectra obtained in the absence of CID (the top row of Figure V.5) 

show that the main product is the radical molecular cation C10H16
+• (m/z 136) and that 

small amount of fragment product ions is formed in a process of dissociative charge 

transfer previously described also in the truly thermalized chemistry occurring at 300 

K in SIFT (Wang, Španěl and Smith). Note that the product ion branching ratios are 

in a good agreement (± 6%) with previous results (Wang, Španěl and Smith 2003). 

This shows that the relatively weak homogenous electric field (14 Td) does not cause 

significant additional fragmentation. The fragmentation due to the charge transfer 

reaction from NO+ is most obvious for 3-carene (35% of fragments without CID) and 

the two major fragment ions are C7H8
+• (m/z 92) and C7H9

+ (m/z 93) corresponding to 

losses of neutral propane C3H8 and propyl radical C3H7
• respectively. With increasing 

UCID the fraction of fragment ions increases, the m/z 92 and 93 fragments become the 

major peaks for 3-carene. The C6H8
+• fragment ions (m/z 80) appear for UCID ≥ 25 V 

for 3-carene and -pinene corresponding to retro Diels-Alder cleavage of the 

cyclohexene ring and a loss of neutral butene C4H8 fragment. At the highest UCID = 45 

V the C9H13
+ ion fragment (m/z 121) becomes significant due to the fragmentation 

channel of a neutral methyl radical CH3
• loss. The percentages of all fragment ion 

signals increase with increasing UCID above 10 V and up to 35 V, as can be seen in 

Figure V.6. At even higher collisional energies signal intensities of some fragment 

ions begin to decrease as the rates of dissociation to the dominant ion fragments C7H9
+ 

and C9H13
+ increase.  

The break down curves were constructed as a dependence of the ion signal 

percentage from the total observed ion count rate in the range m/z 75-136. The break 

down curves indicating the relative fragment ions signals as a function of UCID were 

plotted (see Figure V.6) for the most significant fragment ions (>3%) for the following 

m/z 80, 92, 93, 94, 107, 118, 121 and 136. 

The present in-tube CID data can be compared with previous results obtained by 

Rimetz-Planchon et. al (Rimetz-Planchon, Dhooghe, Schoon, Vanhaecke and 

Amelynck 2011) using flowing afterglow flow tube reactor and a tandem quadrupole 

mass spectrometer for collision-induced dissociation of the product ions of NO+ 

reactions with monoterpenes in an octupole collision cell filled with Ar at a pressure 

of 1.110-3 mbar. The break down curves are qualitatively similar, even though 

quantitative comparison is not possible due to missing data for the molecular ion in 
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reference (Rimetz-Planchon, Dhooghe, Schoon, Vanhaecke and Amelynck 2011). 

Comparison of the curves excluding m/z 136 indicates that present UCID =45 V 

approximately corresponds to the centre-of-mass energy in Ar collision cell (Rimetz-

Planchon, Dhooghe, Schoon, Vanhaecke and Amelynck 2011) of 4 eV. Note that Ecmax 

calculated from equation (V-10) for He is only 1.4 eV whilst for N2 it is 8 eV. This 

indicates that the in-tube CID process is in the present experiments dominated by 

collisions with air molecules (4% of buffer gas) and that the drifting ions reach about 

half of Ecmax due to several collisions with He atoms. Also the results are compatible 

with the notion that only a single collision between the molecular ion and an air 

molecule results in fragmentation as mentioned in the discussion of collisional 

frequencies and transit times. 

Whilst the idea of applying voltage between the flow-drift tube and the sampling 

nose cone of the mass spectrometer follows the work of Baranov and Bohme (Baranov 

and Bohme) there are some fundamental differences due to the significantly smaller 

scale of the present instrument. The previous SIFT experiments (Baranov and Bohme) 

were done in an 80 mm diameter flow tube with 50 mm CID region involving multiple 

collision CID whilst the present SIFDT-MS study was carried out in a 10 mm diameter 

drift tube with <5 mm CID region and as a result of this it was possible to approximate 

a single collision dissociation at an appropriate air partial pressure. 

Results of a case study of NO+ reaction with 3-carene, β-pinene and (S)-

limonene demonstrate that in-tube CID allows distinction of these monoterpene 

isomers on the basis of significantly variable fragmentation patterns. The advantage of 

in-tube CID implemented in a short final region of the drift tube over alternative 

approach of changing the E/N of the homogeneous field is that it does not interfere 

with the real-time quantification and can in principle be added to analyses of BVOCs 

for example in different tropospheric environments. 

V.2.3 Calculation of the monoterpene isomers concentration in the mixture with the 

pseudoinverse matrix 

Results of the in-tube CID experiments shown in the previous section for 

individual monoterpenes indicate that it should be possible to use the pseudoinverse 

matrix method for the concentration calculation of the single monoterpene fractions in 

the mixture of 3-carene, β-pinene and (S)-limonen. This method was described in 

detail for hydrated protonated isomeric product ions in Section V.1. The rational for 
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its use to calculate isomer fractions in a mixture is similar but instead of using 

hydration of ions their fragmentation is used. It will be assumed that the concentrations 

of the individual isomers contribute to fragment ion intensities in a linear and additive 

fashion. The fragmentation will be characterised by relative ion intensities normalised 

to give total ion intensity for all fragments of 1. 

 

Figure V.7 – Scheme of the sample preparation using the additive permeation units. 

The individual fragmentation patterns were taken from the experiments 

described in previous section for E/N = 14 Td and UCID = 25 V and were used to 

construct the matrix P. 

Fragmentation pattern used as the matrix R was obtained at exactly identical 

experimental conditions for a mixture of 3-carene, β-pinene and (S)-limonene 

generated using  three permeation tubes simultaneously placed into a 60 mL glass vial 

(see Figure V.7.) purged by air flowing at 3 mL/min sample flow rate. Figure V.8 

shows that the sum of fractions of fragment ions obtained for individual compounds 

highly correlates with fractions of fragment ions obtained for experimental mixture, 

this indicates that the assumption of additivity is fulfilled and thus the pseudoinverse 

matrix method can be used for calculation of the single monoterpene fraction in a 

mixture. 
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Figure V.8 – Plot of the linear dependence of the sum of the single monoterpene 
fractions of fragment ions in single experiments on the fractions of fragment ions in 
the mixture  

 

Number densities of the monoterpenes in the individual measurements were 

calculated from the equation (IV-6), using the sum of all fragments as the product ion 

count rate. Rate coefficients for the charge transfer reaction with NO+ were taken from 

(Wang, Španěl and Smith) as 2.2×10-9 for 3-carene, 2.1×10-9 for β-pinene and 2.0×10-

9 cm3s-1 for (S)-limonene. 

Number densities in the flow-drift tube obtained for separate neat samples of  3-

carene, β-pinene and (S)-limonene were 4.1x108 cm-3, 1.1x108 cm-3 and 6.0x108  cm-3 

respectively. The corresponding fractions are thus 25%, 52% and 23% respectively.  

The ratios calculated using equation (V-6) by multiplying R with the 

pseudoinverse matrix P+ came out as 18% of 3-carene, 50% of β-pinene and 30% of 

(S)-limonene. The result are in good agreement considering that this is a pilot 

experiment but for routine analytical usage the precision will have to be improved. The 

deviations may be caused by instability of the custom made detection quadrupole filter 

electronics in the 100-150 m/z range or by the permeation units instability and thus 

could be reduced in future work. 

 

V.3 Classification methods for SIFT-MS distinction of monoterpene isomers 

Recently a plethora of new statistical, optimization and machine learning 

approaches were developed and introduced in different fields of science. Whilst the 
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mathematics behind these approaches may be complex, their use if facilitated by 

availability of a variety of the open source software solutions that have good 

documentation and strong user communities.  

As mentioned earlier the dissociation of monoterpene cations occurs to a small 

degree even without collisions with the buffer gas atoms in the electric field. The 

energy excess in the chemical ionisation by the NO+ reagent ion induces dissociations 

of the bonds in the monoterpene ions and thus their fragmentation is observed even 

under the thermal conditions of the flow tube of the SIFT-MS instrument. The pilot 

studies of the differences between the fragmentations of the NO+ monoterpene product 

ions were carried out using the well-established Profile 3 SIFT-MS apparatus. Seven 

monoterpenes were used in these studies: camphene, (S)-limonene, (R)-limonene, 3-

carene, myrcene, α-pinen and β-pinen. 

A small amount of each monoterpene was diluted in the synthetic dry air in a 1 

L Nalophan bag and the gas was analysed by SIFT-MS in the Full Scan, FS, mode 

using NO+ reagent ions, and the following fragment ions were identified as being 

significant (>0.5%) on the mass spectra  m/z: 45, 69, 80, 81, 88, 92, 93, 94, 95, 107, 

108, 121, 134, 135 and also at m/z 136 for the product molecular ion C10H16
+. Then in 

the Multi Ion Monitoring mode count rates at these m/z values were measured for each 

monoterpene bag sample during 30 minutes resulting in more than 2500 of individual 

count rate measurements. This way a substantial amount of experimental data needed 

for the tests of the classification methods were obtained. To introduce some variability 

into the data multiple MIM measurements were carried out: on the first day the original 

bag samples (those used for the FS mode data) were analysed at a sample flow rate of 

40 mL/min, on the second day the bags were partly refilled by respective monoterpenes 

to reach different concentrations and sampled again at 40 mL/min and on the third day 

the same bags were sampled at a lower flow rate of 20 mL/min. The fragment ion 

intensities obtained in these experiments were normalised to their total sum of 1. The 

resulting data were grouped into three data sets according to the day on which they 

were obtained TEST (5 data rows obtained for each sample on the first day).TRAIN1 

(150 for each on the second day), TRAIN2 (150 for each on the third day). 

V.3.1 Artificial neural networks 

In the area of machine learning, artificial neural networks, ANN, is a family of 

models that are inspired by biological neural networks (brain) and can be applied to 
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estimate and approximate complex functions dependent on a large number of generally 

unknown inputs (MacKay 2003). In general, ANN consists of layers of the neurons, 

which are connected with synapses that store parameters called “weights” for the data 

manipulation during calculation (see Figure V.9). The essential condition for ANN 

usage is the process of learning or training when an amount of data is loaded to the 

network’s input to configure appropriate synapses weights until the selected learning 

rule will be fulfilled. 

 

Figure V.9 – Competitive neural network architecture. Here neurons are designated 
with circles and synapses with blue arrows with stored weights wi. 

There are two possible ways to use ANNs for the clustering and classification 

problems. The first one is to use supervised learning neural networks, where the correct 

response output is assigned to each input data set. Then after a satisfactory number of 

learning cycles the values of weights between neurons in ANN will be configured to 

give the most appropriate output result for the training input. The second method is the 

unsupervised learning when the output result is based on the clustering algorithm 

applied on the input dataset and there is no need to include know using “correct” output 

responses. This unsupervised ANNs are more suitable for the data classification 

problems. 

To classify isomeric monoterpenes by relative intensities of their fragments the 

unsupervised learning competitive neural network was used. They are also called: self-

organizing map (SOM) or Kohonen map after the Finnish professor Teuvo Kohonen, 
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who developed this method in 1980s. The nodes of SOM compete for the right to 

respond to a set of the input data and the only one output neuron is active at a time.  

The competitive neural network was realised in the neurolab package for 

Python 2.7. This package is flexible and allows to use different types of neural 

networks, so there was need only to write short script for input and output data 

manipulations and to configure network options with 15 neurons in input layer and 7 

neurons in output layer, which can give output vector of 1 and 0 and position of 1 

defined type of isomer. The network training was provided by the using for input 

TEST1 and TEST2 data sets during 500 cycles under the CWTA learning rule 

(Conscience Winner Take All). The dynamic of cost value that characterises ANN 

error during learning cycles is shown in Figure V.10. 

 

Figure V.10 – Plot of the ANN error value during the 500 learning cycles. Note that 
number of learning cycles is in logarithmic scale. 

After learning was finished and synapse weights were configured the resulting 

neural network was tested with the input data set TEST. Output results and probability 

of correct response are shown in Figure V.12. 
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V.3.2 Partial least squares regression 

Partial least squares, PLS, regression is a statistical method that allows to find a 

linear regression model by projecting the dependent predicted variables (output) and 

the observed values (input) to a new space(Wold et al. 2001). PLS regression is suited 

to use when the number of predictors is more than number of observations and when 

two or more predictor variables are highly correlated – the one can be linearly 

predicted from other. 

For this study PLS regression model was created in R programming language 

using special statistic library plsdepot. The algorithm of the regression model 

construction is partly similar to the one described for the ANN in previous section but 

the essential distinction is the need of additional set of data complementing TRAIN1 

and TRAIN2 data sets. It is set of response variables vectors in form [0 0 1 0 0 0 0], 

where the position of 1 defines the type of the 7 studied isomeric monoterpenes. After 

PLS regression model was created its level of precision could be validated by the 

calculation of answers on the train sets TRAIN1 and TRAIN2 that is shown in Figure 

V.11. The abscissa corresponds to the position of the monoterpene in the 7-places 

answer vector and the ordinate corresponds to the value that PLS regression model 

gives for the individual input vector.  

 

 

Figure V.11 – PLS regression model response on the TRAIN1 and TRAIN2 data sets. 
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The result of the regression model construction is the matrix of regression 

coefficients, multiplication of which on the predictor vector of 15 relative signals of 

fragment ions will give the prediction 7-membered vector, where the position of 

maximum value defines the type of monoterpene. Obtained matrix of coefficients was 

applied on to the TEST data set and resulting prediction vectors and probability of 

correct answer is shown in Figure V.12. 

V.3.3 Comparison of ANN and PLS regression 

 The results of the usage two methods for the classification of the isomeric 

monoterpene type on the basis of its fragmentation pattern in dissociative charge 

transfer reaction with NO+
 in SIFT-MS are shown in diagram table in Figure V.12.  

Correct predictions (correlation of the maximum value and the position) are 

marked with the corresponding colour, and with the grey colour when maximum value 

is at the wrong position. The probability of correct answer (prediction) for ANN were 

calculated as the ratio of the sum of five observations for one isomer to the maximum 

possible value of 5. The same methodology was used for PLS regression accounting 

the maximum value at correct position as 1 and maximum possible sum again was 5. 

It is important to note that the (S)-limonene and (R)-limonene are optical isomers with 

almost similar molecular structures and are mirror images of each other. So their 

fragmentation patterns are the same and they should accounted as one compound in 

these experiments. By the way it is interesting to note that both ANN and PLS 

regression identify them correctly (so PLS probability for limonene is 100%). In case 

of ANN output the positions of prediction values in vector are chosen by neural 

network itself, whilst in PLS regression all positions are fixed by the training response 

vectors.  

As can be seen ANN is more flexible and gives more correct predictions than 

PLS regression. Additional advantage of the ANN usage is that it can reveal similar 

compounds automatically. However PLS regression also has useful points: answer 

vector values gives some sort of distribution that can be used for the further isomer 

data analyses and also it is possible to define statistically important fragment ions for 

ANN enhancement by PLS component analyses. 

.
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Figure V.12 – Table-diagram of the ANN and PLS regression test output vectors and probabilities of correct response.

limonen NA camphene myrcene b-pinen 3-caren α-pinen
Probability 
of a correct 

answer
camphene (S)-limonen (R)-limonen 3-carene myrcene β-pinen α-pinen

Probability 
of a correct 

answer

0 0 1 0 0 0 0 0.66 0.25 0.31 ‐0.11 ‐0.37 ‐0.32 ‐0.41

0 0 1 0 0 0 0 0.68 0.20 0.34 ‐0.12 ‐0.35 ‐0.34 ‐0.41

0 0 1 0 0 0 0 0.72 0.15 0.33 ‐0.06 ‐0.34 ‐0.40 ‐0.40

0 0 1 0 0 0 0 0.76 0.15 0.31 0.00 ‐0.33 ‐0.38 ‐0.50

0 0 1 0 0 0 0 0.73 0.15 0.31 ‐0.14 ‐0.30 ‐0.32 ‐0.43

1 0 0 0 0 0 0 ‐0.38 1.28 0.67 ‐0.04 ‐0.56 ‐0.49 ‐0.47

1 0 0 0 0 0 0 0.03 0.28 0.31 0.28 ‐0.29 ‐0.15 ‐0.46

1 0 0 0 0 0 0 0.01 0.49 0.76 ‐0.03 ‐0.50 ‐0.47 ‐0.26

1 0 0 0 0 0 0 0.33 0.58 0.63 ‐0.10 ‐0.41 ‐0.31 ‐0.72

1 0 0 0 0 0 0 ‐0.01 0.82 0.45 ‐0.27 ‐0.24 ‐0.25 ‐0.51

1 0 0 0 0 0 0 0.08 0.40 0.38 0.20 ‐0.45 ‐0.27 ‐0.35

1 0 0 0 0 0 0 ‐0.12 0.64 0.55 0.27 ‐0.50 ‐0.54 ‐0.30

1 0 0 0 0 0 0 0.09 0.39 0.33 0.12 ‐0.40 ‐0.22 ‐0.31

1 0 0 0 0 0 0 ‐0.03 0.48 0.59 0.01 ‐0.45 ‐0.24 ‐0.36

1 0 0 0 0 0 0 ‐0.06 0.40 0.60 0.23 ‐0.50 ‐0.36 ‐0.30

0 0 0 0 0 1 0 ‐0.20 0.09 0.37 0.65 ‐0.44 ‐0.07 ‐0.41

0 0 0 0 0 1 0 ‐0.34 0.61 0.33 0.33 ‐0.21 ‐0.27 ‐0.46

0 0 0 0 0 1 0 ‐0.32 0.54 0.29 0.68 ‐0.35 ‐0.12 ‐0.72

0 0 0 0 0 1 0 ‐0.19 ‐0.10 0.26 1.19 ‐0.50 ‐0.23 ‐0.44

0 0 0 0 0 1 0 ‐0.22 0.18 0.34 0.86 ‐0.51 ‐0.37 ‐0.27

0 0 0 1 0 0 0 ‐0.12 0.09 0.44 ‐0.22 0.56 ‐0.13 ‐0.62

0 0 0 1 0 0 0 ‐0.22 ‐0.31 0.40 0.37 0.29 ‐0.03 ‐0.49

0 0 0 0 0 1 0 ‐0.17 0.31 0.37 0.18 0.22 ‐0.43 ‐0.48

0 0 0 1 0 0 0 0.29 ‐0.25 0.26 ‐0.09 0.76 ‐0.29 ‐0.68

0 0 0 1 0 0 0 ‐0.21 0.04 0.30 ‐0.04 0.44 ‐0.07 ‐0.46

0 0 0 0 1 0 0 ‐0.33 1.08 0.02 ‐0.05 ‐0.27 0.04 ‐0.48

0 0 0 0 1 0 0 ‐0.50 1.13 0.22 0.12 ‐0.41 ‐0.01 ‐0.54

0 0 0 0 1 0 0 ‐0.52 0.93 0.24 0.28 ‐0.31 ‐0.01 ‐0.61

0 0 0 0 1 0 0 ‐0.19 1.51 ‐0.18 ‐0.05 0.00 ‐0.34 ‐0.75

0 0 0 0 1 0 0 ‐0.30 0.52 0.29 0.23 ‐0.31 0.04 ‐0.48

0 1 0 0 0 0 0 ‐0.36 1.28 ‐0.19 0.17 0.17 ‐1.07 0.00

0 0 0 0 0 1 0 ‐0.27 0.72 0.00 0.18 ‐0.17 ‐0.50 0.03

0 0 0 0 0 0 1 ‐0.19 0.53 ‐0.19 0.03 ‐0.04 ‐0.43 0.28

0 0 0 0 0 0 1 ‐0.34 0.84 ‐0.18 ‐0.18 ‐0.14 ‐0.31 0.31

0 1 0 0 0 0 0 ‐0.27 0.69 ‐0.20 0.05 ‐0.08 ‐0.57 0.38

myrcene

β-pinen

α-pinen

ANN output vectors PLS regression output vectors

camphene

(S)-limonen

(R)-limonen

3-carene

40%

100%

40%

40%

80%

60%

0%

0%

100%

100%

100%

100%

80%

100%
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VI. Conclusions and suggestions for further work  

 

This thesis summarises the author’s research in a variety of subjects, especially 

in the development of a new analytical method, SIFDT-MS. It encompasses several 

disciplines ranging from vacuum physics and technology, electronics, firmware 

engineering, software development to the physics of elementary ion processes and 

transport phenomena, gas phase ion chemistry, development of analytical methods and 

pilot testing for breath analysis. During the work on data acquisition the author has 

also touched upon advanced numerical methods in the form of the Hadamard 

transformation and finally explored advanced data mining and statistical processing of 

data obtained using SIFDT-MS and SIFT-MS. Specific outcomes worthy of special 

note are: 

1. The Hadamard transformation was adopted for the measurement of the ion 

residence time in the flow-drift tube. The advantage of this in comparison with the 

classic periodic narrow pulse modulation approach lies in the significantly higher duty 

cycle, which results in lower loss of the ion signal. This facilitates routine 

measurement of ion drift times during active SIFDT-MS operation (Attachment 1). 

The shape of the ion arrival-time profiles can be used to investigate ion diffusion losses 

and indicates the ion-molecule reactions involved in ion formation. 

2. The optimal operating parameters of the SIFDT-MS instrument were 

defined based on systematic experiments at different E/N. especially on ion transport 

in the carrier gas of the flow-drift tube focussing on ion diffusion loses, ion residence 

time, intensities of the reagent and analyte ions and their degree of hydration 

(Attachment 2). These studies indicated the optimal ranges of the operating parameters 

of the SIFDT-MS instrument: carrier gas pressure 1.5-2.5 mbar, helium flow rate 65-

90 mL/min, sample flow rate 1-5 mL/min, reduced field strength E/N of 7-30 Td. 

These optimal parameters are summarised in Table VI.1. 

3. A kinetic model of the ion-molecule reactions taking place in the flow-drift 

tube reactor was developed based on differential equations describing ion 

concentrations that are integrated along the axial spatial coordinate (rather than 

integrating in time as was done previously in the field-free flow tubes). This approach 

allows the correct inclusion of the mobility of the various ions involved in analysis. 

The dependences of the rate coefficients for three body association reactions and for 
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unimolecular dissociation ion-molecule reactions on the reduced field strength, E/N, 

were included in this model. This now provides insight into the role of the various 

parameters responsible for the product ion intensity variations with E/N and reveals 

that changes in the reaction time are more important than changes in reaction rate 

coefficients. 

4. A method for quantification of VOCs present in sample gas was formulated 

and tested for representative compounds relevant to exhaled breath and environmental 

analyses (Attachment 3). The SIFDT-MS instrument operating within the above 

defined optimal conditions was used to quantify the concentrations of acetone, 

propanal, isoprene, 2-butanone, 3-carene, b-pinene, (S)-limonene in air mixtures using 

the understanding gained of the relevant ion-molecule reaction schemes. A pilot direct 

ethanol and acetone monitoring in mouth cavity and breath experiment was carried out 

to demonstrate the feasibility of SIFDT-MS for real-time trace gas measurements. 

Additionally, a possible approach to distinguishing isobaric analyte ions in mixtures 

was investigated based on differences in their propensity to form hydrates together 

with the use of matrix pseudoinversion to extract mixing ratios from overlapping mass 

spectra. 

5. Collision induced dissociation, in-tube CID, was introduced into the SIFDT-

MS technique by applying an additional voltage between the flow-drift tube end and 

the ion sampling nose cone. Analyses of differences in fragmentation patterns of 

isomeric monoterpene cations were chosen as a case study, which resulted in their 

individual quantification in a mixture of several monoterpenes using a pseudo-inverse 

matrix method.  

6. Data mining methods, such as artificial neural network and partial least 

square regression, were applied to the SIFT-MS output mass spectra of seven 

monoterpene isomers with the objective to classify them on the basis of their 

fragmentation patterns in charge transfer reactions with NO+ reagent ions. 
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Table VI.1. Optimal operating parameters for the new SIFDT-MS instrument 
compared with the Profile 3 SIFT-MS instrument and a typical PTR-MS instrument. 

Feature SIFDT-MS SIFT-MS, 
Profile 3 

PTR-MS  

E/N 7 – 14 Td 0 Td 100-150 Td 
flow/drift tube 
pressure 

2 mbar (He) 1.3 mbar (He) 2 mbar (air) 

He flow rate < 100 mL/min 500 mL/min n.a. 
sample flow rate 1-10 mL/min 20-40 mL/min 10-800 mL/min 
pumping speed < 1 L/s 7 L/s ~1 L/s 
reaction time variable (accurately 

measured) 
fixed possibly 

variable, in 
practice fixed 

regent ion count 
rate 

~106 c/s ~106 c/s >107 c/s 

limit od detection < 1 ppbv < 1 ppbv < 1 pptv 
reaction time variable (accurately 

measured) 
fixed variable, 

calculated 
fragmentation variable by in-tube CID minimal Enhanced at 

high E/N in air 
ion hydration variable by E/N for a 

given sample flow rate 
constant for a 
given sample 
flow rate 

suppressed by 
high E/N 

 

Finally, the candidate would like to present a few personal views and ideas. 

From the experience I gained during my work on the development of the SIFDT-MS 

apparatus and from the amount of literature studied relating to different flow/drift tube 

techniques, I can see a few ways to further improve the sensitivity and analytical power 

of SIFDT-MS. One direction is to continue investigations of an ion mobility method 

by including an extra gated drift region to more accurately distinguish isomeric ions 

via their mobility in helium carrier gas. Another is to use a small dimension differential 

ion mobility stage immediately after the flow-drift tube. A further suggestion is to add 

a differential pumping stage with an ion guide or an ion funnel between the flow-drift 

tube and the downstream detection mass analyser, instead of the current sample nose 

cone, in order to reduce product and reagent ion losses around the nose cone orifice, 

which could increase the ion signal at the detector possibly by ten times.  

Following the PTR-TOF-MS example, it would be worth trying a time-of-flight 

mass spectrometer instead of the detection quadrupole mass spectrometer that would 

provide high resolution mass spectrometry capable of distinguishing isobaric ions. It 

would be also interesting to explore higher m/z ranges by introducing into the flow-



Conclusions and suggestions for further work 
 

114 
 

drift tube larger organic molecules involved in metabolomics or even proteomics and 

thus to develop absolute analytical quantification method in these fields of science. 

There is also great potential for advanced approaches to SIFDT-MS output data 

processing by exploiting the fast developing area of data mining algorithms such as 

machine learning, classification and multivariate statistics. An example of this is the 

use of linear logistic models and partial least square component analyses in SIFT-MS 

studies related to bacteria responsible for airways infections. In the present thesis, 

classification artificial neural network has been shown to be useful for monoterpene 

isomer distinction using the fragmentation patterns resulting from their dissociative 

charge transfer reactions with NO+ ions or enhanced fragmentation enhanced by in-

tube CID, and such artificial neural networks could be used in future for other studies. 

On the assumption that the mass spectrum of a mixture of isobaric compounds 

is a linear combination of the individual mass spectra of these compounds has allowed 

the use of pseudoinverse matrix method to obtain individual compound concentrations 

in the mixture of acetone and propanal and of three different monoterpenes in air. In 

theory, it is possible to apply the same approach to mixtures containing an arbitrary 

number of trace compounds. 

Finally I would like to express a hope that the results presented in this thesis 

help to elucidate and understand the ion processes important in the further 

development of SIFDT-MS as an analytical tool, and that they are also relevant to the 

understanding of other flow tube and drift tube techniques. 
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Determination of residence times of ions in a resistive glass
selected ion flow-drift tube using the Hadamard transformation

Anatolii Spesyvyi1,2 and Patrik Španěl1*
1J. Heyrovsky Institute of Physical Chemistry of Science, Academy of Science of the Czech Republic, Dolejškova 3, 18223
Prague 8, Czech Republic
2Department of Surface and Plasma Science, Faculty of Mathematics and Physics, Charles University in Prague, V
Holešovičkách 2, 18000 Prague, Czech Republic

RATIONALE: Selected ion flow tube mass spectrometry, SIFT-MS, used for trace gas analyses has certain fundamental
limitations that could be alleviated by adding a facility that allows reaction times and ion interaction energies to be
varied. Thus, a selected ion flow-drift tube, SIFDT, has been created to explore the influence of an embedded electric field
on these parameters and on reaction processes.
METHODS: The new SIFTD instrument was constructed using a miniature resistive glass drift tube. Arrival times of
ions, t, analysed by a downstream quadrupole mass spectrometer over the m/z range 10–100 were studied by modulating
the injected ion current using a gate lens. Single pulse modulation was compared with pseudorandom time multiplexing
exploiting the Hadamard transformation. A simple model involving analysis of ethanol and water vapour mixture in air
was used to explore the advantages of the SIFDT concept to SIFT-MS analysis.
RESULTS: It is shown that the resistive glass drift tube is suitable for SIFDT experiments. The Hadamard transformation
can be used to routinely determine reagent ion residence time in the flow-drift tube and also to observe differences in
arrival times for different product ions. Two-dimensional data combining arrival time and mass spectra can be obtained
rapidly. The calculated ion drift velocities vary with the reduced field strength, E/N, and the calculated ion mobilities
agree with theoretical and previous literature values.
CONCLUSIONS: This study has provided evidence that the SIFDT-MS technique can be implemented in a miniature and
low-cost instrument and two- or three-dimensional data can be obtained (product ion count rates as functions of m/z, t
and E/N) using the Hadamard transformation thus providing exciting possibilities for further analytical additions and
extensions of the SIFT-MS technique. Copyright © 2015 John Wiley & Sons, Ltd.

Real-time analyses of a broad range of volatile compounds
present in atmospheric air, headspace of biological samples
or media such as human breath[1] can best be achieved using
fast flow and flow-drift tube techniques called selected ion
flow tube mass spectrometry, SIFT-MS,[2] and proton transfer
reaction mass spectrometry, PTR-MS.[3] Whilst these
techniques are sufficiently sensitive and rapid to allow
meaningful and accurate analyses, it is recognised that they
do have some shortcomings[4] including overlap of product
(analyte) ions that can complicate analyses. Absolute
quantification of trace gas molecules is based on knowledge
of rate coefficients for the reactions of precursor (reagent) ions
(H3O

+, NO+ and O2
+•) with analyte molecules and the

calculation using ratios of product ion count rates to reagent
ion count rates and the reaction time in the flow or drift tube
reactor. The reaction time, which corresponds to the residence
time of the reagent ions, is usually calculated indirectly from
the carrier gas flow velocity in SIFT-MS and the ion mobility

in PTR-MS. In order to further extend the analytical
versatility of these techniques and to minimise the
uncertainties in some analyses, especially those that are
confused by analyte ion overlaps, we have constructed a
new selected ion flow-drift tube apparatus in which reagent
ion residence times can be varied by varying the reduced field
strength, E/N, and thus explore the additional analytical
value of this to SIFT-MS and SIFDT analyses of complex
mixtures.

Background of the selected ion flow-drift tube, SIFDT,
technique

Various types of drift tube based apparatuses have been
described and used for studies of the kinetics of ion-molecule
reactions. Of relevance to the present study is the selected
ion drift apparatus, SIDA,[5] in which there was a static buffer
gas in a drift tube into which heavy metal atomic ions
generated in an external ion source and selected by a
quadrupole mass filter were injected. A flow-drift tube,
FDT, technique was also developed for ion mobility
measurements in which the effects of vibrational excitation
of ions could be studied over a range of interaction
energies.[6–8] Following the inception of the field-free selected
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ion flow tube, SIFT,[9] the principles of flow tubes and drift
tubes were combined as various forms of the selected ion flow-
drift tube, SIFDT, apparatus built in several laboratories[10,11] as
a more versatile replacement for the FDT. Subsequent versions
of the SIDT allowed very small ion injection energies and low
flow rates of carrier gas.[12] Probably the most versatile
technique allowing independent variation of ion energies and
neutral molecule temperatures was the variable temperature
(VT)-SIFDT.[13]

Traditionally, all the drift tubes were constructed as a stack
of discrete rings, separated by dielectric spacers or insulating
rings. The approximation to a homogeneous electric field was
achieved using a chain of external divider resistors. Whilst
such arrangements were successfully used in large-scale
laboratory instruments, it is not suitable for miniaturisation
down to the scale used in current SIFT-MS flow tubes. For
example the current Profile 3 SIFT-MS instrument is based on
a 5 cm long cylindrical flow tube of 1 cm diameter.[14] Recently,
resistive glass tubes have become available that are being
successfully used as drift tubes in ion mobility spectrometry.[15]

Such drift tubes can now be manufactured at customised sizes
compatible with the current SIFT-MS instruments.[16] Thus, for
the construction of the next generation of SIFDT instruments it
is a logical choice to use a resistive glass drift tube, as
constructed and described later as the current development.

Determination of ion residence times in flow/drift tubes

The ion residence times are commonly determined by
modulating the ion swarm at the entrance to the drift tube
by applying potentials to electrodes often in the form of a pair
of shutter grids.[17] Usually, only a short pulse of ion current,
typically of 10 μs duration, is allowed to enter the drift region
and arrival-time spectra are recorded at the downstream
detector. Traditionally, expensive multichannel scaler (MCS)
devices were used for this purpose. The trigger signal derived
from the ion shutter pulse starts the counter within the MCS
that segments the ion count data obtained from the ion
detector into sequential time bins. The width of the bins
needed for typical drift time measurements is 1 to 10 μs in
order to measure residence times ranging from 100 to 1000
μs with sufficient accuracy. With the availability of fast
programmable microcontrollers with clock speeds near 100
MHz it is now possible to implement such MCS devices by
writing dedicated firmware. Thus, in the present experiments
we chose to use a low-cost 32-bit ARM core microcontroller
with an 84 MHz clock and USB interface to generate the
upstream gating pulse and to acquire time-resolved ion
signals downstream in our new SIFDT apparatus.

Hadamard transformation

Whilst the modulation of ion signal with narrow pulses allows
reliable measurement of residence times, it has a significant
effect on the total ion signal arriving at the detector because
the practical duty cycle is around 100:1 (10 μs pulses repeated
each 1 ms). Such residence time measurement cannot be used
in routine SIFT-MS operation as it would cause an unacceptable
loss of analytical sensitivity. Fortunately, advanced methods of
signal processing based on time multiplexing are available that
allow dramatic improvements to the duty cycle. A widely used
multiplexing method in different areas of chemical analysis,

including Raman imaging, capillary electrophoresis, ion
mobility spectrometry and time-of-flight mass spectrometry, is
the Hadamard transformation (HT).[18] In general, the HT can
be used to improve the duty cycle of any experiment in which
responses to a series of on and off events are recorded.[19]

Instead of a single ion pulse a specially designed sequence of
pseudorandom pulses is used and HT processing of the data
allows reconstruction of the ion residence times with a much
greater duty cycle. Thus, HTwas recently successfully applied
to ion mobility spectrometry, IMS,[20] NMR spectroscopy[21]

and gas chromatography, GC.[22] On the basis of this experience
we consider it suitable for the measurements of residence
times of ions in our new SIFDT, as is confirmed by the data
presented later.

EXPERIMENTAL

Construction of the apparatus

Figure 1 shows a schematic of our newly constructed SIFDT
apparatus. Its construction is similar to the most recent
generation of SIFT-MS instruments called Profile 3[14]

(Instrument Science Ltd, Crewe, UK). This SIFDT instrument
consists of three vacuum chambers, in which the upstream
quadrupole mass filter, the drift tube and the downstream
quadrupole mass filter are located. The drift tube is enclosed in
a vacuum chamber and so it does not need to be perfectly
vacuum tight; this greatly facilitates experimental work and
rapid adjustments to the flow tube. As in the Profile 3 SIFT-MS
instrument, precursor/reagent ionsH3O

+,NO+, O2
+• are created

in a microwave discharge through a water vapour/air mixture
operating at 2.45 GHz. The required reagent ion is selected by
the upstream quadrupole and the injected ion current can be
modulated (switched on and off) by the gate lens positioned
before the entrance to the helium carrier gas Venturi inlet port
(see Fig. 1). The Venturi inlet is used as usual in the SIFT
technique[9] to introduce ions from the injection vacuum
chamber (pressure <10–4 mbar) into the higher pressure drift
tubewhich in the present experimentswasmaintained at 2mbar.
Reactant molecules are introduced into the helium carrier gas.

The flow/drift tube is cylindrical, 14.5 cm long and with an
i.d. of 1 cm. The complete resistive glass drift tube assembly
was manufactured with these specified dimensions by
Photonis (Sturbridge, MA, USA) ready to be installed. The
glass tube inner surface is covered with a lead silicate layer
with 14 MOhm resistance between the electrodes formed
at the tube faces at each end using a NiCr layer. Voltage
is provided by an external regulated stabilised power supply
0–300 V. The reagent and product ions are sampled at the
end of the drift tube by the nose cone sampling orifice and then
analysed by the detection quadrupole mass analyzer system
(pressure<10–4mbar) equippedwith aChanneltron iondetector.

Electronics and data acquisition system

The ion focusing gate lens electrode (Fig. 1) is used to modulate
the injected ion signal by switching it on (the lens electrode
voltage tuned for optimal focusing) and off (the lens voltage
increased by about 100 V above the optimum setting thus
blocking the ion beam entirely). The gate lens voltage is driven
by a simple switching transistor circuit controlled from the digital
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output of the microcontroller (Arduino DUE microcontroller
board based on the Atmel SAM3X8EARMCortex-M3CPUwith
84 MHz clock, manufactured by Arduino Hungary Kft,
Budapest, Hungary). Firmware written especially for this
purpose can be programmed to generate pulses of variable
duration (1 to 999 μs) and a fixed frequency of 1 kHz. The code
controlling the actual pulse width is sent over the USB
interface from a Windows PC running a software application,
which againwaswritten specifically for this instrument operation.
The ions detected by a Channeltron electron multiplier

generate electrical pulses that are amplified and discriminated
using the preamplifier-discriminator (type P-15D, manu-
factured by Advanced Research Instruments Corp., Bandon,
OR, USA). The resulting digital pulses are presented to a
counter of the same Arduino microcontroller. The firmware
performs the function of a multichannel scaler using 256 bins
per 1000 μs synchronised to the modulation pulse. In order to
supress any 50Hzmodulation of the ion source, 40 modulation
periods (40 ms) are integrated in the microcontroller operating
memory and the resulting time-resolved ion count table is then
sent over the USB interface to the Windows PC software.
It is relatively easy to implement the Hadamard

transformation into this setup by extending the firmware to
modulate the injected ions by 128 pseudorandom pulses
per 1000 μs (interval about 8 μs) controlled by a sequence of
0 and 1 as given by the following source code snippet:

This sequence was taken as the first column of an S-
matrix[23] with 127 rows generated by a cyclic polynomial
x7+x+1.[19] The reverse transformation of the data is carried
out by the Windows PC software using a matrix
multiplication of the received ion count table with the entire
127x127 S-matrix.

Reagent ions and gases

H3O
+ reagent ions are extracted from the ion source, mass

selected and focused into a beam by an electrostatic lens
system, filtered by the quadrupole mass filter and injected
into the flow tube via the Venturi injector at laboratory kinetic
energies up to 100 eV. After entering the flow-drift tube the
ions are caught by the flow of helium carrier gas (introduced
at a flow rate of 1300 mL/min) where they are thermalized by
multiple collisions with the helium atoms. Thus, the ion
movement in the drift tube is influenced by two components:
the carrier gas flow and drift in the homogeneous uniform
electric field. These two parameters must be considered in
the interpretation of the residence time measurements. All
measurements were performed at a fixed carrier gas pressure
of 2 mbar and the maximum voltage applied across the drift
tube was 243 V, corresponding to a maximum reduced field
strength E/N of 30.5 Td (10–21 Vm2).

A simple model system of the ion chemistry initiated by
H3O

+ reagent ions reacting with ethanol molecules in the
presence of water vapour was used for the first experiments
using the new SIFDT instrument discussed in this article.
Thus, the headspace above a weak aqueous mixture of
ethanol and water (2 μL/10 mL) was sampled into the carrier
gas at a flow rate of 30 mL/min. The ethanol molecules react
with the H3O

+ reagent ions in the flow-drift tube reactor. Both
the reagent ions and the product ions also react with water
molecules forming hydrated ions (water clusters). A series
of the most significant ion-molecular reactions occurring in

Figure 1. Schematic drawing of the selected ion flow-drift tube, SIFDT, apparatus used
in the present experiments including a simplified schematics of the electronic circuit for
modulation of the injected ion current by the gate lens voltage controlled by an
Arduino microcontroller. Insets show the sequence of voltage pulses used for time
multiplexing using Hadamard transformation.

static const uint8_t randomGate128[ ] =

{ //from S-matrix 127*127

1,0,0,0,0,0,0,0,1,1,1,1,1,1,0,1,1,1,1,1,0,0,1,1,1,1,0,1,0,1,1,1,0,0,0,0,1,1,0,1,1,1,0,1,0,0,1,1,
0,0,0,1,0,1,0,1,1,0,0,0,0,0,1,0,1,1,1,1,0,0,0,1,1,1,0,1,1,0,1,1,0,0,1,0,0,1,0,1,0,0,1,0,0,0,0,1,
0,0,1,1,1,0,0,1,0,1,1,0,1,0,0,0,1,0,0,0,1,1,0,0,1,1,0,1,0,1,0,1,1,0,0,0,0,0,0,0,1,1,1,1,1,1,0,1,
1,1,1,1,0,0,1,1,1,1,0,1,0,1,1,1,0,0,0,0,1,1,0,1,1,1,0,1,0,0,1,1,0,0,0,1,0,1,0,1,1,0,0,0,0,0,1,0,
1,1,1,1,0,0,0,1,1,1,0,1,1,0,1,1,0,0,1,0,0,1,0,1,0,0,1,0,0,0,0,1,0,0,1,1,1,0,0,1,0,1,1,0,1,0,0,0,
1,0,0,0,1,1,0,0,1,1,0,1,0,1,0,1

};
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the drift tube is shown in Scheme 1, where M is a neutral
ethanol molecule and ki is the reaction rate coefficient for
the particular reaction.

RESULTS AND DISCUSSION

The results will be discussed first for experiments validating
the use of the Hadamard transformation in SIFDT and then
for a set of measurements of arrival times of reagent and
product ions in a typical SIFT-MS reaction sequence. Finally,
the results will be used to calculate reduced ion mobilities
and to compare them with previously published values.

Hadamard and single pulse modes

Figure 2 shows arrival-time spectra (the term adopted from
Mason and McDaniel[17]) obtained when H3O

+ reagent ions
are injected into the helium carrier gas and the residence time
measurement system operates in two modes: the classical

single pulse mode and the Hadamard modulation mode.
The data show integrated signals over a 60 s period. Two
residence time distributions were analysed that were
obtained at a very low reduced field strength of 1.0 Td and
for moderate reduced field strength of 18.4 Td. At the lower
E/N the ion signal is less intense due to the large diffusion
losses to the walls of the flow-drift tube, the peak shape is
noisy, and artefacts (spectral features which do not
correspond to single pulse mode results) are more obvious
for the results of Hadamard transformation. It is very
important to note that the average count rate during the
Hadamard operation mode is 50 times higher than during
the 1% duty cycle single pulse mode. Figure 2 shows that
the peak positions determined from the Hadamard
transformed data coincide with the single pulse peak
positions. Thus, the Hadamard mode can be used for accurate
residence time measurements without dramatic reduction in
the ion count rate, which is important for analytical
sensitivity when the instrument will be ultimately used for
trace gas analysis and quantification.

Figure 2. Arrival-time spectra of the H3O
+ reagent ions obtained using the

single pulse mode and the Hadamard transformation mode at two different
reduced field strengths E/N indicated as Td values. Note that the left scale
applies to the 18.4 Td results and the right scale to the 1.0 Td results.

Scheme 1. Ion-molecule reactions occurring when H3O
+ ions are injected into

the flow-drift tube containing carrier gas and the water molecule/ethanol
molecule (M) mixture.
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Using the Hadamard mode, arrival-time distributions can
be obtained for each m/z setting of the detection quadrupole
scanned in discrete steps of 0.1 m/z units. Thus, two-
dimensional data are obtained that can be visualised in the
form of a so-called heat map plot,[24] as shown in Fig. 3 for
a sample situation when all three reagent ions (H3O

+, NO+,
O2

+•) are injected into a helium/water vapour/ethanol
mixture in the flow-drift tube (at E/N 9.2 Td) in order to
generate product ions and hydrated ions. It can be seen from
the heat map positions of the maxima atm/z 19, 30 and 32 that
the residence times for all three reagent ions are almost
identical and their arrival-time profiles overlap but that the
arrival times of hydrated ions and of the product ions
formed in the drift tube by ion chemistry are discernibly
longer (320–400 μs).

Precursor and product ion arrival times

In all flow-drift systems in which transit and drift times need
to be measured, there are ion transits through low-pressure
regions such as the detection mass spectrometer system that
are for a fixed time and independent of the drift motion of
the ions through the higher pressure flow-drift tube. This
drift-free time interval needs to be measured in order to
correctly determine the drift time. The fastest possible
instrument response corresponds to the total time delay
between the transition of the ions through the gate lens
and their arrival at the detector in the absence of carrier gas
(p <0.01 mbar). This situation corresponds to very high E/N
>1000 Td in the flow-drift tube. Thus, the minimal arrival-time
delay was observed to be 35 μs for the operating settings of the

instrument, being a combination of flight times of the ions
through the Venturi injector and through the entire detection
quadrupole system. This instrumental delay time must be
subtracted from the measured overall arrival time in order to
obtain the net residence time in the flow-drift tube.

Overall arrival-time measurements were made at carrier
gas pressure of 2 mbar for different values of E/N for injected
H3O

+ reagent ions and the product ions generated according
to Scheme 1. The interpretation of the raw data for the
injected H3O

+ reagent ions is relatively straightforward as a
combination of the instrument delay time (35 μs) and the
residence times in the drift tube at a given E/N. Sample data
are shown in Fig. 4 where it can be seen that the H3O

+ peak
widths decrease with increasing E/N. The peak obtained at
the lowest E/N of 1 Td corresponds to the situation where
the gas flow speed, vg, is the dominant factor and the radial
distribution of the ions is near parabolic at a maximum at
the centre of the tube and a minimum near the wall; this
describes laminar gas flow. This behaviour of ions in flow
tubes is well understood[9] and is dominated by diffusive loss
(longer residence time) and convection (transport by gas
flow). With increasing E/N, ion drift in the electric field
direction becomes increasingly important which leads to
reduced loss by diffusion (shorter residence time) and to a
lower spread of ion velocities due to the laminar gas flow
profile subsequently narrowing the ion arrival-time peaks,
as can be seen in Fig. 4.

The situation for the product ions is more complicated,
because they are formed from both the reagent ions and the
simpler product ions along the entire length of the flow-drift
tube (see Scheme 1). Thus, the arrival time is governed by

Figure 3. A heat map plot showing the arrival-time spectra obtained for a range
of the detected ions m/z from 10 to 80 collected at E/N = 9.2 Td using the
Hadamard transformation. The colour coding of accumulated ion counts is
indicated in the top-right corner. The horizontal and vertical slices indicated
by white lines correspond to an arrival-time profile for ions at m/z 19 (top)
and the time resolved mass spectrum at arrival time of 290 μs, respectively
(right). The mass spectrum intensity is presented on a logarithmical scale.
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the flow and drift movements of the reagent ion and all the
intermediate product ions leading to the formation of the ions
observed at each m/z value. The arrival times corresponding
to the maxima of the arrival-time spectral peak (the mode of
the distribution) were corrected for the instrumental time of
35 μs. The arrival times obtained for the H3O

+ reagent ions
and for the protonated ethanol product ions and their
hydrates as functions of E/N are shown in Fig. 5. Note that
the degree of ion hydration is highly dependent on E/N and
at the highest E/N the signal of the dihydrate of protonated
ethanol at m/z 83, C2H5OHH+(H2O)2, is absent since the
formation of these ’cluster ions’ and their precursor H3O

+

hydrates is very energy sensitive.[25]

The velocities of ions in the drift tube can be calculated
from a simple equation:

v ¼ L=t; (1)

where L is the drift tube length and t is the ion arrival time.
Figure 6 shows the results of such calculation for two
examples chosen from Fig. 5 (H3O

+ and the monohydrate of
protonated ethanol at m/z 65) obtained in He and 10% of
sample (water headspace containing mostly air) and for
H3O

+ in pure helium carrier gas. These results reveal that
the H3O

+ ion velocities are larger without the air admixtures

Figure 4. Arrival-time spectra for H3O
+ ions for five different

field strengths E/N obtained in the new SIFDT instrument.
Intensities I of the peaks are normalized to the respective
maximal intensity values Imax and plotted as I/Imax.

Figure 5. Plots of the arrival times of the four ions indicated
as a function of E/N corrected for the 35 μs instrumental delay
time in the new SIFDT instrument. For simplicity, only three
product ions are shown as chosen from the set of reaction
products shown in Scheme 1.

Figure 6. Dependence of the ion velocities, v, on E/N for
experiments for H3O

+ ions in pure helium carrier gas and in
helium containing a 10% admixture of the headspace of water
vapour/ethanol solution, and for the C2H5OH2

+(H2O)
product ions in the latter mixture.

Figure 7. Plots of the ion velocity, v, against the field strength,
E, for the reagent ion H3O

+ and the C2H5OHH+(H2O) ion.
The linear regression fits are presented as solid lines that
provide the equations for fits and quadratic deviations
shown.
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than with the air, but the slopes of the E/N dependencies are
quite similar. The apparent velocities of the heavier
protonated methanol monohydrate ions are clearly smaller.
These differences in drift velocity are clearly seen in the
following discussion of ion mobility.

Ion mobility

The magnitude of the ion drift velocity vd in a flow-drift
tube is related to the experimentally determined net ion
velocity v and the mean flow velocity vg by a simple
subtraction:

vd ¼ v–vg: (2)

Note that the mean flow velocity corresponds to the
laminar gas flow velocities averaged over the radial
distribution of the ion number densities.[26,27] Now vd is
proportional to the electric field strength, E, and the ion
mobility, K. Thus, K can be calculated from the slope of the
dependence of v on E according to the simple equation: as
shown in Fig. 7 by linear regression using the following
model equation:

v ¼ KEþ vg: (3)

The derived values of v (E) shown in Fig. 7 are obtained by
linear regression. The advantage of this approach is that it is
unnecessary to assume a known value of vg. Nevertheless, it
is instructive to carry out ion arrival-time measurement under
field-free conditions. The result of this is indicated by a data
point at E/N = 0 included in Fig. 5 giving vg = 1.9 × 104

cm/s for the flow tube length 14.5 cm. Note that this value
of vg is in a good agreement with the intercepts obtained by
regression fits shown in Fig. 7.
To compare these mobility values derived in this new

SIFDT apparatus with previously published values, it is
conventional to calculate the reduced ion mobility, K0,
appropriate to standard atmospheric pressure and
temperature conditions as:[17]

K0 ¼ K 273 K=Tð Þ p=760Torrð Þ; (3)

In the present experiments the experimental temperature
T = 295 K and the experimental pressure, p, is 2 mbar or
1.5 Torr. Table 1 lists the mobility calculated for the several
ions involved in these water vapour/ethanol experiments.
Also included are the theoretical values obtained using our
previously published semi-empirical molecular model[28]

and the previous literature values.[29,30] The agreement for
the H3O

+ ions is excellent and gives credence to the concept
of the new SIFTD apparatus, the method of time
measurements through the Hadamard approach and the
appropriateness of the correction for the instrumental
delay applied to the measured times. The deviation between
the present and previously determined K0 values for the
product ions is at most 18%, being greatest for the cluster
hydrates H3O

+(H2O)3. This is surely due to the previously
mentioned continuous formation of these cluster ions along
the length of the flow-drift tube and the additional
possibility that they may partially dissociate by collisions
with buffer gas atoms and molecules at the increased
centre-of-mass energies.

CONCLUDING REMARKS

A new small-scale simplified selected ion flow-drift tube,
SIFDT, apparatus has been constructed and the Hadamard
transformation has been used for the first time to analyse
and derive ion drift times that are required if it is to be
adopted as a trace gas analytical instrument in the style of
selected ion flow tube mass spectrometry, SIFT-MS.[2,4] The
interaction energy of precursor/reagent ions with the helium
carrier gas atoms and analyte molecules is usually taken as
fixed in traditional SIFT-MS analyses (as determined by a
flow tube temperature) or in PTR-MS analyses (as determined
by a fixed E/N chosen for given experiments). Also, the
reaction time of both reagent and analyte ions is commonly
taken as fixed, being determined by the carrier gas flow speed
in SIFT-MS[2] and ion mobility in air at fixed E/N in PTR-
MS.[3] The present study demonstrates that a SIFDT
apparatus constructed using a resistive glass flow-drift tube
in which E/N can be readily varied, which exploits Hadamard
transformation for continuous arrival time, t, measurement,

Table 1. Reduced ion mobility calculated from the present SIFDT experimental measurements for the ions
indicated compared with the previously published theoretical and experimental values

Ion Mass (u)

K0 (cm
2 V–1 s–1)

Experimental Theoreticala Previous

H3O
+ 19 20.1 21.4 21.5±1.5b

H3O
+ (pure He) 19 24.0 21.4 21.5±1.5b

H3O
+(H2O) 37 15.1 15.6 17.2±1.2b

C2H5OHH+ 47 14.8 13.4
H3O

+(H2O)2 55 12.0 12.2 13.9±1.0b

C2H5OHH+(H2O) 65 11.2 11.5
H3O

+(H2O)3 73 12.1 10.3 11.5±0.8c

C2H5OHH+(H2O)2 83 11.1 9.9

aTaken from Dryahina and Španěl.[28]
bTaken from Ellis et al.[29]
cTaken from de Gouw et al.[30]
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can be exploited to obtain two- or three-dimensional data
(product ion count rates as functions of m/z, t and E/N). This
instrument can now serve as a basis for the development of
selected ion flow drift tube mass spectrometry, SIFDT-MS,
as an analytical method that could resolve some of the
limitations of SIFT-MS. For example, some discrimination
between isobaric and possibly some isomeric ions can be
achieved by virtue of their different mobility and their
varying stabilities to collisional dissociation that can be
probed by increasing the E/N in the drift field. Note that an
additional possibility to analyse overlapping product ions
would be to use a tandem mass spectrometer as the
downstream analyser. Using these combined principles, small
SIFDT-MS analytical instruments can be envisaged that have
wider scope and provide more certain (less ambiguous) real-
time, on-line analysis of complex matrices such as polluted
ambient air, exhaled breath and volatile gas emissions for
food products and cell cultures.
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Figure 3.
E/N. 3O+ intensities on the product of the reaction 
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- r-of- Ec -
reactant gas center-of- Er E/N Ec and 
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E/N Er
Ec

E/N, Ec and Er. It 
Ec

–1 and Er
–0.5

T–3 [Fontijn et al., 1983]

E/N Ec, eV Er, eV k2eff, 10–11 3s–1

0.7 0.04 0.04 6.4
6.3 0.09 0.17 4.9
8.2 0.12 0.27 4.2
12.8 0.22 0.53 1.9
24.8 0.67 1.80 0.7
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ABSTRACT: A selected ion flow-drift tube mass spectro-
metric analytical technique, SIFDT-MS, is described that
extends the established selected ion flow tube mass
spectrometry, SIFT-MS, by the inclusion of a static but
variable E-field along the axis of the flow tube reactor in which
the analytical ion−molecule chemistry occurs. The ion axial
speed is increased in proportion to the reduced field strength
E/N (N is the carrier gas number density), and the residence/
reaction time, t, which is measured by Hadamard transform
multiplexing, is correspondingly reduced. To ensure a proper
understanding of the physics and ion chemistry underlying
SIFDT-MS, ion diffusive loss to the walls of the flow-drift tube
and the mobility of injected H3O

+ ions have been studied as a function of E/N. It is seen that the derived diffusion coefficient and
mobility of H3O

+ ions are consistent with those previously reported. The rate coefficient has been determined at elevated E/N
for the association reaction of the H3O

+ reagent ions with H2O molecules, which is the first step in the production of
H3O

+(H2O)1,2,3 reagent hydrate ions. The production of hydrated analyte ion was also experimentally investigated. The analytical
performance of SIFDT-MS is demonstrated by the quantification of acetone and isoprene in exhaled breath. Finally, the essential
features of SIFDT-MS and SIFT-MS are compared, notably pointing out that a much lower speed of the flow-drive pump is
required for SIFDT-MS, which facilitates the development of smaller cost-effective analytical instruments for real time breath and
fluid headspace analyses.

There is a growing and constant demand for analytical
techniques that can accurately quantify in real time the

trace gases in ambient air, exhaled breath, and the headspace of
liquids, especially volatile organic compounds, VOCs. Some
areas in which such analyses are important have been reviewed
recently.1,2 These gaseous media are usually humid, especially
so in the case of exhaled breath, and so ideally the analytical
method must allow quantification of the VOCs without
dehumidification that can compromise the sample. Further-
more, size, weight, and cost of instrumentation are important
issues, and versatility is very desirable for research applications
when a great variety of VOCs need to be detected and
analyzed.3−5 In this regard, gas chromatography with mass
spectrometry, GC−MS, has made a major contribution to gas
analysis, but it is not a real time technique. While nanomaterial-
based sensors,6 laser spectroscopic techniques,7 and ion
mobility spectrometry, IMS,8 are partly a solution for real
time analysis, there is a need for further development of
techniques based on chemical ionization during defined
reaction times, exemplified by selected ion flow tube mass
spectrometry, SIFT-MS,1 and proton transfer reaction mass

spectrometry, PTR-MS.2,9,10 Both of these techniques are
widely used for real time trace gas analysis in various areas and
are able to accurately quantify trace compounds and biomarkers
in air and exhaled breath. Yet there are clear intrinsic
differences between these techniques, which reflect their
relative strengths and weaknesses as analytical tools, that
need to be appreciated in further development of analytical
methods based on gas-phase ion molecule reactions.
PTR-MS is a flow-drift tube system in which a relatively high

electric field exists along the axis of the flow-drift tube,
expressed as the reduced field strength E/N, where E is the axial
electric field strength and N is the number density of the buffer
gas molecules. The ion−molecule reaction time is determined
by E/N and is reduced below that appropriate to a field-free
flow tube of the same length. The associated increase in kinetic
energy of the analyte ions and their collisions with the buffer
gas air molecules can promote collisional dissociation but at the
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same time inhibit ion hydration. The reagent ions, most
commonly H3O

+, are injected directly from a discharge ion
source without m/z (mass-to-charge ratio) selection, and so the
ion beam from the source can be partially contaminated with
“impurity” ions, especially NO+ and O2

+. However, this allows
relatively large ion currents to be injected into the flow-drift
tube and hence provides high analytical sensitivity. The buffer
gas is the sample gas to be analyzed; while this also increases
the analytical sensitivity, the complexity and humidity of such
multicomponent medium, especially exhaled breath (N2, O2,
CO2, H2O, Ar), can complicate the analytical ion chemistry
even though the majority buffer gas molecules are relatively
inert.11 Thus, interpretation of the mass spectra of the reagent
and analyte ions can be very complicated, which can
compromise the trace gas quantification unless calibration
procedures are carried out.12,13

SIFT-MS is a flow tube system in which reagent ions are
formed in a microwave discharge and selected according to
their mass-to-charge ratio, m/z, by a quadrupole mass filter and
injected into the flow tube. Thus, rapid switching between
reagent ions H3O

+, NO+, and O2
+ can be achieved, which

realizes cleaner ion chemistry and enhances analytical power.
The price paid for this is a lower ion injection current and
hence reduced analytical sensitivity. The ion reaction time is
calculated from the pumping speed of the carrier gas and
cannot be readily varied for a given instrument. The carrier gas
is usually inert helium with only a small admixture of the
sample gas to be analyzed, which introduces a smaller fraction
of interfering molecules, notably water molecules, into the
thermal energy reactor. Thus, the analysis relies on truly
thermal ion chemistry that is well understood following
investigations of numerous ion−molecule reactions.14 How-
ever, even at low water molecule number densities, a
complicating issue is the efficient hydration of the reagent
and analyte ions that occurs under thermal (low) interaction
energies, and this phenomenon must be accounted for to
achieve accurate analyses. A further constraint of SIFT-MS is

the need for heavy carrier gas drive pumps to establish the rapid
carrier gas flow speed required to reduce diffusion losses of
reagent and analyte ions to the flow tube walls. In the Prof ile 3
(Instrument Science, Crewe, UK) SIFT-MS instrument,15 the
drive pump thus represents almost one-half of the weight of the
instrument, and in Voice 200 (Syft Technologies Ltd.
Christchurch, New Zealand) an even larger drive pump is
used. In PTR-MS, smaller drive pumps are required.3

Nevertheless, disadvantages of both PTR-MS and SIFT-MS
instruments, as currently available, are their size, weight, and
cost, which inhibit wider application.4

To further improve the current SIFT-MS technique and to
respond to recognized analytical needs, as precised above, we
have constructed a new instrument using a reactor flow-drift
tube instead of a flow tube. The construction of this selected
ion flow-drift tube, SIFDT, instrument is described in the
Experimental Section. The concept is to exploit a low strength
embedded E-field to increase the transport speed of the reagent
ions (i.e., H3O

+, NO+, and O2
+• as established in SIFT-MS)

along the flow-drift tube to suppress ion diffusive loss, thus
increasing analytical sensitivity, and to allow a smaller, lower
speed carrier gas drive pump to be used. As is shown later, E/N
values can be used that are much lower than those adopted in
PTR-MS, which minimizes analyte ion collisional dissociation
yet reduces the hydration of reagent and analyte ions. The latter
feature can be exploited to distinguish between bare primary
analyte ions and hydrated analyte ions, which is sometimes
difficult in SIFT-MS.16,17 The reaction time for the analytical
ion−molecule reactions can be rapidly changed by varying E/N
and quickly determined by adopting the Hadamard transform
multiplexing as reported in detail in a recent publication.18 The
SIFDT-MS analytical technique is thus a logical development of
SIFT-MS that retains all of the desirable features and
advantages of SIFT-MS while removing the need for a large
drive pump and adding a new facility to change the conditions
under which the analytical ion−molecule reactions occur.

Figure 1. Schematic drawing of the selected ion flow-drift tube, SIFDT, apparatus developed and used for the present experiments. The gas sample
introduction setup is represented in this example by a glass vial containing 10 mL of liquid water through which dry synthetic air or laboratory air is
introduced. Note that the speed of the helium carrier gas is reduced by a restrictive aperture between the flow-drift tube compartment and the scroll
pump.
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The first objective of the research work reported here was to
assess the basic operation of SIFDT through the measurement
of those physical transport parameters traditionally considered
in drift tube physics, viz., gaseous ion diffusion, drift velocity,
and mobility, and how they depend on the nature, flow rates,
and pressures of the sample gas and carrier/buffer gas, and the
reduced field strength, E/N. The second objective was to
establish the optimum values of these parameters for SIFDT-
MS analyses. Particular focus was placed on diffusion losses and
the distribution between the reagent ion H3O

+ and its hydrates
H3O

+(H2O)1,2,3 and how they are influenced by varying E/N in
the flow-drift tube reactor. SIFDT-MS then is shown to be a
promising analytical method by analyzing acetone and isoprene
in exhaled breath as exemplars. Finally, the features of SIFDT-
MS and SIFT-MS are compared and contrasted.

■ EXPERIMENTAL SECTION
Selected Ion Flow-Drift Tube, SIFDT, Instrument. A

new experimental SIFDT apparatus has been constructed as
shown by the schematic arrangement in Figure 1. Its general
structure is similar to the familiar SIFT-MS instruments.15 It
consists of a gas discharge ion source that supplies a mixture of
ions to a quadrupole mass filter that allows a current of ions at a
selected mass-to-charge ratio, m/z, to be injected into a helium
buffered flow-drift tube (a lead silicate-coated resistive glass
tube, length 14.5 cm, internal diameter 1 cm, 14 MΩ
resistance) manufactured by Photonis, Sturbridge, MA.
Application of a voltage between the ends of the flow-drift
tube establishes a uniform electric field, E, along its axis.
Variation of E and the carrier gas number density, N, allows the
reduced field strength E/N to be varied at will. A gated
electrostatic lens placed immediately before the Venturi inlet
via which the helium carrier gas is introduced into the flow-drift
tube allows the injected ion current to be switched on and off.
Thus, the residence time of the ions in the flow-drift tube
reactor can be determined at any value of E/N by exploiting the
Hadamard transform multiplexing technique.18 The swarm of
injected ions is transported along the flow-drift tube by a
combination of carrier gas flow (speed component typically 10
m/s) and by the E-field (drift speed component typically >100
m/s). The pump driving the helium carrier gas flow is restricted
(by throttling) to a speed of only 0.9 L/s, which is several times
smaller than that required in SIFT-MS.15 Sample gas is
introduced at a controlled flow rate into the helium carrier gas,
and the contained water molecules and trace compounds react
with the injected ions. The sample flow rate was adjusted by a
needle valve and measured by a mass flow meter calibrated for
air (Alicat Scientific, Inc. M-50SCCM-D), and the carrier gas
flow rate was measured by a He-calibrated flow controller
(Alicat Scientific, Inc. MC-5 SLPM-D). The ion current
arriving downstream at the sampling nose cone is measured
using a picoammeter (pA; see Figure 1), and a fraction of ions
is sampled by an orifice (0.5 mm diameter) into a quadrupole
mass spectrometer/detection system that measures the count
rates of both the reagent and the product (analyte) ions. Note
that electrical potentials of the ion source, injection quadrupole,
and associated ion lenses must be established with reference to
the positive voltage (<300 V) applied to the upstream end of
the flow-drift tube.
Experimental Conditions. To describe and demonstrate

the ion physics and chemistry that are the basis of the SIFTD-
MS analytical method, several experiments were carried out as
discussed in detail in the next section.

Data for ion residence time and loss of ions by diffusion were
obtained for zero sample flow and for air samples saturated with
water vapor at 300 K introduced at flow rates of 1.5 and 3 mL/
min. Three flow-drift tube pressures of 1.5, 2.0, and 2.5 mbar
were used (corresponding to He flow rates of 64, 94, and 124
mL/min), and the voltage difference across the drift tube was
varied from 6 to 100 V. The residence times of injected H3O

+

reagent ions and the ion currents measured at the downstream
sampling nose cone were recorded as a function of E/N, the
tube pressure, and the sample flow rate (see the Results and
Discussion).
To study hydration of H3O

+ ions, liquid water headspace was
introduced into the flow-drift tube reactor at variable flow rates
up to 5 mL/min, and data on the count rates of the
H3O

+(H2O)0,1,2,3 ions at m/z 19, 37, 55, and 73 were obtained
for a range of drift tube voltages (25−100 V). Similar
experiments were carried out using headspace of a weak
solution of acetone in water (1 μL in 10 mL) to study the
formation of protonated acetone CH3COCH3H

+ (m/z 59) and
its hydrates (m/z 77 and 95).
Finally, to demonstrate breath analysis by SIFDT-MS, a

Nalophan bag19 was inflated with exhaled breath, which was
then introduced at a controlled flow rate into the flow-drift tube
reactor, and the reagent and product ion count rates were
obtained as a function of the breath sample flow rate (1−5 mL/
min) at 50 and 100 V across the flow-drift tube at a carrier gas
pressure of 2 mbar (E/N 7 and 14 Td; 1 Townsend, Td, =10−17

V cm2). Acetone in the breath sample was analyzed using both
H3O

+ (analyte ions as above) and O2
+• (reagent ions m/z 32;

analyte ions m/z 43 and 58) and isoprene (analyte ions m/z 67
and 68).

■ RESULTS AND DISCUSSION
Ion Residence Time and Mobility. A fundamental

parameter involved in the transport of ions in a flow-drift
tube reactor and the kinetics of their reactions is the ion
residence/reaction time, t. Example experimental measure-
ments of t as a function of E/N obtained exploiting the
Hadamard transform multiplexing are shown in Figure S1,
where it can be seen how the predictable decrease of t occurs
with increasing E/N.
The ion velocity along the flow-drift tube axis can be

calculated from its length l as v = l/t. Experimental results at the
three pressures 1.5, 2.0, and 2.5 mbar of the carrier gas,
comprising helium with a small admixture of air (partial
pressure 0.06 mbar), reveal the dependences of v on E as shown
in Figure 2. It can be seen that this dependence is linear and
can be described by the equation:20

ν ν ν ν μ= + = + Eg d g (1)

The constant term vg corresponds to the velocity component
due to gas flow only (averaged across the axial ion number
density distribution),21 and the μE term describes the drift
velocity, vd, component due to the E-field in terms of the ion
mobility μ = vd/E.

22 The mobility is conventionally normalized
to standard temperature and pressure (STP: 1000 mbar and
273 K) and quoted as the reduced ion mobility, μ0. Values of μ0
for H3O

+ ions in pure helium and for various He/air mixtures
are obtained from the slopes of lines in Figure 2 and are listed
in Table 1. Note that the μ0 values obtained in pure He are in
good agreement with the well-established literature value of
(21.5 ± 1) cm2/V·s.23,24 The μ0 obtained for H3O

+ in helium
with small fractions of N2, O2, and H2O admixtures conforms
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to the predictions of Blanc’s law for gas mixtures.25 Data for ion
residence times shown in detail in Figure S2 indicate that
addition of 5% of air leads to a decrease of mobility by a factor
of 1.4. This corresponds to the change expected according to
the well-established μ0 for H3O

+ in air of 2.7 cm2/(V·s).26

However, the number density of H2O molecules is some 30
times lower than that of (N2 + O2) molecules at the humidity
of the samples, and so the influence of the H2O molecules on
μ0 is immeasurable and no effect of sample humidity on the ion
residence time was observed within the time measurement
resolution of about 5 μs. The corresponding small differences in
t at varying E/N implied by these mobility measurements have
to be considered when reaction times are required in SIFDT-
MS, but they can be directly determined using Hadamard
transform multiplexing (see Figure S2).18

Loss of Ions by Diffusion to the Flow-Drift Tube Wall.
It is well understood that the diffusive loss of ions during their
passage along the flow tube is the dominant process affecting
the magnitude of ion signals detected downstream in SIFT-
MS.25,27 Therefore, it is essential to characterize its importance

in the SIFDT instrument by measuring the ion current arriving
at the downstream sampling orifice disc, i (see Figure 1), as the
carrier gas pressure and the flow rate of the humid air sample
and E/N are varied. According to the well-established and often
experimentally validated theory of fundamental mode axial
diffusion in cylindrical tubes,28 lateral diffusive loss to the walls
of the flow-drift tube is described by the simple equation:

= =− Λ − Λi i ie eDt D p p t
0

( / )
0

( / )( / )2
0 0

2

(2)

where i0 is the injected ion current, t is the ion residence time,
and Λ is a characteristic diffusion length that depends on the
dimensions of the flow tube.28 The diffusion coefficient, D, is
inversely proportional to the carrier gas pressure, p, and is thus
expressed as D0p0/p where D0 is the diffusion coefficient at a
pressure p0 = 1 Torr. The plots of the downstream current of
H3O

+ ions, i, as a function of t at the three pressures shown in
Figure 3 demonstrate the exponential loss of ion signal in

Figure 2. Dependence of the H3O
+ ion velocity, v, on the E-field

strength at three helium pressures in the SIFDT. The linear fits with R2

values are shown for each pressure. Note the common intercept
corresponding to, vg, the ion velocity due to the carrier gas flow only
(zero E-field).

Table 1. Reduced Ion Mobility, μ0, and the Derived Diffusion Coefficient, D0 (Normalized to a Pressure of 1 Torr; See Text), of
H3O

+ Ions in Pure Helium at Humid Air Sample Flow Rates of 0, 1.5, and 3 mL/s and at Three Total He/Air Pressures of 1.5,
2.0, and 2.5 mbara

He/air mixture results from t measurements results from ion current loss

air flow, mL/min p, mbar He flow, mL/min μ0, cm
2/(V·s) D0, Torr·cm

2/s D0, Torr·cm
2/s

0.0 1.5 65 21.5 415 284
0.0 2.0 94 20.9 403 307
0.0 2.5 125 22.3 432 320
1.5 1.5 63 18.6 360 260
1.5 2.0 94 18.8 362 271
1.5 2.5 121 19.6 380 298
3.0 1.5 63 15.7 303 169
3.0 2.0 94 16.9 327 207
3.0 2.5 121 18.4 357 257

aFor comparison, the corresponding D0 values obtained from the dependence of ion current on t are also given.

Figure 3. Plots of the H3O
+ ion current, i, in pA collected at the end of

the flow-drift tube at three different pressures of helium as a function
of t as varied by changing the voltage across the flow-drift tube
between 6 and 100 V (E/N values ranging from 2 to 18 Townsend,
Td).
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SIFDT as predicted by eq 2. Diffusion coefficients, D0,
calculated from the exponential time constants are given in
the right column of Table 1.
Note that there is a known connection between D and μ

known as the Einstein relation:22

μ=D k TB (3)

kB is Boltzmann’s constant, and T is the absolute temperature.
Thus, the D (and hence D0) can be calculated from the
acquired mobility of the ions under the conditions of the
experiment and compared to the values obtained from the ion
current measurements; see Table 1. Note that all D0 values
determined from the ion current loss are significantly lower
than those predicted from the μ0 values. These differences
clearly reveal that losses of ions to the wall are not occurring via
fundamental mode diffusion along the whole length of the flow-
drift tube and that initially an “ion beam” is formed in the
upstream region that is not in close contact with the walls. The
total injected ion currents, i0, at each helium pressure derived
from the intercepts of the exponential fits to the data in Figure
3 are 37 pA, being close to the current of 45 pA that is
measured by collecting the total injected ion current to the
flow-drift tube walls. This difference may reflect the efficiency
of injection of the H3O

+ ions into the helium carrier gas via the
Venturi inlet at the operating pressure. The main significance of
these results to ion−molecule kinetics studies and trace gas
analysis is that they indicate that the residence time should be
<500 μs by using flow-drift tube voltages ≥50 V. This avoids
major diffusive loss of ion signals and minimizes differential
diffusive loss of reagent and analyte ions.25 As will be discussed
in detail later, the analytical sensitivity of SIFDT-MS is
proportional to both t and i, and it is worthy of note that
when the product t × i is expressed using data from Figure 3 for
2 mbar as a function of t it is at a maximum around 210 μs.

Ion−Molecule Reactions in SIFDT-MS. A major
objective of this work is to develop SIFDT-MS as an analytical
technique that exploits chemical ionization by selected reagent
ions (specifically H3O

+, NO+, and O2
+•) in a flow-drift tube

reactor. The essential difference between the envisaged SIFDT-
MS and the established SIFT-MS technique is the presence of
the variable E-field in the reaction zone. This provides an
additional variable that can facilitate analyte ion identification.
However, the influence of this E-field on the analytical ion
chemistry must be recognized and understood.
Interaction Energies. It is well understood from previous

drift tube studies that the drift of reagent ions in an E-field
increases both the ion/helium atom center-of-mass gas energy,
Ec, and the ion/reactant gas interaction energy, Er. Increases in
these energies can influence both the rates and the products of
ion molecule reactions and even result in fragmentation of the
nascent product ions.20,29 Er can be calculated from the
measured vd and the masses of the drifting ion mi, the helium
carrier gas atom mc, and the reactant gas molecule mr

20,29 using
the expression:

= + + +
⎛
⎝⎜

⎞
⎠⎟E m m m

m v m v
k T[( /( )]

2 2
3
2r r i r

i d
2

c d
2

B
(4)

Similarly, Ec is calculated using mc instead of mr. The values of
Ec (H3O

+ on He) and Er (H3O
+ on H2O; see below) calculated

as a function of E/N under the conditions of the present
experimental arrangement are given in Figure 4. As can be seen,
H3O

+ collisions with the heavier H2O result in Er > Ec. Yet

H3O
+ collisions with the abundant He atoms are much more

frequent than with H2O molecules, and thus the equilibrium
distribution of internal energy states of the H3O

+ reacting ions
is defined by Ec. Even at the modest values of E/N adopted in
these experiments, the equilibrium value of Ec is <0.6 eV (see
Figure 4). Most exothermic bimolecular reactions of ions with
molecules occur at or near their collisional or gas kinetic rates
and are not greatly influenced by small increases in interaction
energies.20,30 However, this benign situation does not apply to
those termolecular reactions that produce adduct ions or cluster
ions in SIFDT-MS reactors, the rates of which usually decrease
rapidly with increasing interaction energy,20,29,31 and then
increases of Ec and Er can have a profound effect, as we will
show.

Hydration of H3O
+ Ions. The most significant termolecular

reactions for SIFT-MS, and now also for SIFDT-MS analyses,
are the sequence of association reactions of H3O

+ reagent ion
with H2O molecules that results in H3O

+(H2O)1,2,3 hydrated
ions. The initial reaction of this sequence is

+ + → ++ +H O H O M H O (H O) M3 2 3 2 (5)

M is a neutral third body that stabilizes the nascent
(H3O

+(H2O))* excited ion against spontaneous unimolecular
dissociation back to the reactants. M is largely a helium atom
and to a smaller extent the N2 and O2 molecules of the air
sample to be analyzed.32 These association reactions are
promoted by increasing the H2O and M number densities while
their rate will decrease with increasing E/N due to elevated Ec
and Er. Further to this, increasing Ec can promote collisional
dissociation of the weakly bound H3O

+(H2O)1,2,3 hydrates. The
binding energy of an H2O molecule to H3O

+ is 1.4 electron
volts (eV), that of the second H2O molecule is 0.87 eV, and for
the third H2O molecule to form H3O

+(H2O)3 ions it is 0.75
eV.33 Experimental results on observed fractions of the
hydrated ions are shown in Figure 5 where it can be seen
that the H3O

+(H2O)2 and H3O
+(H2O)3 ions disappear at E/N

> 14 Td for both sample flow rates. The increase in the fraction
of the H3O

+ primary ions with increasing E/N is due to
decreasing t and the decreasing rate coefficient of reaction 5.

Figure 4. Dependencies of the mean H3O
+/He atom center-of-mass

energy, Ec, and the mean H3O
+/H2O molecule center-of-mass energy,

Er, on the reduced field strength E/N. The data points are calculated
using eq 4 from experimental ion drift velocity measurements.
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It is important to confirm that the reverse of reaction 534

does not occur for this range of E/N. To verify this, the
dependencies of the count rates of H3O

+ and its hydrates were
obtained over a wide range of the water concentration in the
flow-drift tube (see Figure 6). The results indicate that H3O

+

ions exponentially decay by 2 orders-of-magnitude and to near
zero values. The fraction of hydrated ions at the end of the
flow-drift tube reactor can thus be expressed as35

− = − −

= − −

I I
I

k t

k t

1 exp( [H O][He])

1 exp( [H O])

0 19

0
3 2

2eff 2 (6)

I0 (=[H3O
+]0) is the count rate of H3O

+ in the absence of H2O
molecules, and I19 (=[ H3O

+]) is this count rate in the presence
of H2O molecules at a number density of [H2O] and helium

atoms at a number density [He]. k3 is the termolecular rate
coefficient for reaction 5, and k2eff = k3[He] is the
corresponding effective bimolecular rate coefficient. The
decrease of H3O

+ to about 2% of I0 indicates that the reverse
reaction 5 can be neglected at E/N ≤ 14 Td.

Rate Coefficient for H3O
+ Hydration Reactions. The value

of k3 for reaction 5 under thermalized conditions at 300 K with
helium atoms as the third body M is well established, and it is
routinely used in SIFT-MS to determine the absolute humidity
of the sample gas to be analyzed.36 Yet as E/N is increased such
that Ec and Er increase above their thermal values (both 0.026
eV at 300 K), it is expected that k2eff will decrease. To our
knowledge, drift tube studies of the association reaction of
H3O

+ with H2O have not been carried out previously even
though this reaction occurs at suprathermal energies in PTR-
MS analytical reactors.11 Thus, to fully understand SIFDT ion
chemistry and for reliable SIFDT-MS analyses, k3 must be
experimentally determined over a range of E/N. This is
achieved by measuring the H3O

+ count rate at the downstream
detection system as the water molecule number density [H2O]
in the flow-drift reactor is varied by changing the flow rate and
humidity of the air sample introduced into the helium carrier
gas. Samples at three humidity values were used, dry synthetic
air, dry synthetic air bubbling through liquid water, and
relatively humid laboratory air bubbling through liquid water,
all components held at room temperature. [H2O] was
calculated using the known thermal values of termolecular
rate coefficients for reaction 5 at 300 K for the two third bodies
He (k3 = 7.2 × 10−28 cm6 s−1) and N2 (k3N = 3.4 × 10−27 cm6

s−1). Thus, for these three different samples, the [H2O] values
were, respectively, 8.5 × 1012, 2.8 × 1013, and 6.4 × 1013cm−3 at
a fixed sample flow rate of 40 mL/min and a helium carrier gas
flow rate of 1000 mL/min (using a pumping speed 10 times
greater than in all of the other present experiments to achieve
measurements at low E/N = 0.7; further details are given in ref
37). These [H2O] values translate to sample absolute
humidities of 0.29%, 0.97%, and 2.2%. k2eff has been determined
using eq 6, and its variations with E/N and Ec and Er are shown
in Table 2.

Figure 5. Variation of the relative count rates of the H3O
+(H2O)0,1,2,3 ions as a function of E/N in the flow-drift tube when samples of humid air at

the two flow rates indicated (a and b) are introduced into the helium carrier gas, where I is a measured count rate of selected ion and Itotal is the sum
of all H3O

+(H2O)0,1,2,3 ions count rates.

Figure 6. Distributions of the relative count rates of H3O
+ ion and its

hydrates plotted against the product of the ion residence/reaction
time, t, and water molecule number density in the flow-drift tube
reactor at E/N 14 Td (see eq 6).
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Determination of Water Vapor Concentration (Sample
Humidity). A unique aspect of SIFT-MS analyses is the ability
to determine the absolute humidity of the sample being
analyzed (typically at the few % by volume level) and to
simultaneously quantify the trace gases in the sample (typically
at the parts-per-billion by volume, ppbv, level). This valuable
aspect of SIFT-MS analysis and how it is exploited to routinely
validate breath or liquid headspace samples has been described
in detail previously.36 Similarly, using the data in Table 2 for
k2eff, sample absolute humidity can now be determined in
SIFDT-MS. The practical approach to this is to obtain the
initial value of the H3O

+ signal I0 (=[H3O
+]0) as the sum of the

count rates of the H3O
+(H2O)0,1,2,3 ions and to relate this sum

to the observed [H3O
+] count rate I19 and to calculate [H2O]

using eq 6.
Quantification of Volatile Compounds in Air by

SIFDT-MS. The underlying and controlling physics of the
new SIFDT apparatus and the influence of an increasing E/N
on the H3O

+ association reactions with H2O molecules and the
fractional distribution of product H3O

+(H2O)1,2,3 hydrates are
now understood. The fundamental difference between SIFT-
MS and the SIFDT-MS analytical system is that in the latter the
different reagent ionic species present (i.e., H3O

+ and
H3O

+(H2O)1,2,3) drift at different speeds along the flow-drift
tube and thus have different reaction times. The well-
established equation25 used in SIFT-MS to quantify the
absolute number density of reagent molecules, [M], in the
reactor tube must be modified to account for this and is now:

=
+ +

+ + + + + +( )
I I

I k t k t k t k t
[M]

...
I I I I I I

p1 p2

19 2 2 2 19 19 2 37 37 2 55 55 2 73 73
37 55 73 37 55 73

(7)

Ip1, Ip2, etc., are the count rates of all of the product ions. I19, I37,
etc., are the count rates of the precursor ions (e.g., H3O

+,
H3O

+(H2O), etc.) corrected for the mass discrimination15 of

the detection mass spectrometer as established by experiments
that correlate ion pA currents for specific m/z value ions at the
downstream sampling mass spectrometer disc (see Figure 1)
with ion count rates determined by the mass spectrometer
detection system.25 k19, k37, etc., are the rate coefficients for the
reactions of the reagent ions with M. The values of k can be
obtained experimentally, and their variation with E/N for drift
speeds up to 930 m/s is typically less than 14%.30 t19, t37, t55,
and t73 are the residence/reaction times of the individual
reagent ion species in the flow-drift tube that are directly
measured in SIFDT-MS. The factors 1/2 approximate the fact
that the average currents of hydrated ions traversing the flow-
drift tube are lower than that corresponding to the count rates
observed downstream.25 The concentration of M in the sample
being analyzed can then be determined from the known sample
gas dilution in the helium carrier/buffer gas, as described for
SIFT-MS in previous papers.1,17,25 Uncertainty of the
quantification can be estimated as ±20% by error analysis
from the combined uncertainties of the gas flow rates and all
parameters in eq 7. Validation of SIFDT-MS analyses for
various analyte neutral compounds will require much
experimentation along the same lines as carried out to establish
SIFT-MS.17,38 As a beginning, a simple case study has been
carried out to characterize the ion chemistry involved in
analyses of acetone vapor in humid air by SIFDT-MS.

Hydration of Protonated Acetone When Analyzing
Humid Air. The headspace of an aqueous solution of acetone
at a dilution sufficient to realize an acetone vapor concentration
of approximately 30 parts-per-million by volume, ppmv, was
introduced into the H3O

+/helium carrier gas swarm as
described in the Experimental Section. The primary bimolec-
ular reaction of H3O

+ with the acetone molecules (M) results in
the production of protonated acetone molecules, MH+, and the
termolecular reactions of H3O

+ with H2O molecules produce
H3O

+(H2O)1,2,3 ions. Secondary association reactions of MH+

ions with H2O molecules and switching reactions of the
H3O

+(H2O)1,2,3 ions with M molecules result in hydrated
protonated acetone ions, MH+(H2O)1.2.
Relative count rates of the analyte ion MH+ and its hydrates

MH+(H2O)1,2, as a function of the acetone/humid air sample
flow rate, at two E/N values are shown in Figure 7. Predictably,
it can be seen that the fractions of the MH+(H2O)1,2 ions
increase with sample flow rate and are lower at the higher E/N
value. It is important to note that at both E/N the count rates
of hydrated protonated acetone (at m/z 77) are comparable to
the count rates of protonated acetone molecules (at m/z 59),
and they reach identical values for sample flow rates of about 1
mL/min at 7 Td and of about 4 mL/min at 14 Td. On the basis
of the experience with SIFT-MS, it is judged that the range of
sample flow rates for analyses of humid air should be 1−5 mL/
min in SIFDT-MS, because at higher flow rates the hydration of
ions will dominate the ion chemistry.

Examples of Breath Analysis Using H3O
+ and O2

+•

Reagent Ions. As described in the Experimental Section, a
sample of breath collected into a Nalophan bag was used to
demonstrate the analytical use of SIFDT-MS. Mass spectra
obtained using the H3O

+ and O2
+• reagent ions for flow rate of

3 mL/min and E/N 14 Td corresponding to a reagent ion
residence time of 230 μs are shown in Figure S3 where it can be
seen that the count rate of the reagent H3O

+ ion is 400 000
counts per second (c/s) and that of the O2

+• reagent ion is
500 000 c/s. The appearance of the spectra is very similar to
traditional SIFT-MS spectra, and count rates of product analyte

Table 2. Values of k2eff Experimentally Obtained in SIFDT
for Several Reduced Field Strengths E/N (Td) in Carrier
Gas Comprising 96% He and 4% Air/Water Vapor Mixture
at a Total Pressure of 2 mbar and Temperature of 300 Ka

E/N, Td Ec, eV Er, eV k2eff, 10
−11 cm3 s−1

0.7 0.04 0.04 6.4
6.3 0.09 0.17 4.9
8.2 0.12 0.27 4.2
12.8 0.22 0.53 1.9
24.8 0.67 1.80 0.7

aThe corresponding values of the mean ion/carrier gas atom center-of-
mass energy Ec, the mean ion/reactant gas centre-of-mass energy Er,
are also given in electron volts (eV). Note the consistent decrease in
k2eff with increasing E/N, Ec, and Er, largely due to kinetic and internal
excitation of the reacting H3O

+ ions. These data indicate that k2eff
approximately varies as Ec

−1 and Er
−0.5, whereas termolecular

association reactions involving polyatomic ion and neutral reactants
are theoretically predicted to decrease much more rapidly with true
temperature, T, as T−3.20 This clear difference indicates that an
increase of E/N, and the concomitant small increases in Ec and Er, are
relatively inefficient in exciting the vibrational and rotational modes of
both the reactant ion H3O

+ and the reactant molecule H2O as
compared to an increase of the equilibrium temperatures of these
species (see ref 20 for details). The k2eff values are now defined at
different E/N values for the particular SIFDT-MS conditions and can
be used to measure sample humidity, as reprised in the next short
section.
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ions for this particular breath acetone analysis are about 150 c/s
at m/z 59, 77 (H3O

+), 43, and 58 (O2
+•). Adopting the

appropriate reaction times, t, at the two E/N values (see Figure
S2) and the rate coefficients for the reactions of the
H3O

+(H2O)0,1,2,3 and O2
+• ions with acetone molecules,39 the

number densities of neutral acetone molecules in helium carrier
gas [M] were calculated at the different sample flow rates using
eq 7. Note that the calculation for O2

+• is simpler using just a
single term in the denominator of the fraction. The results are
shown for the two E/N values in Figure 8a.
The derived mean absolute concentrations of the acetone in

the breath sample are 542 ± 108 ppbv at 7 Td and 503 ± 101
ppbv at 14 Td using H3O

+ reagent ions and 497 ± 99 and 444
± 89 ppbv, respectively, using O2

+• reagent ions. Similarly, the
isoprene concentration in the breath sample is 140 ± 28 ppbv

at 7 Td and 110 ± 22 ppbv at 14 Td. The concentrations agree
with parallel SIFT-MS analyses of the same bag sample that
gave 400 ± 80 ppbv for acetone and 150 ± 30 for isoprene.
The mean SIFDT-MS results for acetone appear to be about
25% higher, while the isoprene concentrations are in better
agreement. We considered this to be satisfactory at this early
development stage of SIFDT-MS. Further detailed checks will
be carried out, which will include the use of calibrated mixtures,
striving for greater analytical precision and accuracy for the
analysis of exhaled breath and other biogenic media.

■ CONCLUDING REMARKS

The major objective of this work was to develop an analytical
technique that extends SIFT-MS by including a drift tube
component to establish an embedded E-field along the axis of
the reactor, while retaining the unique versatile features that
facilitate real time analysis as in SIFT-MS. Thus, SIFDT-MS is
introduced. A major advance as compared to SIFT-MS is that
the speed of ions through the reaction zone can be achieved
using the adjustable E-field, which allows the suppression of ion
diffusion losses even at very low carrier gas flow speeds
corresponding to helium carrier gas and sample gas flow rates
more than 7 times lower than those used in Prof ile 3 SIFT-MS
instruments. Thus, a less powerful vacuum pump can be used
to maintain the gas flow along the ion-chemical reactor, and a
smaller helium carrier gas pressure reservoir is needed, which
facilitates production of smaller and more versatile trans-
portable instruments. Furthermore, smaller sample flow rates
can be used for analysis, which is a distinct advantage when, for
example, liquid headspace is to be analyzed.
The simplicity of construction of the SIFDT-MS instrument

is due to the use of a resistive glass flow-drift tube element.
Residence/reaction times can be measured directly by adopting
Hadamard transform multiplexing, which is another improve-
ment on SIFT-MS in which the reaction times are fixed and
calculated indirectly from the gas pressure and flow rate. The
presence of the E-field results in an increase of the kinetic and
internal energies of the ions that influence hydrated ion
formation, and the initial studies confirmed that variation of E/

Figure 7. Plots of the relative count rates of protonated acetone
(designated MH+) and its mono- and dihydrates (designated
MH+(H2O)1,2) as a function of the acetone/humid air mixture flow
rate at two E/N values of 7 Td (filled symbols) and 14 Td (open
symbols).

Figure 8. (a) Acetone molecule number density in the flow-drift tube reactor [M] calculated using eq 7 when humid exhaled breath sample is
introduced at a variable sample flow rate into SIFDT-MS using both H3O

+ and O2
+ reagent ions at the two values of E/N indicated. (b) Isoprene

molecule number density obtained in the same experiment using the O2
+ reagent ions.
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N modifies the count rates of hydrated product ions relatively
to the primary product ions. The use of low E/N values
somewhat inhibits reagent and analyte ion hydration without
significantly modifying the bimolecular ion chemistry, thus
promising more accurate analyses. However, it is worthy of
note that increasing E/N to higher values (>20 Td) can
promote controlled collisional dissociation of ions, and this
might ultimately allow isobaric ions to be distinguished, a
technique well-known in MS−MS methods.
The preliminary breath analyses data presented in this

announcement of SIFDT-MS are intended only to demonstrate
the potential of this new analytical method. Clearly, it is
anticipated that by further work a valuable, smaller, less costly
instrument will be added to the analytical armory that will fill
the need for real time breath analysis in the clinic and factory
environs, etc., and in other areas where trace gas analysis of
ambient air is valuable.
The optimal working parameters for SIFDT-MS, identified

by the present experiments, are summarized in Table 3 and
compared to the corresponding parameters used in Prof ile 3
SIFT-MS.15 This reveals the enhanced and attractive features of
this SIFDT-MS analytical method.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.anal-
chem.5b02994.

Additional information as noted in the text (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: spanel@jh-inst.cas.cz.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We gratefully acknowledge funding by The Czech Science
Foundation GACR project 13-28882S.

■ REFERENCES
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