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Abstract 

This thesis describes the applicability of different types of IMS instruments in the direct 
measurements of gaseous and solid samples and in fundamental studies of gas-phase ion 
chemistry. A handheld chemical detector containing an aspiration ion mobility spectrometry 
(AIMS) was applied in the monitoring of gas phase explosive triacetone triperoxide (TATP) 
from air flow. The instrument-normalized detection threshold (20 pA) was exceeded already 
with the lowest sample concentration of 0.3 mg m−3. The response time of the instrument 
was less than five seconds. AIMS was also used to monitor chemical changes in the 
headspaces of the chambers containing microbe contaminated and sterile particle board 
samples in humid conditions. It was possible to separate the distinct chemical profiles of the 
chambers with sterile and microbe-contaminated specimen by principal component 
analysis. Overall, AIMS was found to be an adequate technique in dynamic screening of 
TATP and in monitoring of the changes in the microbe metabolism. 

Ambient ionization techniques, direct analysis in real time (DART) and desorption 
atmospheric pressure photoionization (DAPPI), were combined with travelling wave ion 
mobility-mass spectrometry. In the surface analysis of almond, pharmaceuticals, vitamin 
tablets and dried blood spot sample, the ion mobility separation reduced the chemical noise 
in the mass spectra and increased the signal-to-noise ratio. In the comparative studies of 
DAPPI and DART ionization, the limits of detection were between 30−290 and 330−8200 
fmol for DAPPI and DART, respectively, for the tested compounds bisphenol A, 
benzo[a]pyrene, ranitidine, cortisol, and α-tocopherol. 

Finally, the reactions of phenol and fluorinated phenols with Cl− in ambient pressure 
were investigated by drift tube ion mobility-mass spectrometry. For the least fluorinated 
phenols (phenol, 2-fluorophenol and 2,4-difluorophenol) with the lowest gas-phase 
acidities, the Cl− adducts [M+Cl]− and [2M+Cl]− were the major products in both low and 
high sample concentration. For the highly fluorinated phenols (2,3,6-trifluorophenol and 
pentafluorophenol), [M−H]− and [2M−H]− were the main products in high sample 
concentration. In low concentration [M−H]− and [M+Cl]− were the main products. In case 
of pentafluorophenol (PFP), in high temperature conditions the dimer was [2PFP−H]− 
instead of [2PFP+Cl]−.  

In conclusion, IMS has many advantages and application possibilities. It allows the rapid 
detection and continuous monitoring of volatiles directly from ambient air. IMS can also be 
used as a pre-separation technique in ambient mass spectrometry, without increasing the 
total analysis time remarkably. In IMS, it is also possible to study gas phase reactions in 
ambient conditions. Some of the IMS applications presented in this thesis could be 
developed further to be a permanent part of routine monitoring, analysis, and research work. 
For example, in the fundamental studies of phenols, the possibility to use updated versions 
of the instruments could improve the accuracy of the experiments. In addition, broader 
studies with several experimental conditions, would increase the possibility to develop the 
method further, especially in the monitoring of TATP, and building material and microbe 
emissions from the gas phase with AIMS. 
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1 Introduction 

In the field of analytical chemistry there is a continuous need for fast, sensitive, and accurate 
analysis techniques in both laboratory and field conditions. One attractive separation and 
detection technique is ion mobility spectrometry (IMS), the roots of which date back to the 
late 19th century. Principally, in IMS the analytes are ionized in the ion source and guided 
to the separation region, where they travel to the detector under an influence of an electric 
field.[1-3] The ions are separated according to their different mobilities within the field and 
the ion separation is dependent on the shape, size, mass, and charge of the ions. The 
instruments can be operated in ambient or near ambient conditions so that large vacuum 
pumps and power sources are not necessary. The sensitivity of IMS is high and the 
separation is fast, even less than a second for a sample, compared to chromatographic 
separation techniques which typically require several minutes.  

Since the late 20th century, research and development work around the ion mobility in 
the gas phase and IMS instrumentation has generated a selection of new type of IMS 
instruments. The instruments vary e.g. on the size, in situ usability, sample introduction 
system, and especially on the way that the electric field is applied in the ion separation 
region.[3-7] Here the abbreviation IMS is used generally for all the different IMS techniques. 
Different abbreviations are used when specific techniques are discussed. 

The variety of instrumentations has made it possible to apply IMS to a wide application 
area.[8-12] The use of radioactive ion sources has allowed, for example, the development of 
portable IMS devices for fast analysis of harmful substances.[6,13-16] This is due to the fact 
that radioactive ion sources do not require external power sources to operate, still eliciting 
stable and continuous ion production,[3] although, several other ion sources have been 
applied with IMS as well. Portable IMS has been used in fast monitoring of e.g. chemical 
warfare agents (CWA)[14,17-20] and explosives.[13,18,21,22]  

Analyte identification with both handheld IMS devices and standalone instruments is 
limited, however.[3,23,24] To increase the reliability of the IMS analysis, IMS has been 
hyphenated with mass spectrometry (MS). In MS, compounds are vaporized, ionized, and 
gaseous ions are separated according to their mass-to-charge ratio (m/z) in vacuum 
conditions. When IMS is hyphenated with MS, the identification and quantification of the 
analytes separated in IMS is improved. On the other hand, the ion mobility (IM) separation 
brings an extra dimension to the MS analysis. The combination of IMS and MS will result 
in a powerful multidimensional separation and analysis technique that has higher peak 
capacity than MS or IMS alone.[23-25]  

In ambient MS, analytes are desorbed, ionized, and guided to the MS directly from the 
authentic sample without pre-handling or pre-separation.[26-29] However, in ambient 
techniques sampling is done in an open air environment where may be background 
impurities that disturb the measurements and bring uncertainty to the analysis. Nevertheless, 
ambient MS methods have been used e.g. for fast analysis of drugs of abuse,[30-34] 
pharmaceuticals,[27,35] and lipids.[36] It is also an effective tool in acquiring preliminary data 
from a large number of samples.[37,38] Hyphenation of IMS with ambient MS is one 
possibility to reduce the effect of background impurities and to increase the reliability of 
ambient MS analysis.[39-42]  
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IMS can be operated in ambient pressure and therefore it allows the fundamental studies 
of gas phase ions under ambient conditions. For example, IMS can be used to monitor the 
dissociation reactions of the ions. The ions generated in ambient pressure travel in the drift 
region of IMS instrument from the ion source to the detector. The reactions can be observed 
as intensity changes in the IM spectra. IMS has been used in the studies of the dissociation[43-

45] and kinetics of decomposition reactions of gas phase ions.[46-50] IMS has also been applied 
in the study of effective temperatures of gas phase ions.[43-45,50-52]  

This thesis focuses on the applicability of a different type of IM-based separation 
techniques. In Publication I, aspiration IMS (AIMS) was applied in the direct detection of 
gaseous explosive triacetone triperoxide (TATP). TATP is used in improvised explosives 
by terrorists and therefore its direct and fast detection is essential in public places like 
airports. Comparative studies were made with gas chromatography-mass spectrometry (GC-
MS). AIMS was also applied to the detection of building material emissions and microbial-
originated volatile organic compounds (MVOCs) (II) directly from the headspace of 
building material samples. The goal was to study the applicability of AIMS in the 
monitoring of the changes in the chemical compositions of the emissions from the microbe-
contaminated and sterile-building-material specimen in damp conditions. The comparative 
studies were made with thermal desorption-gas chromatography-mass spectrometry (TD-
GC-MS). Travelling wave ion mobility-mass spectrometry (TWIM-MS) was hyphenated 
with ambient MS for the direct analysis of solid samples (III). The objective was to improve 
the spectrum interpretability and to increase the signal-to-noise ratio (S/N), while retaining 
the speed provided by the ambient MS. In Publication IV the aim was to study the products 
of the reactions of phenol (P) and fluorinated phenols with Cl−, and the effect of the gas 
phase acidities (ΔacidG°) of the phenols with different number of F substituents to the 
reaction products. The reaction products were studied comprehensively with IMS, MS, and 
theoretical calculations. 

1.1 Ion mobility spectrometry techniques 

In IMS the analytes are vaporized and ionized and gas phase ions are separated in ambient 
or near ambient pressure.[3,7] An electric field is applied in the instrument and it will have 
an effect on the motion of the gas phase ions. Ions with diverse shape, size, and charge will 
move in the field with different velocities, and ideally can be totally separated. With IMS it 
is also possible to separate isomers and isobars, because the separation process is dependent 
on the shape and size of the ions and not just the mass. The possibility to study collision 
cross-section (CCS) with IMS has increased the interest to apply IMS in the studies of 
biological samples.[53-56] The principles of the IMS techniques used in this work are 
described below.  

1.1.1 Linear drift tube ion mobility spectrometry 

A conventional linear drift tube ion mobility spectrometry (DT-IMS) consists of an ion 
source, an ion shutter, a drift tube, and a detector (Figure 1).[3,7] The ions are formed in the 
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ion source and reaction region of the drift tube, and they are passed through the ion shutter 
as short pulses to the separation area of the drift tube. At the end of the separation area there 
is an aperture grid and a detector, which in a standalone instrument is typically a Faraday 
plate. The length of the drift tube may vary and is generally about 5−20 cm. In addition, the 
instrument contains a power source to apply voltages to the drift tube to form the electric 
field from the ion source end to the detector end. DT-IMS operates under a low electric field 
(E < 1000 V cm−1, approximately) and atmospheric or reduced pressure. A drift gas flow is 
applied into the drift tube from the detector end and vented out the ion source end of the 
drift tube. Drift gas helps to keep the neutral molecules out of the drift region and it has an 
effect on the ion separation through collisions with the ions. 

 

Figure 1. Schematic of a DT-IMS instrument. 

In the separation region, the ions will travel in swarms from the ion shutter to the detector 
under the influence of an electric field (E). The ion swarms are separated depending on the 
mass, charge, and shape of the ions. The drift time (t) of the ion swarm from the shutter to 
the detector is measured. The drift time and the drift length (L) can be used to calculate the 
velocity (v) and the mobility (K) of the ions (Equation 1). 

(1)  

Typically, the DT-IMS mobility spectrum presents a reactant ion peak (RIP) and ionized 
analyte peaks. An example is shown in Figure 2, where 2,4-difluorophenol (DFP) negative 
mode IM spectrum is presented with three different concentrations. The spectrum shows the 
RIP and DFP monomer and dimer peaks. Only the RIP, which in this case was Cl−, is present 
in the IM spectrum, when there is no sample present in the instrument (Figure 2 dotted line). 
When the analyte is introduced into the system (Figure 2 solid line), the ionized analyte 
monomer appears and the RIP intensity decreases, because the ionization of the analyte 
consumes the charge of the RIP. With high concentration (Figure 2 dashed line), the analyte 
dimer appears and both monomer and RIP intensities decrease and RIP may disappear 
totally. 
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Figure 2. Negative mode DT-IMS mobility spectrum for three different DFP concentrations: 
c(0), c(med), and c(max) corresponding concentrations zero, medium, and high, respectively. The 
drift tube temperature was 98 °C, E = 250 V cm−1, and the RIP was Cl−. 

K is described with Equation 2,[3,57] where q is the electronic charge, μ is the reduced 
mass of the ion and the neutral gas molecule in the gas bath, k is the Boltzmann constant, α 
is a correction factor, and Ω is the temperature dependent CCS of the ion-neutral pair. Teff 
is the effective temperature, which is the sum of the total energy of the ion and the energy 
received from the electric field. In DT-IMS the contribution of the low electric field on ion 
heating is negligible and therefore in DT-IMS Teff is considered to be the temperature of the 
surrounding gas bath.  

(2)  

K can be normalized to normal temperature and pressure (Equation 3) to determine the 
‘reduced mobility’ (K0). K0 is used to compare the mobility data measured in different 
experimental conditions, e.g. temperature, pressure, and drift tube.[13,21,58-61]  

(3)  

In low electric-field conditions, the ratio E/N is low (N is the number density of the 
neutral gas molecules in the instrument). In this situation, the ions in the drift tube are 
thermalized, because the collisions with the surrounding neutral gas molecules will diminish 
the energy that the ions obtain from the electric field. Therefore, until recent 
publications,[62,63] it was determined that in low field conditions and given pressure, the K 
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is independent of the electric field strength. However, Hauck et al. (2016) have recently 
shown that K0 is actually dependent on the electric field strength in low electric field 
conditions, and it decreases as a function of (E/N) at field strengths below 4 Townsend (1 
Townsend = 1*10-17 V cm2).[62,63] The reason for the dependency was concluded to be the 
increment in the ion-neutral CCS caused by increased long-range ion-neutral interaction 
potential of the amplified electric field. 

Equation 2 shows that CCS and μ have a major effect on the value of K. Therefore, the 
separation of ions in DT-IMS is dependent on the mass and shape of the ion, and the 
surrounding gas atmosphere. Equation 2 also shows that temperature is an important 
parameter. Since DT-IMS is typically used under ambient conditions, water is present in the 
ion source, and it has an important role in the ionization reactions. The ions are clustered 
and hydrated in low temperature conditions.[64] When temperature is increased, the ion 
clusters are less hydrated, and they will move faster within the drift tube. When temperature 
is increased enough, the ions may dissociate. Declustering and dissociation will show in the 
IM spectrum as changes in the ion peak positions towards shorter drift times. Also new 
peaks may appear as a result of ion dissociation. When the ion dissociation happens in the 
drift region, it can be visually observed as baseline elevation in the IM spectrum (Figure 3). 
This phenomenon has been used in fundamental studies of gas phase ion dissociation 
reactions with dual shutter DT-IMS instruments.[46-50] Typically, DT-IMS contains one ion 
shutter between the ion source / reaction region and the separation region. In the dual shutter 
DT-IMS, a second shutter is applied to divide the drift region to two sections. With two 
shutters, it is possible to select the desired ion swarm to pass to the second drift region, 
where the dissociation of the selected ion can be studied. 

 

Figure 3. Separation of pentafluorophenol (PFP) deprotonated monomer ([PFP−H]−) and dimer 
([2PFP−H]−) in DT-IMS with Cl− as the reactant ion. The baseline elevation between the monomer 
and the dimer shows the dissociation of the dimer ion to monomer. The drift tube temperature was 
142 °C and E 250 V cm−1.  
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1.1.2 Differential mobility spectrometry 

In low electric field conditions in DT-IMS, the heating of the ions caused by the electric 
field is negligible compared to the thermal energy of the system. Instead, in high electric 
field conditions (typically E = 10−30 kV cm−1) and given pressure, the high field will 
accelerate the ions and increase the number of collisions between the ions and the neutral 
molecules in the gas atmosphere.[3,4,65-67] The ions will experience heating caused by the 
electric field. The IM becomes strongly dependent on the electric field strength. This 
dependency has been used to develop an ion separation technique based on the high 
frequency asymmetric wave form (radio frequency, RF) field,[3,4,65,66,68,69] where the low and 
high portions of the electric field changes repeatedly. The technique is called differential 
mobility spectrometry (DMS) or field asymmetric ion mobility spectrometry 
(FAIMS).[3,65,66,70] The difference between DMS and FAIMS is mainly on the shape of the 
electrodes in the analyser. In FAIMS, the electrodes are cylindrical and in DMS planar. 

Typically, DMS consists of two parallel plate electrodes, a detector, an amplifier, a 
power source, an ion source, and electronics for instrument control.[71,72] The dimensions of 
the DMS electrodes are approximately: length = 1.5 - 2 cm, width = 0.5 cm, and gap = 0.5 
mm between the electrodes. Compared to DT-IMS, there are no ion shutters, which are 
fragile and may be difficult to build. The analytes are sucked into the instrument with the 
transport gas flow and ionized.  

The principle of ion travel in DMS is presented in Figure 4. High frequency (typically 1 
MHz) asymmetric waveform, so called separation voltage (SV), is applied to the other plate 
electrode.[3,65,70] The other electrode is held in ground potential. SV forms an electric field 
called separation field between the electrodes. The asymmetric form of the SV causes the 
low field (ca. 1 kV cm−1) and the high field (E ≈ 10−30 kV cm−1) phases to change over 
short time periods. When the gas phase ions travel with the transport gas flow between the 
electrodes, the high and low field changes of the separation field make the ions oscillate. 
The ions will travel towards the other plate electrode, and finally collide towards it. An ion 
can pass through the separation field to the detector by applying so called compensation 
voltage (CV) to the electrodes. This causes a small electric field superimposed with the 
separation field. It will offset the ion drift and allow the ion to stay between the plate 
electrodes and reach the detector. Other ions will collide towards the electrodes of the 
analyser and will be neutralized. The DMS mobility spectrum of an ion mixture can be 
measured by scanning the CV in a range of SV. This way, optimal separation conditions for 
the target analyte can be determined. 
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Figure 4. Schematic of the ion travel principle in DMS and the asymmetric waveform. 

Since DMS is operated in ambient conditions, the ion swarms contain hydrated ion 
clusters in the low field part of the applied SV. When the electric field increases to the high 
field portion of the waveform duty cycle, the ions gain energy from the high field, and the 
ions de-cluster. If the gained field energy is high enough, the ions may dissociate. Ion 
heating by field energy has been used to study dissociation reactions of gas phase ions.[50-

52,73] For example, together with dual shutter DT-IMS studies, Teff has been determined e.g. 
for dimethyl methylphosphonate[51] and a series of 2-ketones.[50]  

1.1.3 Aspiration ion mobility spectrometry 

In AIMS, the ambient air is continuously pumped into the analyser, where ionized 
compounds are detected by electrodes.[3,6,14] As an example of a typical AIMS analyser, 
ChemPro100i, a handheld air monitoring instrument is described. AIMS is constructed of 
two parallel plates, which both contain eight pairs of collecting electrodes (Figure 5).[6] The 
electrodes collecting positive ions (channels 1-8) are placed on one plate and the electrodes 
collecting negative ions (channels 9-16) on another. An electric field is applied between the 
plates perpendicular to them. The compounds in the monitored gas flow are ionized through 
a series of ionization reactions initiated by radioactive 241Am,[6,74,75] or for example 63Ni ion 
source.[14] The formed ion clusters are guided into the analyser, where the electric field 
disturbs the travel of the ions. Under the influence of the electric field, the ions with high 
mobility will move rapidly between the electrode plates and hit the first electrodes in the 
analyser (Figure 5 a). The ions with low mobility will move slowly between the plates and 
travel longer with the gas flow. The low mobility ions will hit the farthest electrodes in the 
analyser.  
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Figure 5. a) Schematic of the separation principal of positive ions in AIMS and b) an example 
of the AIMS intensity pattern response (sniff sampling of dry particle board). 

When the ions hit the electrodes they will cause a current change, which is measured. 
The result is an intensity pattern, also called a chemical profile. An example of the AIMS 
response of a sniff-test of dry particle board is presented in Figure 5 (b). AIMS is based on 
ion counting technology.[3] The higher the amount of ions hitting the electrode, the higher 
is the measured signal intensity. On the positive polarity channels (channels 1-8) the current 
increment[6] indicates that the ion concentration has increased. The current decrement 
indicates a decline in the concentration. On the negative polarity channels (channels 9-16) 
it is the opposite. The polarity of the electric field can be changed in short time intervals. 
Therefore both positive and negative ions can be monitored simultaneously. 

Even though the AIMS resolution is low and the capability to identify compounds is 
limited, AIMS has been applied especially on the detection of high proton affinity (PA) 
compounds like CWAs.[14,15] Likewise, AIMS has been used to detect pesticides[75,76] and 
volatile organic compounds (VOC),[77] and to monitor fish freshness[78] and gaseous 
fermentation products.[74,79]  

In ChemPro100i, after the AIMS, there are six sensors, which enhance the detection 
performance of the instrument. One is a field effect transistor (FE / FET) sensor, which 
operates in the diode-coupled mode. Chemical reactions on the surface of catalytic metal 
and in the interface of catalytic metal and SiO2 insulator result an effective dipole layer at 
the metal-insulator interface, inducing a measurable potential drop. The metal-insulator 
interface is selective only for hydrogen atoms. In the FE / FET sensor, the response is 
measured as voltage difference (ΔV) between the sampled air (V) and the background air 
(V0). Five sensors are metal oxide semiconductor sensors (MOS). Three of the MOS sensors 
are micro hot-plate type sensors (MOS1, MOS2, and MOS3), and two are ceramic gas 
sensors (SC1 / SCell1 and SC2 / SCCell2). The material of MOS1, MOS2, and SC1 / 
SCCell1 sensors is WO3, and of MOS3 and SC2 / SCCell2 sensors SnO2. The semiconductor 
sensors measure the resistance change, when ions hit the sensors and the resistance 
decreases when the ion concentration increases. The semiconductor sensor responses are 
monitored as the change in ratio (R/R0) of the sensor resistance during a chemical exposure 
(R) and the sensor resistance during the background air exposure (R0). More detailed 
description of the ChemPro100i and the detection principle of the device are described by 
Utriainen et al.[6]  
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1.1.4 Travelling wave ion mobility spectrometry 

Travelling wave ion mobility spectrometry (TWIMS) is the newest widely applied IMS 
technique. Compared to DT-IMS, DMS, and AIMS, which are operated at ambient pressure 
(DT-IMS also in reduced pressure), TWIMS is operated at reduced pressure. The drift 
chamber in TWIMS consists of a series of ring electrodes.[5,55,80-82] RF voltage with an 
opposite phase is applied on adjacent rings. Direct current (DC) is superimposed to the RF 
of the ring electrodes. The DC potential pulses are applied repeatedly during short time 
intervals, and potential pulses are rolled over the series of electrodes. This provides a kind 
of moving electric field, ‘a travelling wave’, in the drift region. The ions introduced into the 
drift chamber are driven through the chamber under the force of a potential difference. The 
phenomenon related to the ion separation and travel through the drift chamber is 
complex.[80] However, in principal the ions with high mobility stay in front of or on the top 
of the potential pulse longer, and the ions with low mobility are forced behind the wave. 
The ion separation takes place according to the differences in the relative mobilities of the 
ions. The main parameters affecting the ion separation are the wave speed through the drift 
chamber and the DC potential (wave height). 

TWIMS has been integrated into one instrument complex with time of flight mass 
spectrometry, and was commercialized about a decade ago.[81,82] TWIM-MS is also utilized 
with liquid chromatography (LC) and this combination of instruments has increased the 
application of IMS in the analysis of biological samples, because like DT-IMS, it enables 
the study of CCS[83] and e.g. protein folding. TWIM-MS has been used for example in 
proteomics,[54,55,82,84,85] the study of carbohydrates,[86,87] and in conformation studies of 
isomeric carotenoids.[88]  

1.2 Ionization techniques 

In IMS, the separation of analytes takes place in the gas phase and under an electric field. 
Therefore, the analytes need to be vaporized and ionized before they enter the drift region 
of the instrument. The ionization techniques used in this research are described below. 

1.2.1 Atmospheric pressure chemical ionization with radioactive ion source 

Atmospheric pressure chemical ionization with radioactive ion source (APCI-RI) is a 
traditional ionization technique in IMS.[1] In APCI-RI, the most used radioactive isotope is 
63Ni that emits beta-particles.[3,89] These high energy primary electrons start the ionization 
reactions by colliding with ambient gas molecules, typically nitrogen (Table 1, Reaction 
1).[3] A series of reactions (Table 1, Reactions 2-6) lead to the formation of protonated water 
clusters.[90] These function as the positive reactant ions and ionize the analytes (A) through 
proton transfer reactions (Table 1, Reaction 7). When reactant ions and analyte molecules 
collide, an energetic intermediate adduct ion or transition state [(H2O)n+A+H]+* is formed 
(Table 1, Reaction 7). This requires collision with a third body (Z) for stabilization, and to 
form the protonated product ion cluster, or it may dissociate back to reactant ions.  
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Table 1. Positive ion formation in radioactive atmospheric pressure chemical ionization. A = 
analyte, Z = neutral molecule in the gas phase.a  

Reaction # 
dary) 1 

 2 
 3 

 4 
 5 

 6 
 7 

a Reactions from references [3,90]  
 

Besides protonated water clusters, other positive reactant ions, like hydrated ammonium 
ions [(H2O)n+NH4]+, can be observed in the IM spectrum. When these ions are present as 
impurities, originating for example from the drift gas or the instrument, they can also 
function as unwanted reactant ions, change the expected ion chemistry, and lead to false 
interpretation of the IM spectrum. 

The formation of protonated analyte clusters is mainly dependent on the energy between 
the analyte and the water clusters. The formed product ions can be estimated by studying 
the PAs of the molecules that participate in the ionization reaction. Protonation of the 
analyte is possible if the PA of the analyte is higher than that of the reactant ion (e.g. 
protonated water clusters). Therefore, APCI-RI is poorly suited to low polarity compounds 
with low PAs such as alkanes. 

Dopants can be used to manipulate the reactant ion chemistry.[91-93] For example, a 
dopant with a PA higher than that of water, but lower than that of the analyte, can be used 
to form reactant ions. This will limit the ionization of interfering compounds and their 
observation in the mobility spectrum. Chemicals used as dopants in IMS are e.g. acetone, 
ammonia and dimethyl sulfoxide,[93] which carry PAs of 812, 853, and 884 kJ mol−1, 
respectively.[94]  

In negative APCI-RI, the reactant ions are formed in reactions between thermalized 
electrons and surrounding gas molecules with positive electron affinity (EA) (Table 2, 
Reaction 1).[3,89] In clean air, the thermalized electrons can ionize oxygen (EA 0.45 eV) 
forming superoxide ions O2

−• and hydrated superoxide ions [(H2O)n+O2]−•. These reactions 
(Table 2, Reactions 1-3) need a third body (Z) collisions for the stabilization of the formed 
excited ions.[95] Negative analyte ions are typically detected as adducts, deprotonated 
molecules, or negative molecular ions. [(H2O)n+O2]−• can form an adduct with the analyte 
(A) (Table 2, Reaction 4), but the excited ion [(H2O)n+A+O2]−* needs a third body (Z) 
collision to form a stable adduct [(H2O)n−1+A+O2]−. The formation of deprotonated 
molecules depends on the ΔacidG° of the compound. Compounds with higher ΔacidG° than 
the ΔacidG° of the reactant ion can form deprotonated molecules (Table 2, Reaction 5). 
Negative molecular ions are formed as a result of a charge exchange if the EA (analyte) > 
EA (reactant ion) (Table, 2 Reaction 6). Ionization of analytes by electron capture (Table 2, 
Reaction 7) is possible, if the analyte EA > 0.  
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Table 2. Negative ion formation in radioactive atmospheric pressure chemical ionization. Z = a 
neutral molecule (e.g. H2O or O2) in the gas phase that is needed for the stabilization of the product 
ion, A = analyte.a 

Reaction # 
 1 

 2 
 3 

 4 
 5 

 6 
 7 

 8 
 9 

 10 
a Reactions from references [3,95,96]  

 
Similar to positive ion APCI-RI, negative reactant ions can also be formed from 

impurities in the ambient air. Typical impurities that disturb the negative ion IM spectra 
have EAs above oxygen. These include, for example, nitrogen dioxide (EA 2.73 eV) and 
halogenated compounds like CHCl3 (EA 0.62 eV).[94]  

Sometimes negative reactant ions can be modified with a suitable chemical. An often-
used negative reactant ion is Cl−, e.g. for the analysis of explosives.[21,96-99] Cl− can be 
produced from CCl4 (EA 0.80 eV) through a dissociative electron capture reaction with the 
thermal electrons (Table 2, Reaction 8), and form hydrated chloride reactant ions (Table 2, 
Reaction 9). As with higher ΔacidG° than the ΔacidG° of the reactant ion can form 
deprotonated molecules (Table 2, Reaction 5). When Cl− is used as the reactant ion, it can 
ionize the analyte for example through proton transfer reaction (Table 2, Reaction 10), if 
the ΔacidG° of the analyte is higher than ΔacidG° of Cl−. 

Other radioactive ion source alternatives for 63Ni are Tritium[100] and 241Am,[6,74,75] which 
emit beta and alpha particles, respectively. Alpha particles initiate the ionization reaction by 
forming primary reactant ions from ambient air, but the reaction pathway to analyte ions is 
not fully understood.  

One reason for the utilization of radioactive ion sources is the development of fast, easy-
to-use, and portable in situ devices in fast analysis of harmful compounds. APCI-RI requires 
no maintenance or power to operate, it is inexpensive, and the formation of ions is stable 
and continuous. However, the use of radioactive materials requires permits and annual 
follow-up of the laboratory practices and possible leakage of radioactive material. The 
correct disposal of used drift tubes and ion sources is also controlled.[3] IMS with APCI-RI 
has been used for the analysis of explosives,[13,18,21] drugs,[101,102] and CWAs.[14,15,18,20,103]  
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1.2.2 Atmospheric pressure photoionization 

Atmospheric pressure photoionization (APPI) is a broadly used ionization technique in 
liquid chromatography-mass spectrometry.[104-110] It is also applied with IMS.[111-118] In 
APPI, the ionization of an analyte is possible through charge exchange, which depends on 
the ionization energy (IE) of the compound instead of the PA. Therefore APPI is a suitable 
ionization method for neutral and non-polar compounds with low PAs, and it has been used, 
for example, in the analysis of steroids,[108,119,120] and polycyclic aromatic hydrocarbons 
(PAH).[104,121]  

In APPI the ionization (Table 3) is initiated by 10.0 eV photons (minor portion 10.6 eV) 
emitted from a vacuum ultraviolet (VUV) lamp.[109,122] An analyte (A) with IE below 10 eV 
can absorb the photon and eject an electron and form a molecular ion A+• (Table 3, Reaction 
1).[109,122] Common LC solvents (methanol, water, acetonitrile) have an IE above 10 eV[94] 
and therefore will not be ionized by the photons. Typically, a dopant (D) with an IE below 
10 eV is used in APPI to enhance the ionization efficiency,[109,123-125] because direct 
ionization of the analyte is inefficient.[109,122] The dopant can absorb the photon energy and 
form molecular ions (D+•, Table 3, Reaction 1). D+• can react with the analyte through charge 
exchange if the IE of the analyte is lower than the IE of the dopant (Table 3, Reaction 2).  

Table 3. Ionization reactions in atmospheric pressure photoionization. A = analyte, D = 
dopant, S = solvent and M = e.g. analyte, solvent or oxygen.a 

Reaction Notes # 
+ +  IE(A or D) < hv 1 

+ +  IE(A) < IE(D) 2 
+  PA(A or S) > PA[D−H]• 3 
+  PA(D) > PA[D−H]• 4 

 PA(A) > PA(D or S) 5 
 EA(M) > 0 6 

 EA(A) > EA(M) 7 
 ΔacidG°(A) < ΔacidG°[M+H]• 8 

a Reactions from references [109,110,122-128]  
 

Proton transfer between the analyte and D+·• is possible, if the PA of the analyte is higher 
than PA of the dopant (Table 3, Reaction 3).[109,122,124] If the dopant has high PA, the 
molecular ions of the dopant are not observed in the spectrum.[124] For example, the PA of 
acetone is 812 kJ mol−1,[94] and in the spectrum acetone is observed as a protonated molecule 
[D+H]+ ion. This is due to a rapid self-protonation of acetone (Table 3, Reaction 4).[126] 
[D+H]+ of acetone can further ionize the analytes with a proton transfer reaction, in case the 
PA of the analyte is above the PA of acetone (Table 3, Reaction 5). 

The dopant molecular ions can also ionize the solvent molecules (S) through proton 
transfer, if the solvent PA is higher than the PA of the deprotonated D+• (Table 3, Reaction 
3).[109,110,122] Consequently, protonated solvent molecules can ionize the analyte through 
proton transfer (Table 3, Reaction 5),[110,122] if the PA of the analyte is higher than the PA 
of the solvent. If several solvents are present at the same time, the ionization processes will 
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become more complicated.[122,124] Moisture also strongly affects the ionization process, as 
it is always present under atmospheric pressure ionization conditions. Water and solvent 
clusters have been suggested to take part in the ionization reactions.[129]  

In negative ion APPI, the ionization starts, when the electrons ejected by the dopant 
molecules (Table 3, Reaction 1),[109,122] or released from metal surface of the ion source,[130] 
are captured by analyte, solvent, or oxygen molecules (M, Table 3, Reaction 6).[127,128] This 
is possible for species with positive EA.[127,128] The formed negative molecular ions can 
react further with other species by charge exchange (Table 3, Reaction 7) or proton transfer 
(Table 3, Reaction 8). These reactions depend mainly on the EAs and the ΔacidG°s of the 
reactive species. Since oxygen is always present in atmospheric pressure ion sources, and it 
has a high EA (0.45 eV),[94] it is likely to take part in the ionization process.[127] Accordingly, 
superoxide ions formed by electron capture can ionize analyte molecules through charge 
exchange or proton transfer (Table 3, Reactions 7 and 8, respectively).[127]  

1.2.3 Desorption atmospheric pressure photoionization 

Desorption atmospheric pressure photoionization (DAPPI)[27] belongs to a group of ambient 
ionization techniques also called ‘direct open air surface sampling techniques’.[26] In 
ambient ionization, the analytes are desorbed and ionized directly from the sample surface. 
The gas phase ions are guided to the MS for the analysis without pre-separation of the 
compounds. Using DAPPI, a VUV-lamp is placed directly above the sample, solvent 
delivery, and MS inlet (Figure 6). The solid sample is exposed to a hot solvent jet, which 
thermally desorbs compounds from the sample surface.[27,131] Ionization of the analytes is 
initiated by 10.0 eV photons (minor portion 10.6 eV) emitted by the VUV-lamp. The 
ionization reactions in DAPPI are similar to the reactions in APPI (Table 3).[131] In DAPPI, 
the hot solvent jet is used as the dopant. 

 

Figure 6. Photo of DAPPI setup. 

Like APPI, DAPPI is well suited for the ionization of low polar and neutral compounds. 
DAPPI has been applied to the detection of e.g. drugs of abuse,[30,31,132,133] PAH 
compounds,[134] explosives,[135] plant combustion material,[136] lipids[36,137] and nonpolar 
vitamins.[36]  



14 
 

1.2.4 Direct analysis in real time 

Like DAPPI, direct analysis in real time (DART) is an ambient ionization technique.[29,138] 
In DART, the samples are analysed directly without pre-handling in ambient conditions. A 
schematic picture of the DART ion source is presented in Figure 7. In DART, a heated 
reagent gas flow, typically He, is directed between two electrodes. Excited state species He* 
are created from the reagent gas in glow discharge between two electrodes. The reagent gas 
flows out from the ion source. The sample is placed between the ion source exit and the MS 
inlet capillary, where it is exposed to the outflowing hot reagent gas. The analytes are 
thermally desorbed from the sample surface and ionized by gas phase ionization reactions. 
The formed ions are guided into the MS.[29] The ionization process in positive ion DART is 
described below. 

 

Figure 7. Schematic of DART ion source. 

It is suggested that the ionization reactions in DART start with direct Penning ionization 
between He* and neutral gas phase molecules (M, e.g. water, solvent or oxygen) forming 
M+• (Table 4, Reaction 1).[29,138,139] This will happen if the IE of M is lower than the internal 
energy of He*. He forms excited state species (23S state) with internal energy of 19.8 eV. 
These species will efficiently ionize water with IE of 12.62 eV. Water is found with high 
abundance in ambient conditions and the reaction between He* and water produces 
protonated water clusters [(H2O)n+H]+ (Table 4, Reaction 2).[138,139] Instead of direct 
Penning ionization, the ionization of the analytes is likely to happen via proton transfer 
reactions between protonated water clusters and the analytes (A) (Table 4, Reaction 3). The 
protonated water clusters can also ionize solvent (S) molecules through proton transfer 
(Table 4, Reaction 3).  
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Table 4. Positive ion ionization reactions in direct analysis in real time. He = reagent gas, He* 
= gas metastable, M = (e.g. water, solvent or oxygen), A = analyte, and S = solvent. 

Reaction Note # 
+  IE(M) < 19.8 eV 1 

+  IE(H2O) = 12.62 eV 2 
 PA(A or S) > PA(H2O)n 3 

+  PA(S or A) > PA([S−H]•) 4 
 PA(A) > PA(Sn) 5 

+ +  IE(A) < IE(S or O2) 6 
a Reactions from references [29,138,139]  
 

The ionized molecule in Reaction 1 (Table 4, Reaction 1) may also be a solvent (S).[139] 
The formed S+• can undergo proton transfer reactions with other solvent molecules and form 
protonated solvent clusters [Sn+H]+ (Table 4, Reaction 4). These can ionize the analyte via 
proton transfer reactions forming protonated analyte molecules (Table 4, Reaction 5). S+• 
may also ionize the analyte through charge exchange or proton transfer reactions (Table 4 
reactions 6 and 4 respectively). Under certain low humidity conditions, atmospheric oxygen 
(IE 12.07 eV) can be ionized through Penning ionization (Table 4, Reaction 1) to form 
molecular ions of oxygen,[138] which can ionize the analytes through charge exchange (Table 
4, Reaction 6) if the IE of the analyte is lower than the IE of the oxygen molecule. 

DART, as well as DAPPI, is a suitable ionization method for small molecules (maximum 
MW ~ 1000 Da), because the desorption process is thermal and dependent on the vapor 
pressure of the compounds. DART has been applied to the analysis of e.g. drugs of 
abuse,[34,140,141] CWAs,[142] explosives,[143] and mycotoxins.[144,145]  

1.2.5 Other ionization techniques used with ion mobility spectrometry 

Another ionization technique applied in IMS is corona discharge-atmospheric pressure 
chemical ionization (CD-APCI). In CD-APCI, the ionization takes place under atmospheric 
pressure. The ionization mechanism in CD-APCI is similar to that of APCI-RI. Both APCI-
RI and CD-APCI are suitable for low molecular weight compounds (< 1000 Da).  

Electrospray ionization (ESI) is an atmospheric pressure ionization technique used 
especially in MS.[146] In ESI, a sample solution flows through a stainless-steel needle. High 
voltage is applied to the needle and an electric field is formed between the needle and the 
counter electrode, e.g. at the MS inlet. Due to the electric field, the sample flow, and an 
assisting nebulizer gas, a spray of charged sample droplets is formed out of the electrospray 
needle. The spray has the shape of a cone and charged sample droplets are released from 
the tip of the cone. Droplets will move towards the counter electrode at the MS inlet. 
Charged analyte molecules are formed, when the solvent evaporates and surface tension of 
the droplets cannot preserve the charge. The droplets break down repeatedly to smaller 
charged droplets, on the way to the MS inlet, until charged analyte molecules are left.[147,148] 
ESI is suitable for compounds with polar or semi-polar nature and for high molecular weight 
compounds like many biological analytes. 
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The most applied ambient MS technique with IMS is desorption electrospray ionization 
(DESI).[28] In DESI a solid sample is sprayed with a jet of charged solvent, which can be 
compared to ESI spray. The analytes are rapidly dissolved and carried away from the sample 
surface by the continuous solvent flow and formed secondary droplets are directed to the 
MS.[149,150] Ionization mechanism reminds ESI mechanism,[146-148] but the gas phase ion 
molecule reactions have been suggested as well.[151] The nature of the spray makes the DESI 
suitable for polar and semi-polar compounds. Also, DESI is suitable for higher molecular 
weight compounds than DART and DAPPI, because desorption of the analytes from the 
sample surface is not a thermal process.  

1.3 Applications of ion mobility spectrometry 

IMS has been widely used as a standalone instrument, but the coupling with 
chromatographic techniques and MS has increased the application possibilities of 
IMS.[2,3,18,24,54,70,89,152] The chromatographic separation and MS detection allows the 
qualitative and quantitative analysis of complicated samples with more reliability than can 
be achieved with IMS alone. In addition, the IM separation brings an extra dimension to the 
analysis, which results in higher peak capacity than the individual analysis techniques 
alone.[23-25]  

Traditionally IMS has been utilized in the analysis of explosives,[13,18,21,98,153] illicit 
drugs,[101,102,154] CWAs,[14,15,19,20,155] VOCs and other volatiles,[1,16,69,74,79,156] and 
pharmaceuticals.[9,10,157] Through instrument development, the capability of IMS to separate 
isomers[11,12,115,158,159] and determine the CCS of a compound[160-163] has improved, 
consequently drawing increased interest in IMS. Ion mobility-mass spectrometry (IM-MS) 
instruments have been applied to the analysis of metabolites,[25,164,165] carbohydrates,[12,86] 
lipids,[59,166] proteins,[53-56,82,85,167-169] and lately also to the mass spectrometric imaging of 
surfaces e.g. animal tissue.[170-172]  

Some examples of IMS applications related to this research are listed in Tables 5-8. 
TATP (Publication I) has been studied with standalone IMS instruments,[22,173-180] and gas 
chromatography-ion mobility spectrometry[181] and IM-MS (Table 5).[22,173,177,178,180,182] The 
studies, where MVOCs emitted from microorganisms in damp building materials 
(Publication II) have been monitored by IMS, are few. In these studies, MVOCs have been 
analysed mainly with DT-IMS (Table 6).[183-187] There have been a larger number of studies 
related to building material emissions or indoor air quality monitoring by IMS (Table 
6).[71,156,188-196]  
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Table 5. Applications of ion mobility spectrometry in the analysis of triacetone triperoxide. 

Instrument Sample / compound Notes Ref 
DAPP-IMSa Triacetone triperoxide in 

different matrices 
Thermal desorption of solid sample, dopant 
acetone, limits of detection on ng level 

[176] 

DT-IMS,b  
DT-IM-MSc 

Dried sample solution of 
Triacetone triperoxide and 
other explosives 

Thermal desorption, 63Ni ionization, gas phase 
ion chemistry study 

[178] 

ITMS,d  
ITMS-MSe 

Dried sample solution of 
triacetone triperoxide and 
other explosives 

Thermal desorption, 63Ni ionization, gas phase 
ion chemistry study 

[177] 

PSPME-IMSf Headspace sampling of 
triacetone triperoxide 

Thermal desorption, 63Ni ionization, ng level 
detection 

[174] 

DT-IMS,b  
IM-MSc 

Triacetone triperoxide vapor 
from solid sample 

63Ni ionization, ammonia dopant, triacetone 
triperoxide was detected as ammonia adduct 

[22] 

GC-IMSg Triacetone triperoxide, 
different matrices 

Thermal desorption, 63Ni ionization, gas 
chromatography separation reduced false 
positives 

[181] 

DT-IMSb Triacetone triperoxide and 
other explosives in hair 
sample 

Direct sampling of hair, swabbing of hair and 
solvent extract from hair 

[179] 

DT-IMS,b  
DT-IM-MSc 

Triacetone triperoxide both 
pure sample and diluted in 
toluene 

Toluene changed the ion mobility spectrum 
peak positions and increased intensity 

[173] 

a Dopant-assisted positive photoionization-ion mobility spectrometry, b drift tube ion mobility spectrometry, c 
drift tube ion mobility spectrometry-mass spectrometry, d ion trap mobility spectrometry, e ion trap mobility 
spectrometry-mass spectrometry, f planar solid-phase microextraction-ion mobility spectrometry, g gas 
chromatography-ion mobility spectrometry. 
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Table 6. Applications of ion mobility spectrometry in the analysis of microbial volatile organic 
compounds, building material emissions, and indoor air quality. 

Instrument Sample / compound Notes Ref 
Microbial volatile organic compounds applications 

DT-IMSa Pine sapwood specimens 
inoculated with microbe spores 
in emission chamber, produced 
microbial volatile organic 
compounds 

Tritium ion source, headspace sampling, 
inoculated and non-inoculated samples were 
separated during cultivation time according 
to microbial volatile organic compounds 
production 

[187] 

DT-IMSa 14 microbial volatile organic 
compounds and their mixtures, 
field sampling in indoors 

Tritium ion source, microbial volatile organic 
compound limits of detection 3−96 μg m−3, 
field sampling suggested mould growth 

[185] 

DT-IMSa Pesticide standards and indoor 
and outdoor air samples 

Thermal desorption, 63Ni ionization, limits of 
detection 8 – 600 pg 

[189] 

Building material emissions and indoor air quality 
AIMSb 62 chemicals emitting from in 

indoor environments 

241Am ionization, sniff testing [188] 

DT-IMSa Pharmaceutical standards, 
indoor air samples on Teflon 
membrane 

Thermal desorption, 63Ni ionization [195] 

MCC-UV-
IMSc 

Emission measurements of 
various compounds from 
surfaces indoors 

UV ionization, sampling of volatiles with 
emission cell, limits of detection in ppb range 

[194] 

DMSd Continuous monitoring of 
volatile organic compounds in 
indoors and outdoors  

Photoionization, target compounds with low 
ionization energies like benzene, toluene and 
xylene were detected successfully 

[71] 

DT-IMSa Monitoring laboratory air with 
planned and unplanned 
exposures of volatile chemicals 

63Ni ionization; water, acetone and dimethyl 
sulfoxide reagent gases  

[156] 

a Drift tube ion mobility spectrometry, b aspiration ion mobility spectrometry, c multi capillary column-
ultraviolet ionization-ion mobility spectrometry, d differential mobility spectrometry 
 

Ambient ionization techniques for direct sampling of compounds of interest have been 
coupled with both standalone IMS[197-203] and hyphenated IM-MS instruments.[39-42,170-

172,204-213] Altogether, the most applied ambient ionization technique has been DESI[39-

42,172,203,204,207,208,212] and the most applied IMS instrument TWIMS.[39-41,170,171,204-

206,208,209,211-214] Ambient ionization coupled with IM-MS has been applied to the analysis of 
CWAs,[204] pharmaceuticals,[40-42,203,210] drugs of abuse,[206] proteins,[39,208] and to the surface 
imaging of synthetic[214] or biological tissue samples.[170-172,207,211] In ambient ionization IM-
MS applications, the advantage of fast IM separation has been the increase in the peak 
capacity, decrease in the chemical noise in the mass spectrum, the increment in the S/N, and 
the separation of isomers. Some examples of applications of ambient ionization coupled 
with IMS or IM-MS are presented in Table 7.  
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Table 7. Applications of ambient ionization ion mobility spectrometry and ion mobility-mass 
spectrometry. 

Instrument Sample / compound Notes Ref 
LAESI-TWIM-MSa Synthetic fibers and 

polymers 
Surface imaging, finish layer characterization and 
compound identification was achieved 

[214] 

DESI- / LMJSSP-
FAIMS-MSb 

Metabolites, lipids, and 
proteins on biological 
tissue 

Surface imaging, ion mobility separation 
increased the signal-to-noise ratio and enabled 
the detection of unseen compounds  

[207] 

LAESI-TWIM-MSa Plant and animal 
tissues 

Surface imaging, ion mobility separation enabled 
the separation of isobaric compounds and 
enhanced spectral quality 

[170] 

PS-FAIMS-MSc Isomers of opiates Field asymmetric ion mobility spectrometry was 
capable to separate structural isomers 

[210] 

DART-DT-IMSd Toxic chemicals Transmission mode direct analysis in real time 
enhanced the sensitivity compared to glass rod 
sampling of a chemical 

[200] 

DESI-TWIM-MSe Chemical warfare 
agents in vials and 
spiked forensic media 

Solid phase microextraction sampling of chemical 
warfare agents in vial headspaces, unique ion 
mobility spectra for each compound, fast analysis 

[204] 

DESI-DMS-MSf Pharmaceutical 
tablets, standard, 
mixture of isobaric 
compounds 

Ion mobility separation reduced the chemical 
noise and increased the signal-to-noise ratio, 
isobaric compounds were baseline separated in 
differential mobility spectrometry 

[42] 

DESI-TWIM-MSe Proteins (tryptically 
digested)  

Isobaric peptides were differentiated, ion 
mobility separation clarified the mass spectra 

[208] 

DESI-TWIM-MSe Pharmaceutical drug 
formulation 

Ion mobility separation enhanced the spectral 
quality and increased the selectivity for the 
compounds of interest 

[40] 

a Laser ablation electrospray ionization-travelling wave ion mobility-mass spectrometry, b desorption 
electrospray ionization- / liquid microjunction surface sampling probe-field asymmetric ion mobility 
spectrometry-mass spectrometry, c paper spray ionization-field asymmetric ion mobility spectrometry-mass 
spectrometry, d direct analysis in real time-drift tube ion mobility spectrometry, e desorption electrospray 
ionization-travelling wave ion mobility-mass spectrometry, f desorption electrospray ionization-differential 
mobility spectrometry-mass spectrometry 
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One advantage of several IMS instruments is their ability to operate under ambient 
conditions. This allows the study of gas-phase ion chemistry under atmospheric pressure by 
IMS. Some examples of studies related to this topic are also listed in Table 8. 

Table 8. Applications of ion mobility spectrometry in fundamental research. 

Instrument Sample / compound Notes Ref 
dual-shutter DT-IMSa Nitrate explosives 63Ni ionization, experimental and theoretical 

study of the kinetics of thermal decomposition 
of nitrate explosive Cl− adducts  

[47] 

dual-shutter DT-IMSa Nitroglycerin 63Ni ionization, experimental and theoretical 
study of the kinetics of thermal decomposition 
of nitroglycerin Cl− adduct 

[49] 

DMS,b GC-DMS,c 
DMS-MSj 

Series of carboxylic 
acid esters 

63Ni ionization, the dissociation of proton-
bound dimers of esters by electric field heating 
was studied 

[52] 

dual-shutter DT-IMSa, 
DMS,b DMS-MSd 

Series of 2-ketones 
from acetone to 
nonanone 

63Ni ionization, the Arrhenius parameters of 
dissociation of proton-bound dimers of 2-
ketones and Teff of the dimers were determined 

[50] 

DMS,b DMS-MSd Dimethyl 
methylphosphonate 
vapor 

63Ni ionization, the effective temperature of 
dimethyl methylphosphonate proton-bound 
dimer dissociation was determined 

[51] 

dual shutter DT-IMSa 1,4-dimethylpyridine 
and 
methylphosphonate 
vapor 

63Ni ionization, proton-bound dimer 
dissociation enthalpies of 1,4-dimethylpyridine 
and methylphosphonate were determined. 

[46] 

DT-IMS,a DT-IM-MSe Dinitrocompoundsf  63Ni ionization, stability studies of the 
dinitrocompound Cl− adducts 

[215] 

DT-IMSa Phenol and 
fluorophenols 

63Ni ionization, stability and dissociation studies 
of phenol and fluorinated phenol Cl− adducts 

[216] 

a Drift tube ion mobility spectrometry, b differential mobility spectrometry, c gas chromatography-differential 
mobility spectrometry, d differential mobility spectrometry-mass spectrometry, e drift tube ion mobility-mass 
spectrometry, f 2,3-dimethyl-2,3-dinitrobutane; 1,4-dinitrobutane; 2,3-dimethyl-2,4-dinitropentane 
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2 Aims of the study 

The aims of this research were to study the applicability of ion mobility-based detection 
techniques in the direct analysis of hazardous compounds from the gas phase, 
pharmaceuticals and vitamins from solid samples, and in fundamental studies of gas phase 
ion chemistry.  
 
More specifically the aims of this research were: 
 
 to study the feasibility of aspiration ion mobility spectrometry in the analysis of 

explosive triacetone triperoxide and microbial originated volatile organic compounds 
directly from the gas phase without pre-separation (I, II) 

 to combine direct surface analysis techniques — desorption atmospheric pressure 
photoionization and direct analysis in real time — with travelling wave ion mobility-
mass spectrometry, and to compare the ionization methods (III) 

 to apply desorption atmospheric pressure photoionization and direct analysis in real time 
without sample pre-handling and compound separation for fast analysis of 
pharmaceuticals and vitamins directly from authentic solid samples (III) 

 to study the applicability of drift tube ion mobility spectrometry, mass spectrometry, 
and theoretical calculations in fundamental study of the reactions of Cl− with phenol and 
fluorinated phenols, in the gas phase (IV). 
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3 Experimental 

The chemicals, gases, samples, instrumentation and experimental procedures used in this 
research are described here. More detailed descriptions of the experimental component of 
this research can be found in the original Publications (I-IV). 

3.1 Chemicals, gases and samples 

The chemicals and gases used in this work are listed in Table 9, and samples in Table 10. 

Table 9. Chemicals and gases used in the work. Publ. = Publication. 

Chemical (purity) Manufacturer / supplier Note Publ. 
Acetone (PA) Merck (Darmstadt, Germany) Reagent I 
Acetonitrile (PA) Merck (Darmstadt, Germany) Solvent I 
Helium 5.0 AGA, Finland Carrier gas I, II 
Hydrochloric acid (PA) Merck (Darmstadt, Germany) Reagent I 
Hydrogen peroxide (50%, extra 
pure) 

Scharlau Chemie (Barcelona, Spain) Reagent I 

Synthetic air AGA (Finland) Sampling gas I 
Triacetone triperoxide AccuStandard (New Haven, CT, USA) Standard in 

acetonitrile 
I 

Nitrogen AGA (Finland) Used in thermal 
desorption 

II 

Tenax TA Sigma-Aldrich (USA) Adsorbent II 
Toluene (PA) Merck (Darmstadt, Germany) Standard II 
Benzo[a]pyrene (≥95%) Sigma-Aldrich (St. Louis, MO, USA) Standard III 
Bisphenol A (≥99%) Sigma-Aldrich (St. Louis, MO, USA) Standard III 
Chloroform (≥99.8%) EMD (Gibbstown, NJ, USA) Solvent III 
Chloroquine diphosphate salt 
(≥98%) 

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

Cholecalciferol (≥98%) Sigma-Aldrich (St. Louis, MO, USA) Standard III 
Cortisol (≥98%) Sigma-Aldrich (St. Louis, MO, USA) Standard III 
Helium 5.0  Reagent gas III 
Methanol (≥99.8+%) Alfa Aesar (Ward Hill, MA, USA) Solvent III 
Methanol (≥99.9%) Sigma-Aldrich (St. Louis, MO, USA) Solvent III, IV 
Nitrogen Nitrogen generator Nebulizer gas III 
Ranitidine hydrochloride (≥99%) Sigma-Aldrich (St. Louis, MO, USA) Standard III 
DL-α-Tocopherol (≥99%) Merck (Darmstadt, Germany) Standard III 
Toluene (≥99.9%) Sigma-Aldrich (St. Louis, MO, USA) Solvent, dopant III, IV 
Purified air Pure air generator and sieve trap Drift gas IV 
Carbon tetrachloride (99.9%) Sigma Aldrich (Milwaukee, WI, USA) Dopant IV 
Carbon tetrachloride (≥99.8%) Merck (Darmstadt, Germany)  Dopant IV 
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Table 9. continued Chemicals and gases used in the work. Publ. = Publication. 
 

Chemical (purity) Manufacturer / supplier Note Publ. 
2,4-Difluorophenol (99%) Sigma-Aldrich (St. Louis, MO, USA) Sample IV 
2-Fluorophenol (98%) Sigma-Aldrich (St. Louis, MO, USA) Sample IV 
Nitrogen Airgas Inc. (Radnor, PA, USA) Carrier gas IV 
Nitrogen Nitrogen generator Nebulizer and 

collision gas 
IV 

Pentafluorophenol (≥99%) Sigma-Aldrich (St. Louis, MO, USA) Sample IV 
Phenol (99%) Sigma-Aldrich (St. Louis, MO, USA) Sample IV 
2,3,6-Trifluorophenol (98%) Sigma-Aldrich (St. Louis, MO, USA) Sample IV 

 

Table 10. Samples used in the work. Publ. = Publication 

Sample Supplier / source Note Publ. 
Triacetone triperoxide, purity 
93.8 wt-% 

Synthesized by Finnish Defence 
Forces Technical Research Centre 
(Lakiala, Finland) 

Analysed as such I 

Sterile and microbe 
contaminated particle board 

Local manufacturer Sample II 

Almonds Local supermarket Analysed as such III 
Dried blood spots on Whatman 
filter paper, 10 μL of human 
blood spiked with chloroquine (3 
μM)  

Dr. Michael D. Green (Center for 
Disease Control and Prevention 
(CDC), Atlanta, USA) 

Analysed as such III 

Levonorgestrel tablets, fake and 
genuine 

Paul N. Newton (Centre for Tropical 
Medicine, Churchill Hospital, 
University of Oxford, UK) and Dr. 
David Jenkins (FHI 360, USA) 

Analysed as such III 

Multivitamin tablets (One A Day) Local supermarket, (Bayer 
Healthcare LLC, Morristown, NJ, 
USA) 

Analysed as such III 
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3.2 Instrumentation and programs 

Table 11 describes the instruments used in the research. Some instruments and experimental 
procedures are described in more detail below. 

Table 11. Instruments and programs used in the research. Publ = Publication. 

Instrument/program Manufacturer Note Publ. 
ChemPro100i, a hand held 
chemical detector 

Environics Inc. (Mikkeli, 
Finland) 

Instrument is described in 
section 1.1.3 and its application 
is described below 

I, II 

Gas chromatography column 
HP-5  

Agilent Technologies 
(Wilmington, DE, USA) 

Used for triacetone triperoxide 
quantification 

I 

Gas chromatography (6890)-
mass spectrometry (5975) 

Agilent Technologies 
(Wilmington, DE, USA) 

Used for triacetone triperoxide 
quantification 

I 

LogInspector Environics Inc. (Mikkeli, 
Finland) 

Software for ChemPro100i data 
processing 

I, II 

Automatic Thermal Desorption 
ATD 400 autosampler – 
Autosystem XL Arnel gas 
chromatograph – TurboMass 
mass spectrometer 

PerkinElmer (Waltham, 
MA, USA) 

Used to analyse volatiles from 
air samples collected to tubes 
filled with Tenax Ta adsorbent  

II 

SIMCA-P 10.0 Umetrics (Umeå, 
Sweden) 

Program used for principal 
component analysis 

II 

Gas chromatography column 
PE-5MS 

PerkinElmer (Waltham, 
MA, USA) 

Quantification of volatiles II 

μAPPI,a direct infusion system Home-built Described below, used to 
optimization of TWIM-MSb 
conditions  

III 

DAPPIc ambient ion source Home-built Used with TWIM-MSb Synapt 
G2 

III 

DARTd SVP ambient ion source  IonSense Inc. (Saugus, 
MA, USA) 

Used with TWIM-MSb Synapt 
G2 

III 

DART SVP IonSense IonSense Inc. (Saugus, 
MA, USA) 

Software to control the DARTd 
ion source 

III 

DriftScope version 2.1 Waters Corp. (Milford, 
MA, USA) 

Software for data processing of 
TWIM-MSb data 

III 

MassLynx version 4.1 Waters Corp. (Milford, 
MA, USA) 

Software for data collection and 
processing of TWIM-MSb data 

III 

Power supply, DC, PSM-3004 G W Instek Used to heat the microchip 
nebulizer 

III 

Teflon substrate VINK Finland (Kerava, 
Finland) 

DAPPIc sampling plate III 

Synapt G2 HDMS Waters Corp. 
(Manchester, UK) 

Used with both DAPPIc and 
DARTd in mass spectrometry 
and TWIM-MSb modes 

III 
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Table 11. continued Instruments and programs used in the research. Publ = Publication. 
 

Instrument/program Manufacturer Note Publ. 
VAPUR gas-ion separator tube 
(GIST) 

IonSense Inc. (Saugus, 
MA, USA) 

Interface used Synapt G2 HDMS 
and DAPPIc and DARTd, 
described below 

III 

2C diaphragm pump Vacuubrand (Wertheim, 
Germany) 

Pump used in VAPUR III 

Vacuum ultraviolet rf krypton 
discharge lamp, PKR 100 

Heraeus Noblelight 
(Cambridge, UK) 

Used in atmospheric pressure 
photoionization ion source 

III, IV 

Linear IMS_1.0 software National Instrument 
Corporation (Austin, TX, 
USA) 

Ion mobility spectrometry 
operation 

IV 

Analyst 1.5 AB Sciex (Concord, ON, 
Canada) 

Mass spectrometry data 
collection 

IV 

Analyst 1.6 AB Sciex (Concord, ON, 
Canada) 

Mass spectrometry data 
processing 

IV 

μAPPI,a direct infusion system Home-built Sample and dopant 
nebulization, described below 

IV 

Gas chromatography Hewlett-Packard (5890) Used in GC-IM-MSe IV 
Gas chromatography column 
DB-5 

J&W Scientific Inc., 
Folsom, CA, USA 

Used in GC-IM-MSe IV 

GC-IM-MSe House made (NMSU, Las 
Cruces, NM, USA) 

Described below IV 

Gaussian 03W program Gaussian Inc. 
(Wallingford, CT, USA) 

Used with B3LYP functional 
with 6-311G+(dp) basis set 

IV 

Shimadzu-2010 LCMS mass 
spectrometer 

Shimadzu Corporation 
(Kyoto, Japan) 

Used in GC-IM-MSe IV 

PE Sciex API 365 mass 
spectrometer 

AB Sciex (Concord, ON, 
Canada) 

Used in collision induced 
dissociation studies of 
fluorophenols 

IV 

2010 MS LCMSsolution 
programs 

Shimadzu Corporation 
(Kyoto, Japan) 

For mass spectrometer 
operation in GC-IM-MSe 

IV 

Power supply, ISO-TECH 603 Thurlby-Thanders 
Instruments Ltd. 
(Huntingdon, England) 

Used to heat the microchip 
heated nebulizer 

IV 

a Micro atmospheric pressure photoionization, b travelling wave ion mobility-mass spectrometry, c desorption atmospheric 
pressure photoionization, d direct analysis in real time, e gas chromatography-ion mobility-mass spectrometry 
 

A handheld chemical detector ChemPro100i (I, II) 

In Publications I and II, a handheld chemical detector was used to detect peroxide-based 
explosive TATP (I), MVOCs and VOCs (II). The instrument contained an 241Am ion source, 
AIMS, and a series of six sensors.[6] The instrument is described in paragraph 1.1.3 
‘Aspiration ion mobility spectrometry’.  

In Publication I, TATP was sampled from the controlled air flow of purified air with 
AIMS. To determine the concentration of TATP in the air flow, it was collected from the 
air to acetonitrile traps in two gas washing bottles in a series. The TATP concentration in 
the acetonitrile traps was analysed by GC-MS. 
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In Publication II, air samples were collected from test chambers with sterile and 
microbe-contaminated samples during the incubation of the microbes. The sampling was 
done from the head space of the chambers through sterile and filtered lines on incubation 
days 2, 4, 7, 11, 14, 17, and 22. The sampling was first done with ChemPro100i to monitor 
AIMS and sensor responses for the substances in the chamber head space. Comparative 
measurements were performed by transferring the head space samples to tubes that 
contained Tenax TA adsorbent. After the Tenax TA sampling, the ChemPro100i responses 
were collected again. Tenax TA sample tubes were analysed by TD-GC-MS. The detected 
compounds were quantified as toluene equivalents.  

μAPPI direct infusion system (III, IV) 

In micro atmospheric pressure photoionization (μAPPI) direct infusion system (Figure 8), 
solvent (with sample) is delivered to the MS as a heated jet by a microchip-heated nebulizer 
with the help of the nebulizer gas. The solvent jet and the APPI lamp are typically placed in 
front of the MS so that the signal intensity is maximized. The sample flow, nebulizer gas 
flow, and the chip temperature can be adjusted. The manufacturing of the microchip[217] and 
the chip holder[134] has been described elsewhere as well as the μAPPI system combined 
with MS.[218] In Publication III, μAPPI was used to optimize the TWIM-MS parameters for 
DAPPI and DART experiments. In Publication IV, μAPPI was used to deliver phenol and 
fluorophenols in separate solutions to the MS (Figure 8) for the Cl− and fluorophenol 
experiments. 

 

Figure 8. μAPPI setup in front of MS inlet. 
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Vapur interface to Synapt G2 (III) 

In Publication III, DAPPI and DART ion sources were combined with TWIM-MS (Synapt 
G2 HDMS). The Z-Spray ion source of the Synapt G2 HDMS was fitted with the Vapour 
gas-ion separator tube interface (IonSense)[219] which enabled the use of both DAPPI and 
DART ion sources (Figure 9).  

 

Figure 9. Photo of ion source connections for Synapt G2: a) DAPPI and b) DART in front of 
the modified Z-Spray ion source and c) opened modified Z-Spray ion source. 

Gas chromatography-ion mobility-mass spectrometry (IV) 

The DT-IMS used in gas chromatography-ion mobility-mass spectrometry (GC-IM-MS) 
studies of fluorophenols in Publication IV was built in-house. The instrument was built from 
a series of stainless steel ring electrodes with Teflon insulators. 63Ni was used to create ions. 
The drift region of the instrument was 9.7 cm long and it was separated from the ion 
source/reaction region with an ion shutter. The instrument was heated with a rope heater. 
The samples were prepared in methanol and delivered to IMS using a gas chromatograph 
(GC). A capillary column was connected to the ion source/reaction region via a heated 
transfer line. The same transfer line was used to deliver CCl4. Purified air was used as the 
drift gas, and it was connected to the drift tube from the detector end flange and vented from 
the ion source end flange. The instrument was hyphenated with MS from the Faraday 
detector hole in the ion source end with heated stainless-steel tubing and a Swagelok union 
(Swagelok company, Solon, OH, USA). A more detailed description of the instrument is 
given elsewhere.[47]  
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4 Results 

The main results of the research are summarized in this section. More thorough 
presentations of the results are provided in the original Publications (I-IV). 

4.1 Direct detection of gaseous analytes by aspiration ion 
mobility spectrometry (I, II) 

It is challenging to detect for example hazardous chemicals, explosives and drugs of abuse 
rapidly, and reliably under field conditions. For these purposes, portable easy-to-use IMS 
devices with an APCI-RI ion source have been developed as chemical detectors, because 
e.g. many CWAs are volatile organophosphorus compounds, which have high PA and are 
therefore easily ionized with APCI-RI. Also, many explosives are detectable in negative ion 
mode quite selectively as adduct ions.  

In Publications I and II, two different applications to monitor analytes directly from the 
gas phase with a portable AIMS chemical detector are described. The instrument was 
applied to the detection of explosive TATP (I) and monitoring of MVOCs and building 
material emissions (II). 

4.1.1 Monitoring of gas-phase triacetone triperoxide (I) 

Home-made organic peroxide explosives are commonly used by terrorists. One example is 
the ring formed peroxide TATP (C9H18O6). The peroxide bonds give the compound its 
explosive and unstable nature, and because it is quite easy to synthesize also in primitive 
laboratory conditions, it has been used in so called ‘improvised explosives’ by terrorists. 
The detection of TATP directly from the gas phase is tempting, because TATP is relatively 
volatile (vapour pressure at 25 °C is ≈ 7 Pa) compared to typical nitrogen-containing 
explosives (e.g. vapour pressure of trinitrotoluene is ≈ 5*10−4 Pa).[220] In this research, 
synthesized TATP was produced to carrier gas flow and monitored with a hand held 
chemical detector ChemPro100i (I). The instrument consists of an AIMS (named IMCell) 
(see Figure 5), a group of six sensors and an APCI-RI ion source. To determine the 
experimental TATP concentrations in the gas flow, TATP was collected to two acetonitrile 
traps and analysed by GC-MS. IMCell and sensor responses were collected also by sniff-
testing the TATP headspace in the opened container containing TATP sample.  

Three different unknown concentrations of gaseous TATP were generated from solid 
TATP. The GC-MS results proved that the air flow from the gas generator contained mainly 
TATP. Each gas chromatogram showed one peak, for which the mass spectra showed 
characteristic ions of TATP at m/z 43, 59, 75, 101, and 117, which were most likely 
[C2H3O]+, [C3H7O]+, [C3H7O2]+, [C3H6O4]+, [C3H6O5]+, respectively. These ions are known 
to be fragmentation products of TATP.[94,221,222] TATP fragmented extensively, and the M+• 
of TATP at m/z 222 was detected only with the highest TATP concentration. However, 
fragmentation is in good agreement with other studies, which have shown that due to the 
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peroxide structure, TATP decomposes easily in laser photoionization[222] and in electron 
ionization MS.[223]  

TATP concentrations in the acetonitrile traps were determined by GC-MS, and these 
results were used to calculate the TATP concentrations in the gas phase. The obtained TATP 
concentrations in the gas phase, the corresponding measured IMCell sums (sum of the 
IMCell channel responses) and the TATP sniff-test IMCell sum responses are presented in 
Table 12. TATP was detected by IMCell in both positive and negative channels and the 
response time was less than five seconds. The instrument normalized detection threshold 
(20 pA) was reached already with the lowest TATP gas phase concentration of 0.3 mg m−3 
= 0.03 ppm, corresponding to the IMCell sum response of 23.4 pA. 

Table 12. Triacetone triperoxide concentrations in the gas phase and IMCell sum values. 

Gas phase concentration (mg m−3) IMCell sum (pA) 

0.3 23.4 

7.7 94.9 

26.0 154.3 

sniff test, concentration not determined 44.5 

 
Figure 10 presents the IMCell response for TATP gas phase concentration of 26.0 mg 

m−3 and the sniff-test. The intensities of the IMCell channels (more about the channels in 
chapter 1.1.3. ‘Aspiration ion mobility spectrometry’) varied according to the TATP 
concentration, but the intensity pattern was the same in all concentrations. The pattern was 
the same also with the sniff-tests, which implies that the responses were due to TATP. In 
all the gaseous TATP concentrations, and the sniff-test, the most intense signal was detected 
on IMCell channel 4. In addition, the intensity was higher in positive channels than in 
negative channels (Figure 10). This implies that TATP produced more positive ions than 
negative ions in the gas phase, probably during ionization.  
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Figure 10. IMCell responses of TATP, mean values of four repetitions and standard error of 
means: (a) sniff-test, IMCell sum 44.5 pA, relative humidity 40 %; (b) TATP concentration in gas 
flow 26.0 mg m−3, IMCell sum 154.3 pA, relative humidity 2.5 %. 1-8 are positive channels and 9-
16 are negative channels. 

Figure 10 shows that the IMCell response was more abundant in TATP gas phase 
concentration 26.0 mg m−3 (b) than in the sniff-tests (a). The sniff-test results usually 
resemble the maximum gas phase concentration of a sample, and therefore the TATP sniff-
tests should have resulted in higher IMCell responses. The reason for the lower signal in the 
sniff-tests compared to the gas generator experiments could be the different humidity 
conditions in the experiments. In the gas generator experiments, the relative humidity (RH) 
was 2.5 %. In the sniff-tests the data was collected under ambient conditions and 40 % RH. 
Under high humidity conditions, as here in the sniff-tests, the reactant ions are strongly 
hydrated, and less product ions are formed compared to the low humidity conditions, where 
the reactant ions are less hydrated, and the reaction equilibrium favours the product ion 
formation.[3]  

Sensor results supported the IMCell results. Figure 11 represents the relative resistance 
changes of different semiconductor sensors as a function of TATP concentration. The FET 
sensor failed to respond to TATP, and therefore the FET sensor intensities are not shown. 
When the semiconductor sensors were exposed for TATP, the relative resistances (R/R0) of 
the sensors decreased. This showed a clear response for TATP in every measured 
concentration. The only exception was the MOS2 sensor, for which the relative resistance 
increased over one when the TATP concentration was 0.3 mg m−3. This is most likely due 
to the low R0 value and the low sample concentration. SCCell2 and MOS3 sensors became 
saturated after the lowest measured concentration. This means that these sensors are not 
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capable of discriminating between the different TATP concentrations. SCCell1, MOS1, and 
MOS2 sensors showed a dynamic range up to 8 mg m−3.  

 

Figure 11. The relative resistance changes (mean values of three measurements and standard 
error of means) of semiconductor sensors as a function of TATP concentration. 

The calculated theoretical TATP concentration in the saturated headspace of a closed 
container is approximately 627 mg m−3 = 69 ppm. This is clearly higher concentration than 
the concentrations measured and detected in this study from the gas flow under very low 
RH conditions. Additionally, TATP was detectable in sniff tests from the TATP headspace, 
which suggests that the sensitivity of the used AIMS is high enough for the detection of 
TATP, at least directly from the headspace of a container containing solid TATP. To 
confirm the feasibility, thorough experiments under different humidity conditions and 
concentrations should be performed. The effect of the possible interfering compounds (for 
example acetone and other solvents) on the detection should be studied as well.  

4.1.2 Monitoring of volatiles in the headspace of building materials (II) 

Many building materials work as a substrate for microbe reproduction especially in the high 
humidity conditions and metabolic action of the microbes produces a variety of MVOCs. 
These as well as building material emissions were monitored with ChemPro100i hand held 
chemical detector containing an AIMS (named IMCell) and a group of six sensors (II). The 
measurements were done from the headspace of a chamber (M) containing particle board 
samples contaminated by microbes. Another chamber (S) with particle board samples was 
held in sterile conditions and used as a reference. Both chambers M and S were held in high 
humidity conditions. AIMS and sensor data was collected from the headspaces of the 
chambers on days 2, 4, 7, 11, 14, 17, and 22 when the incubation of the microbes proceeded. 
At the same time, gaseous samples were collected to sample tubes with Tenax TA adsorbent 
and analysed by TD-GC-MS. The VOCs in the emission chambers were identified and 
quantified as toluene equivalents. The TD-GC-MS results were compared with those 
obtained with a ChemPro100i. Data was analysed by hand and by principal component 
analysis.  
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4.1.2.1 Aspiration ion mobility spectrometry and semiconductor sensor 
measurements 

The air monitoring of both chambers S and M gave a strong response in the IMCell for both 
positive and negative ions in all the measurements. Figure 12 represents the IMCell results 
obtained on the 17th incubation day from both chambers S (Figure 12 a) and M (Figure 12 
b). On the 17th incubation day microbe growth was not visible in chamber S, but could be 
visually detected on the surface of the building materials in chamber M. Figure 12 shows 
that the IMCell responses for chamber M are slightly different than for chamber S on both 
positive and negative channels. On positive IMCell channels in chamber S measurements, 
the highest signal was recorded on channel 3 (32.1 pA). The highest signal in chamber M 
was measured on channel 4 (37.0 pA). These differences were most likely caused by the 
microbe growth and volatiles originating from microbe metabolism in chamber M. 

 

Figure 12. IMCell responses (mean values and standard error of means of six repetitions of the 
sixth measurement time) for chambers a) S and b) M. 1-8 are positive channels and 9-16 are 
negative channels. 

The differences in the sensor responses between chamber S and M measurements on the 
17th incubation day are evident (Figure 13). The relative resistance of all the MOS sensors 
decreased during the sampling from the headspace of both chambers S and M. The 
decrement was higher for chamber M (Figure 13 b) than for chamber S (Figure 13 a) 
measurements. This indicates higher VOC concentration in the chamber M headspace than 
in chamber S. The only exception is the MOS1 sensor, for which the resistance was lower 
in chamber S than in chamber M measurements. The reason for this could be that during the 
incubation, the concentrations of some compounds for which the MOS1 sensor is specific 
decreased because of microbe growth in chamber M. The ΔV of FE sensor was higher in 
chamber M than in chamber S measurements. FE sensor is sensitive for hydrogen only and 
the higher FE sensor response may indicate microbe activity since mould has been reported 
to produce e.g. ammonia.[224]  
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Figure 13. Sensor responses (mean values and standard error of means of six repetitions of the 
sixth measurement time) for a) chambers S and b) M atmospheres. Semiconductor sensor 
responses were detected as relative resistance changes and FET sensor responses as voltage 
difference. 

The large data set of response changes of IMCell and sensors are difficult to compare 
and nothing can be said about the identities of the compounds affecting to the responses. 
Therefore, all the ChemPro100i data was analysed with multivariate data analysis technique 
called principal component analysis (PCA) to determine whether it would be possible to 
distinguish the chemical profiles of the test chambers M and S. In PCA a large data table 
with many observations and variables, is simplified without losing important information, 
by calculating new variables called principal components as linear combinations from the 
original data set.[225] The observations in PCA calculations were the seven samplings from 
both chambers S and M during the experiment. The observations were named S1-S7 for 
chamber S and M1-M7 for chamber M. The results are presented as score and loadings 
plots. Score plots show which observations separate from each other and loadings plot show 
which variables are causing the separation. 

The PCA variables were the responses of the IMCell channels 1, 2, 4-8, and 10-16. 
Channels 3 and 9 were excluded from the model, because they had no influence on the 
results. The score plot of PCA (Figure 14 a) shows that the chemical profiles of chambers 
S and M were distinguished as the incubation proceeded. Data from measurements S1, S2, 
M1 and M2 grouped together and could not be separated. The reason is that these 
experiments were done after two days (measurements S1 and M1) and four days 
(measurements S2 and M2) of incubation, when the microbe growth was just starting and 
the volatiles in the headspace of chambers S and M were similar at the beginning of the 
incubation. As the incubation proceeded, the chemical profiles of the measurements M3-
M7 and S3-S7 separated from the chemical profiles of the measurements S1, S2, M1, and 
M2. The chemical profiles of the measurements M3-M7 and S3-S7 were different from each 
other. The reason for these separations is most probably caused by the microbe growth and 
the MVOC production in chamber M. The loadings plot (Figure 14 b) shows that the 
separation of the data collected from chambers S and M after the fourth day of incubation 
was mostly caused by the responses on IMCell channels 1, 2, 4-7, and 10. The data from 
channels 1, 2, and 10 correlated positively with the measurements S3-S7, which are from 
measuring times when the incubation had already proceeded. The responses on IMCell 
channels 4-7 correlated with chamber M measurements M3-M7.  
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Figure 14. a) PCA score plot and b) loading plot of the IMCell responses of the seven sampling 
times from chambers M and S. The chambers are marked in the score plot a) as M1-M7 and S1-
S7. IMCell channels 1-16 are marked with IMS_1 – IMS_16 in the loadings plot b). 

In the second PCA, only the sensor responses were used as variables. Separation 
between the chemical profiles of chambers S and M was achieved after the microbe growth 
had started. Separation of measurements S2-S7 from the measurements M1-M7 was 
achieved when the variables corresponding to SC2 and FE sensors were removed from the 
model. The loadings plot showed that the chamber M observations M1-M7 correlated with 
the MOS1 sensor, and the MOS2, MOS3, and SC1 sensors correlated with the observations 
of chambers S2-S7. This suggests that the concentration drop of the compounds affecting 
the MOS1 sensor response in chamber M resulted in separation of the chemical profiles of 
chambers M and S. 

Finally, PCA was performed for both IMCell and sensor data together. The responses of 
the IMCell channels 1, 2, 4-8, and 10-16 and the responses of MOS1, MOS2, MOS3, and 
SC1 sensors were used as PCA variables. The score plot and the loadings plot are presented 
in Figure 15. The results show that the chemical profiles of chamber S and M headspaces 
are different after two sampling times. The data of measurements S1, S2, M1, and M2 are 
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grouped together on the upper right hand corner of the score plot (Figure 15 a). The data of 
measurements S3-S7 are separated on the lower right-hand corner and M3-M7 spread on 
the left side of the score plot. The loadings plot shows that the responses of IMCell channels 
1, 2, 4-7, and 10, as well as the MOS1 sensor, have the strongest influence on the separation 
of the chambers S and M chemical profile data (Figure 15 b). This was already observed in 
the PCA analysis of IMCell and sensor data. 

 

Figure 15. a) PCA score plot and b) loadings plot of the IMCell and sensor responses of the 
seven sampling times from chambers M and S. The chambers are marked in the score plot a) as 
M1-M7 and S1-S7. The IMCell channels 1-16 are marked with IMS_1 – IMS_16 and sensors with 
their abbreviations in the loadings plot b).  
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4.1.2.2 TD-GC-MS measurements and comparison with AIMS results 

The headspace of chambers S and M were sampled to tubes containing Tenax TA adsorbent 
on incubation days 2, 4, 7, 11, 14, 17 and 22. The samples were analysed by TD-GC-MS to 
identify the possible MVOCs in chamber M. TD-GC-MS results were compared with 
IMCell result. Sampling on second and 17th incubation days was used to identify the 
MVOCs. However, damp particle board emits the same compounds that the microbes 
produce in their metabolic action. Therefore, the separation and identification of MVOCs 
from the background VOCs is difficult. 

First, TD-GC-MS data from both chambers S and M were equalized and compared. 
After studying the chromatogram peak intensity changes, the following three cases were 
considered for the data obtained from chamber M. In case (1) the compound peak intensity 
increased, which could be caused by material emissions, microbial metabolic action, or 
both. In case (2), the peak intensity decreased, which was assumed to originate from the 
normal metabolic function of the microbes or the decrease in the material emission. In case 
(3) a new peak that was not present in chamber S, appeared. The new peaks were assumed 
to originate from microbe growth and metabolism and can reasonably be categorized as 
MVOCs.  

The TD-GC-MS results showed that new compounds were produced to the headspace 
of both chambers S and M when the particle board samples got damp. Three new 
compounds were found from chamber M that were not present in chamber S. These can be 
definitively identified as MVOCs, comprising the compounds 2-pentanone,[226] propyl 
acetate, and 4-methyl-2-hexanone.[224] Altogether 46 other MVOCs were identified from 
chamber M by comparing the peak intensity changes in the chromatograms of the headspace 
samples from chambers S and M (Table 13). However, these compounds were also emitted 
by the particle board samples and were present in chamber S also. MVOC concentrations 
were determined as toluene equivalents. Table 13 shows the maximum concentrations of 
the MVOCs during the incubation. α-Pinene had the highest concentration at 886.4 μg m−3 
of all the detected MVOCs, whilst 2-Pentanone, was identified as a new compound in 
chamber M and presented the second highest concentration at 582.3 μg m−3. Other 
compounds reaching a concentration of over 200 μg m−3 were 3-carene and D-limonene. 
These, as well as α-pinene, were identified as MVOCs, but they are also found from many 
natural sources like pine trees. This explains their high concentration in the chambers 
containing particle board specimen. 
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Table 13. Identified microbial volatile organic compounds in chamber M and their maximum 
concentrations. In the parenthesis is the incubation day when the maximum concentration was 
achieved. Comp. No = compound number, Conc. = concentration. 

Comp. 
No 

Compound Conc. 
[μg m−3] 

Comp. 
No 

Compound Conc. 
[μg m−3] 

1 2-Butanone 16.8 (4) 26 2-Pentylfuran 150.1 (17) 
2 2-Pentanonea 582.3 (17) 27 3-Carene 442.9 (17) 
3 Propyl acetatea 9 (17) 28 Isoterpinolene 6.5 (11) 
4 4-Methyl-2-pentanone 10 (14) 29 m-Cymene 5.2 (22) 
5 2-Methyl-3-pentanone 9.9 (17) 30 o-Cymene 171.9 (17) 
6 Toluene 61.4 (4) 31 D-Limonene 249.2 (17) 
7 1-Pentanol 53.4 (11) 32 γ-Terpinene 6.3 (22) 
8 2-Heptanone 36.8 (14) 33 Acetophenone 4.9 (7) 
9 Octane 186.6 (2) 34 p-Cymenene 14.4 (17) 

10 Butyl acetate 10.5 (7) 35 2-Carene 6.2 (17) 
11 2-Methylpyrazine 1.9 (22) 36 o-Cymenene 62.1 (17) 
12 Cyclohexanone 3.1 (22) 37 2-Nonanone 4.1 (11) 
13 4-Methyl-2-hexanonea 5.4 (22) 38 Fenchyl alcohol 11.9 (17) 
14 5-Methyl-2-hexanone 1.7 (4) 39 L-Camphor 44.1 (22) 
15 1-Hexanol 12.9 (11, 14) 40 Borneol 11.2 (14) 
16 Tricyclene 14.6 (14) 41 Isopinocamphone 6.9 (22) 
17 α-Phellandrene 9.2 (14) 42 4-Carene 13 (17) 
18 Hexanoic acid methyl ester 1.7 (14) 43 D-Verbenone 17 (17) 
19 α-Pinene 886.4 (17) 44 L-Bornyl acetate 6.1 (11) 
20 Camphene 92.4 (17) 45 Verbenone 7.9 (17) 
21 1,2,3,4,5,8-

Hexahydronaphthalene 
63.7 (17) 46 α-Copaene 4.1 (17, 22) 

22 p-Cymene 35.8 (17) 47 Eremophilene 3.4 (22) 
23 β-Phellandrene 2.2 (22) 48 γ-Cadinene 0.8 (22) 
24 β-Pinene 103 (17) 49 α-Muurolene 16.4 (4) 
25 1-Octen-3-ol 3.4 (14)    

a New compound detected and definitively identified as microbial volatile organic compound in the 
contaminated chamber. 

 
Total volatile organic compound (TVOC) concentration was determined from the 

concentrations of all the identified VOCs in the headspaces of both chambers S and M. 
TVOC concentrations were compared to IMCell sum results to determine the corresponding 
IMCell response. TVOC concentration varied from 836.9 to 3797.4 μg m−3 during the 
incubation. IMCell sum varied between 105 and 154 pA, which is clearly over the 
normalized detection threshold of IMCell (20 pA). The TVOC concentration change and 
the corresponding IMCell sum change of chamber M headspace during the incubation is 
presented in Figure 16 (a). The concentration changes of MVOCs 2-pentanone, 4-methyl-
2-hexanone, and propyl acetate in chamber M are presented in Figure 16 (b). As can be seen 
the IMCell sum and the corresponding TVOC concentration trends resemble each other. 
The concentrations of the MVOCs 2-pentanone, propyl acetate, and 4-methyl-2-hexanone 
also follow the same trend, where the compound concentrations increase during the 
incubation. The concentration of 2-pentanone increased rapidly after the 11th incubation 
day, achieving a maximum concentration on the 17th incubation day. Propyl acetate also 
reached the maximum concentration on the 17th incubation day, and 4-Methyl-2-hexanone 
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on the 22nd day. Altogether 11 out of 49 compounds reached the maximum concentration 
on the 22nd incubation day and 20 out of 49 reached the maximum concentration on the 
17th incubation day. 

 

Figure 16. a) IMCell sum response (left vertical axis) and TVOC concentration (right vertical 
axis) as a function of incubation days and b) propyl acetate and 4-methyl-2-hexanone (left vertical 
axis) and 2-pentanone (right vertical axis) as a function of incubation days.  

The TD-GC-MS data was also analysed with PCA. The score plot and the loadings plot 
are presented in Figures 17 (a) and 17 (b), respectively. The PCA observations were the 
seven samplings from both chambers S and M headspaces. The intensities of 49 
chromatogram peaks that were identified as MVOCs were chosen as the variables. These 
included the MVOCs found in chamber M, but not in chamber S. The variables are marked 
in the loadings plot as their compound number presented in Table 13. The score plot shows 
how the measurements M4-M7 data separated from the rest of the measurements to the 
right-hand side of the plot (Figure 17 a). The separation is most likely due to microbial 
metabolic action, which caused changes in the compound concentrations in the chamber M 
headspace. The M1-M3 data grouped together with the S1-S7 data. A small discrimination 
between the first S1 and M1 measurements and the M2, M3, and S2-S7 measurements can 
be seen.  
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Figure 17. a) PCA score plot and b) loadings plot of seven TD-GC-MS measurements from 
chambers M (M1-M7) and S (S1-S7). The variables in the loadings plot b) are the detected 
compounds marked with their compound numbers as in Table 13. 

The loadings plot in Figure 17 (b) shows how compounds 7 and 10 (1-pentanol and butyl 
acetate, respectively) correlate with the measurements M1-M3 and S1-S7. In both cases 
there is no microbe growth or the metabolic action of the microbes is still low. The rest of 
the compounds were affected more strongly by the separation of the chemical profiles of 
the chambers S and M headspaces during the incubation. This is expected, since the 
variables were the detected MVOCs and there were differences between the chemical 
profiles of chamber M and S headspaces. It can be concluded that starting from the fourth 
sampling on the 11th incubation day, the changes in the compounds and their concentrations 
in the headspace of chamber M resulted in differentiation of the chemical profiles of 
chambers S and M. 
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4.2 Direct detection of analytes from solid samples (III) 

Ambient MS is a tool for fast screening of analytes directly from surfaces. However, 
background impurities and other interfering agents may complicate the spectra and therefore 
fast separation techniques are often needed before MS detection. In Publication III, ambient 
ionization techniques DAPPI and DART were coupled with TWIM-MS in desorption 
atmospheric pressure photoionization- and direct analysis in real time-travelling wave ion 
mobility-mass spectrometry (DAPPI- and DART-TWIM-MS respectively). The IM 
separation was applied as a pre-separation technique before the MS detection to reduce the 
chemical noise in the mass spectra. A comparative study of DAPPI and DART ionization 
techniques was also performed. 

4.2.1 Comparison of DART and DAPPI ionization techniques 

Comparison of DAPPI and DART ionization techniques was performed by desorption 
atmospheric pressure photoionization-mass spectrometry (DAPPI-MS) and direct analysis 
in real time-mass spectrometry (DART-MS) with five selected compounds, which included 
both polar and non-polar compounds with a capability to desorb thermally. Compounds 
were: bisphenol A (BPA), benzo[a]pyrene (B[a]P), cortisol, ranitidine, and α-tocopherol. 
The sampling of standard solutions of selected compounds was done from sample plates 
covered with Teflon film (DAPPI) or from glass rods injected with sample (DART). The 
sample volume was 1 μL for both DAPPI and DART. The studied analyte concentrations 
were 1, 10, and 100 μM. The detected base peaks and the estimated limits of detection 
(LOD) for each analyte are presented in Table 14. The estimated LODs were extrapolated 
from the lowest experimentally detected concentration for the base peak of each compound.  

Table 14. The ions observed with desorption atmospheric photoionization (DAPPI) and direct 
analysis in real time (DART), the estimated limits of detection (LOD), the relative standard 
deviation (RSD %, n = 3) and DART:DAPPI LOD ratio. 

Compounds Base peak (m/z) Estimated LOD [fmol] 
and RSD (%) 

LOD ratio 

 DAPPI DART DAPPI DART DART:DAPPI 
Bisphenol A [M−CH3]+• (213) [M−CH3]+• (213) 90 (8) 8200 (26) 91 
Benzo[a]pyrene M+• (252) [M+H]+ (253) 30 (9) 330 (11) 11 
Ranitidine [M−C8H12ON]+ (176) [M−C8H12ON]+ (176) 290 (33) 2500 (11) 9 
Cortisol [M−COCH2OH]+• (303) [M−COCH2OH]+• (303) 150 (14) 920 (37) 6 
α-Tocopherol M+• (430) [M−H]+ (429) 190 (28) 3200 (19) 17 

 
The most intense peaks with both DAPPI and DART for BPA, cortisol, and ranitidine 

were the same. For BPA, the main ion was at m/z 213 ([M−CH3]+•),[227] for ranitidine at m/z 
176 (fragment type [M−C8H12ON]+),[228] and for cortisol at m/z 303 (which is probably the 
cleavage of from M+•).[229] For cortisol and ranitidine, the second-most abundant peak was 
the [M+H]+ ion with both DAPPI and DART. Cortisol and ranitidine showed several 
fragment ions with both techniques. The masses of the ions and the intensity ratios were 
similar. With DAPPI, B[a]P was ionized through charge exchange and detected as M+• ion 
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at m/z 252. With DART, the main peak of B[a]P was the [M+H]+ ion at m/z 253, in addition, 
the M+• ion of B[a]P, with an intensity of approximately 15 % of the intensity of [M+H]+, 
was detected. The M+• was thought to have generated through Penning ionization by the He 
metastables. With both techniques, small amounts of oxidation products were observed with 
B[a]P. With DAPPI, α-tocopherol was detected as an abundant M+• ion at m/z 430, and as a 
[M−H]+ ion at m/z 429. With DART, the main peak of α-tocopherol was the [M−H]+ ion at 
m/z 429. α-Tocopherol oxidation products were also detected with both techniques. 

DAPPI and DART could both ionize all the selected compounds. The LODs were 
between 30−290 and 330−8200 fmol for DAPPI and DART, respectively (Table 14). The 
LOD ratio of DART and DAPPI shows clearly, that from 6 to 91 times higher sample 
concentration was needed with DART than with DAPPI to reach the LODs of the analytes. 

4.2.2 Direct surface analysis using DAPPI- and DART-TWIM-MS 

DAPPI and DART were both applied to the direct surface analysis of authentic solid 
samples. IM separation was utilized as a pre-separation technique before MS to enhance the 
selectivity of the analysis. 

4.2.2.1 The analysis of dried chloroquine-spiked blood spots 

The feasibilities of DAPPI- and DART-MS in the rapid and direct analysis of chloroquine 
from dried blood spots on filter paper were investigated here. With both methods, 
chloroquine was detected as the [M+H]+ ion at m/z 320. (Figure 18 a and b). With DAPPI, 
also a typical [M−C4H11N]+ fragment of chloroquine at m/z 247 was observed. DAPPI 
showed eight times higher [M+H]+ ion intensity and 14 times higher S/N for chloroquine 
than DART. In order to clean up the DART mass spectrum from interfering agents and to 
improve the S/N, TWIM separation was applied with DART-MS. The advantage of this 
extra dimension is shown in Figures 18 (c-f). Figures 18 (c) and 18 (d) present the total IM 
spectrum (= an IM spectrum with all the detected ions) of all the ions produced by DART 
from the dried blood spot sample, and the combined mass spectrum from the total IM data, 
respectively. The chloroquine ion at m/z 320 is not clearly observed in the combined mass 
spectrum in Figure 18 (d). However, Figure 18 (e) shows the single IM spectrum, which is 
an extracted IM spectrum of a specific ion, of the ion at m/z 320 with a peak at drift time 
3.9 ms. The mass spectrum of this peak in Figure 18 (f) clearly shows higher relative 
abundance and better S/N for the chloroquine [M+H]+ ion at m/z 320 compared to Figure 
18 (b). 
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Figure 18. a) DAPPI-MS, b) DART-MS, and c-f) DART-TWIM-MS analysis of a dried blood 
spot spiked with chloroquine (detected as the [M+H]+ ion at m/z 320). c) DART-TWIM-MS total 
IM spectrum of the dried blood spot, d) combined mass spectrum from the total IM data in c), e) 
single IM spectrum of [M+H]+ ion of chloroquine at m/z 320, f) combined mass spectrum from the 
IM data in e). The ion at m/z 149 is background. 

4.2.2.2 Analysis of almond surface by DART- and DAPPI-TWIM-MS 

TWIM separation was applied with rapid ambient MS techniques DAPPI and DART in the 
analysis of α-tocopherol from the almond surface. Figure 19 (a) and 19 (b) show the total 
IM spectrum, and the combined mass spectrum from the total IM data of all the ions 
produced, respectively, in almond surface experiments by positive mode DAPPI. Figures 
19 (c) and 19 (d) show the corresponding data for DART. α-Tocopherol was detected as 
M+• at m/z 430 with both techniques. With DART, the intensity of [M−H]+ at m/z 429 was 
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approximately 75 % of the main peak intensity and the typical fragment of α-tocopherol at 
m/z 165 was observed as well. As described previously, a higher α-tocopherol intensity was 
achieved with DAPPI than with DART. This was also observed in the almond surface 
analysis with clearly higher abundance of M+• ion at m/z 430 achieved with DAPPI than 
with DART. Similarly, oxidation products of α-tocopherol were observed with both 
techniques. 

 

Figure 19. DAPPI- and DART-TWIM-MS of almond surface: a) DAPPI-TWIM-MS total IM 
spectrum, b) combined mass spectrum from the total IM data in a), c) DART-TWIM-MS total IM 
spectrum, d) combined mass spectrum from the total IM data in c) (Ox. corresponds to oxidation 
products at m/z 445, 447 and 462), e) single DAPPI-IM spectrum of M+• ion of -tocopherol at m/z 
430, f) combined mass spectrum from the IM data in e), g) single DART-IM spectrum of the M+• 
ion of -tocopherol at m/z 430, h) combined mass spectrum from the IM data in g). 
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Figures 19 (e) and (f) show the single IM spectrum of the M+• ion at m/z 430 and the 
combined mass spectrum of the single IM data, respectively, obtained with DAPPI. Figures 
19 (g) and (h) show the corresponding data for DART. With both techniques α-tocopherol 
M+• ion at m/z 430 was observed in drift time 6.1 ms. The IM separation reduced the 
chemical noise in the mass spectra and the improvement was notable especially with DART. 
For DART, the S/N was for α-tocopherol M+• ion 27 times higher in the mobility-filtered 
spectral data than in mass spectrum acquired with MS alone (Figures 19 d and 19 h).  

4.2.2.3 DAPPI-TWIM-MS of vitamin products and pharmaceuticals 

Ambient MS analysis is an effective tool for the rapid screening of active ingredients in 
pharmaceutical formulations.[26,29,230] However, sample matrices can be complex and 
compounds can interfere with the ionization or the identification of the chemicals of interest. 
Utilization of IM separation before MS with ambient techniques has proven to reduce the 
chemical noise in the mass spectrum and to increase the S/N of compounds of interest. Here, 
the applicability of TWIMS as a fast gas-phase separation technique with DAPPI-MS was 
studied more in the analysis of authentic multivitamin and pharmaceutical tablets.  

First a scratched multivitamin tablet surface was analysed by DAPPI-TWIM-MS. Six 
out of thirteen vitamins, and caffeine, were detected in the product. Figures 20 (a) and 20 
(b) show the total IM spectrum and the combined mass spectrum from the total IM data, 
respectively, obtained with DAPPI. The combined mass spectrum (Figure 20 b) shows 
several high intensity peaks which include: nicotinamide (vitamin B3) [M+H]+ ion at m/z 
123; pyridoxine (vitamin B6) [M+H]+ ion and dehydration products at m/z 170, 152, and 
134 respectively; caffeine [M+H]+ ion at m/z 195; and α-tocopherol (vitamin E) M+• ion at 
m/z 430. α-Tocopherol oxidation product and α-tocopheryl acetate at m/z 446 and 472, 
respectively, are also observed.  

Three other vitamins with low intensities were also observed. The single ion IM spectra 
of biotin, thiamine, and cholecalciferol are presented in Figures 20 (c), 20 (e), and 20 (g), 
respectively. The corresponding combined mass spectra are presented in Figures 20 (d), 20 
(f), and 20 (h). Biotin (vitamin B7) was detected as [M+H]+ ion at m/z 245, thiamine (vitamin 
B1) as M+ at m/z 265, and cholecalciferol (vitamin D3) as M+• at m/z 384. It can be seen, that 
the S/N of each of these ions has significantly increased: for example, cholecalciferol S/N 
was seven times higher when IM separation was used compared to the case when the mass 
spectrometric analysis was performed alone. The cholecalciferol M+• mass spectrum is 
shown in Figure 20 (h) in the insert showing an enlargement from the mass range of m/z 
370−400. The α-tocopherol concentration was 1500 times higher in the vitamin product than 
the cholecalciferol concentration, which explains why the intensity of the cholecalciferol 
peak is low compared to α-tocopherol.  

Detected compounds desorbed thermally and were detectable on positive ion mode, but 
some vitamins reported in the vitamin product were not detected under the experimental 
conditions of the current study. Reason for this may be for example the acidity (ascorbic 
acid, folic acid), photodegrability (retinol, β-carotene) or high molecular weight 
(cyanocobalamin) of the compound. Negative mode MS and/or solvent modification could 
probably facilitate the detection of these compounds. 
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Figure 20. DAPPI-TWIM-MS analysis of the scratched surface of a multivitamin tablet: a) total 
IM spectrum; b) combined mass spectrum from the total IM data, where the ion at m/z 123 is 
[M+H]+ of nicotinamide, 170 is [M+H]+ of pyridoxine, 195 is [M+H]+ of caffeine, 430 is M+• of -
tocopherol, and 472 is [M+H]+ of -tocopheryl acetate; c) single IM spectrum for biotin [M+H]+ 
at m/z 245; d) combined mass spectrum from the IM data in c); e) single IM spectrum for the 
thiamine M+• ion at m/z 265 (and for thiamine fragment ion at m/z 144 with dashed line); f) 
combined mass spectrum from the IM data in e); g) single IM spectrum for the cholecalciferol M+• 
at m/z 384; and h) combined mass spectrum from the IM data in g) (the insert shows an 
enlargement of the mass spectrum from mass range m/z 370−400). The TWIMS wave velocity 
was 530 m/s and the wave height was 35 V. 
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DAPPI-TWIM-MS was applied to analysis of genuine emergency contraceptive tablets 
containing levonorgestrel, and falsified tablets sold as genuine. Figures 21 shows the total 
IM spectrum (a) and its combined mass spectrum for the genuine tablet (b). Levonorgestrel 
can be observed with high intensity as [M+H]+ ion at m/z 313 (Figure 21 b). Figure 21 (c) 
shows the IM spectrum of the levonorgestrel [M+H]+ ion with a drift time of 7.9 ms 
represented by the high intensity peak in the total IM spectrum (Figure 21 a). The mass 
spectrum corresponding to the single ion IM spectrum in Figure 21 (c) is presented in Figure 
21 (d), showing the clear peak of the levonorgestrel [M+H]+ ion at m/z 313. The mobility 
separation removed the whole background from the mass spectrum, allowing the detection 
of the target compound with increased selectivity.  

 

Figure 21. DAPPI-TWIM-MS analysis from the surface of authentic and potentially falsified 
levonorgestrel tablets: a) total IM spectrum from the authentic tablet; b) combined mass spectrum 
from the total IM data in a); c) single IM spectrum of the [M+H]+ of levonorgestrel at m/z 313 
detected from the authentic tablet; d) combined mass spectrum from the IM data in c); e) total IM 
spectrum from a potentially falsified tablet; f) combined mass spectrum from the total IM data in 
e); g) single IM spectrum of the [M+H]+ ion of sulfamethoxazole at m/z 254 detected from the 
falsified tablet; h) combined mass spectrum from the IM data in g). The TWIMS wave velocity 
was 600 m/s and wave height 24 V. 
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The total IM spectrum and the combined mass spectrum of the total IM spectrum of the 
falsified tablet are presented in Figure 21 (e) and (f) respectively. No levonorgestrel was 
found from the unknown tablet by DAPPI-TWIM-MS. Instead, the main ingredient was 
detected at a drift time 5.5 ms and at m/z 254, as shown in the single IM spectrum of the ion 
at m/z 254 and the corresponding mass spectrum in Figures 21 (g) and 21 (h), respectively. 
The ion at m/z 254 was identified as the [M+H]+ ion of the antibiotic sulfamethoxazole with 
typical fragments at m/z 156 and 108. Identification of the active ingredient in the suspect 
formulation was previously reported by Monge et al.[35]  

4.3 Experimental and theoretical studies of reactions of phenol 
and fluorinated phenols with Cl− in the gas phase (IV) 

In Publication IV, a comprehensive experimental and theoretical investigation was pursued 
to determine the identities and thermochemical details of the phenol, and fluorinated-
phenols, reactions with Cl− and the identities of the dimer ions, especially the PFP dimer. 
In an earlier DT-IMS study, pentafluorophenol (PFP) dimer was identified as the 
[2PFP+Cl]− in experimental temperatures above 150 °C and ambient pressure.[216] This 
identification was probably not correct. The argument is supported by work related to 
thermal dissociation of proton-bound dimers[46,51] and Cl− adducts of nitrate and nitrite 
esters.[48,49] In Publication IV, GC-IM-MS and collision-induced dissociation (CID) 
experiments, and theoretical calculations were applied to identify the reaction products of 
phenol, fluorinated phenols, and Cl− observed in DT-IMS. 

4.3.1 The identification of reaction products by GC-IM-MS 

GC-IM-MS experiments were performed to identify the product ions in the reactions of 
phenol (P), 2,4-difluorophenol, 2,3,6-trifluorophenol (TFP), and PFP with Cl− in 
atmospheric pressure. Cl− reactant ions were formed in dissociative electron capture 
reaction as presented previously (Table 2, Reaction 6). The separate mass spectra for P, 
DFP, TFP, and PFP were collected in drift tube temperatures of 70 and 140 °C. The drift 
field was 250 V cm−1. The formed ions were monitored as a function of sample 
concentration. Concentrations were not determined exactly, but as monitored intensity 
changes. When the samples eluted from the GC, the ion intensities were determined across 
the chromatogram data points of the sample peaks. The GC peak maximum corresponded 
to the high and the tail to the low sample concentration.  

The stable Cl− adducts [M+Cl]− in the gas may be produced, when energetic [M+Cl]−* 
ions are formed in collisions between sample molecules (M) and reactant ions (Cl−), and 
stabilized through a collision with ambient molecules (G) (Equation 4). The adduct 
formation depends on the ΔacidG° of the molecule. If the molecule is very acidic, a 
deprotonation reaction (Equation 5) may happen. 

(4)  
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(5)  

In high sample concentration, the adduct formation may lead to formation of a dimer 
adduct [2M+Cl]− or the deprotonated dimer [2M−H]− as shown in Equations 6 and 7 
respectively.  

(6)  

(7)  

In the GC-IM-MS experiments, [M−H]−, [M+Cl]−, [2M−H]−, and [2M+Cl]− were 
detected for all the phenols. The relative intensities of the detected ions varied according to 
the number of F substituents, i.e. the ΔacidG°, and the sample concentration. In addition, in 
high concentration conditions some trimeric ions were observed with low intensities. 
[3M−H]− and [3M+Cl]− were detected for both P and DFP and [3M−H]− was detected for 
TFP.  

Figure 22 shows the mass spectra of P and DFP at high and low concentrations at 70 °C. 
At high concentrations, the main ion for P (Figure 22 a) and DFP (Figure 22 c) was the 
[2M+Cl]−. The [M+Cl]− intensity was approximately half for P, and one third for DFP of 
the [2M+Cl]− intensity. The [M−H]− and [2M−H]− of P and DFP were detected only from 
the high concentration samples. Their intensities were negligible with both P and DFP, and 
they may have originated from the dissociation of the [2M+Cl]− in the IM-MS interface. In 
low sample concentration, the main ion for both P and DFP was [M+Cl]− as shown in 
Figures 22 (b) and 22 (d), respectively. The [2M+Cl]− intensity was low, and both [M−H]− 
and [2M−H]− were absent for both P and DFP at low sample concentrations.  
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Figure 22. GC-IM-MS mass spectra obtained from the reactions of Cl− with P at a) high and b) 
low concentrations and DFP at c) high and d) low concentrations at 70 °C and 1 atm pressure. 

Figure 23 shows the mass spectra of TFP and PFP in high and low concentration 
conditions at 70 °C. At high concentrations, the main ion of TFP (Figure 23 a) and PFP 
(Figure 23 c) was the deprotonated dimer [2M−H]−. The [M−H]− intensity was 
approximately half of the [2M−H]− intensity for TFP, and one third for PFP. The [M+Cl]− 
intensity was negligible for both TFP and PFP. The [2M+Cl]− intensity was negligible for 
TFP, and for PFP the [2M+Cl]− ion was not detected. At low sample concentrations, the 
main ion of TFP was the [M+Cl]− (Figure 23 b), and the [M−H]− intensity was 
approximately half of the [M+Cl]− intensity. Both dimers, [2M+Cl]− and the [2M−H]−, were 
absent. The main ion of PFP at low concentration (Figure 23 d) was the [M−H]− and the 
[M+Cl]− was present at almost the same intensity as the [M−H]−. For PFP, the [2M−H]− 
was also present with minor intensity, but the [2M+Cl]− was absent. 
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Figure 23. GC-IM-MS mass spectra obtained from the reactions of Cl−and TFP at a) high and b) 
low concentrations and PFP at high c) and low d) concentrations at 70 °C and 1 atm pressure. 

The same main ions for each phenol were observed in drift tubes at 140 °C, as seen at 
70 °C but with much lower intensities. For P and DFP, the main ions were [2M+Cl]− at high 
and [M+Cl]− at low concentrations. The [2M−H]− dominated the TFP and PFP spectra at 
high concentrations and [M−H]− at low concentrations. The [M+Cl]− intensity was much 
lower at 140 °C compared to 70 °C.  

Overall, the number of F substituents impacts the form of the monomer and dimer ions. 
For phenol and DFP the Cl− adducts [M+Cl]− and [2M+Cl]− were the major products in both 
low and high sample concentrations and the intensities of the deprotonated species were 
negligible. For the highly fluorinated phenols TFP and PFP, the deprotonated species 
[M−H]− and [2M−H]− were the main products at high concentrations. At low 
concentrations, the [M−H]− and [M+Cl]− were the main products. 
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4.3.2 Stabilities of the reaction products of phenols and Cl− 

The stabilities of the product ions in the reactions of phenols and Cl− were studied with CID 
experiments (product ion, precursor ion, and neutral loss scans) performed for [M+Cl]−, 
[M−H]−, [2M+Cl]−, and [2M−H]− of P, PFP, and 2-fluorophenol (FP) with the used triple 
quadrupole MS. The collision energy range 5.0−25.0 eV was adjusted from the MS 
software. The main focus was to investigate the dissociation of [2M+Cl]− ions. Cl− ions 
were produced from CCl4 by dissociative electron capture, as shown in Table 2, Reaction 
8. For this reaction, the electrons were produced by photoionization of toluene dopant (Table 
3, Reaction 1).  

The precursor ion and neutral loss scans of all the studied phenols showed that the 
[2M−H]− was produced from [2M+Cl]− via loss of HCl (Equation 8). The product ion scan 
showed that the only product ion of [2M−H]− was [M−H]− (Equation 9). 

(8) +HCl 

(9)  

The product ion scan of [PFP+Cl]− gave [PFP−H]− as the main ion (Equation 10). When 
the collision energy was increased, a trace of Cl− could be observed in the mass spectrum 
with low intensity (Equation 11). Product ion studies showed that for [P+Cl]− and [FP+Cl]− 
Cl− was the main product ion, and a trace amount of [M−H]− was observed only in high 
collision energies. 

(10)  

(11)  

Dissociation of [2M+Cl]− at a range of collision energies was studied in more detail. 
This was done because of the variety of the possible product ions ([2M−H]−, [M−H]−, 
[M+Cl]− and Cl−), and the uncertainty in the PFP dimer identification in earlier IMS 
studies.[216] High sample concentrations were needed to obtain sufficiently high [2M+Cl]− 
signals. In addition, the collision energy with the used MS instrument was limited to 5.0 eV, 
which leads to centre of mass collision energies (ECOM) of, for example, 0.32 eV and 0.56 
eV for [2PFP+Cl]− and [P+Cl]−, respectively, when nitrogen is used as a collision gas. ECOM 
describes the amount of kinetic energy of the ion that is available for conversion to internal 
energy. ECOM is presented in Equation 12, where in our calculations, the Elab was the used 
collision energy reported by the MS software, not the actual values measured from the 
output of the instrument. In Equation 12, mg is the mass of collision gas molecule, and mp 
the mass of the parent ion. The limitation in the lowest available instrumental collision 
energy, together with low ion intensity, lead to problems in the determination of the product 
ion intensities in very low collision energies, and made interpretation of the spectra in some 
cases difficult.  
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(12)  

[2M+Cl]− product ions as a function of ECOM are presented in Figure 24 (a-c) for P, FP, 
and PFP, respectively. The graphs are fittings of the experimental data points. Figure 24 (c) 
shows clearly that if the collision energy is extrapolated to zero, the main product ion of 
[2PFP+Cl]− dissociation is [2PFP−H]− (Equation 8). It can also be extrapolated that at 
approximately 0.25 ECOM, the [PFP+Cl]− and the [PFP−H]− appeared. In high collision 
energy conditions, [PFP−H]− was the only product ion formed from the dissociation of the 
[2PFP−H]− and [PFP+Cl]−.  

 

Figure 24. Normalized intensities of the obtained product ions for a) [2P+Cl]−, b) [2FP+Cl]−, and 
c) [2PFP+Cl]− in the CID experiments as a function of ECOM.  
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The [2P+Cl]− dissociation products as a function of ECOM are presented in Figure 24 (a). 
The product ions at low energies are difficult to determine, but extrapolation to zero energy 
suggests, that the [P+Cl]− would be the main product ion. When energy is increased, the 
[2P−H]− and Cl− ions appear. The [2P−H]− and [P+Cl]− ion intensities dropped to minimum 
at approximately ECOM 2.0. With high collision energies, the main reaction product was 
clearly Cl−. 

The [2FP+Cl]− dissociation pattern is the most difficult to interpret (Figure 24 b). 
Extrapolation of the ECOM to zero would suggest that [FP+Cl]− is the first dissociation 
product at low collision energies. When the energy is increased, [2FP−H]− becomes 
dominant. The Cl− intensity remains almost constant over the whole energy range. The 
reason for this is unknown. 

4.3.3 Theoretical calculations for explanation of the reaction products 

Density functional theory (DFT) calculations of ion structures and the enthalpies of 
formations were made to assist in the interpretation of the results. The calculations were 
performed with Gaussian 03W suite of programs.[231] The structures were determined for 
the phenols P, FP, DFP, TFP, and PFP, and their M, [M−H]‾, [M+Cl]‾, [2M−H]‾, and 
[2M+Cl]‾ ions. The enthalpies were determined for a temperature of 298 K. 

4.3.3.1 Ion structures 

Figure 25 presents the structures and important bond lengths and angles for P as an example. 
The computed bond lengths and angles for all the phenols are presented in Tables 15-19. 
Note that there are two structures for [2M+Cl]‾, labeled [2M+Cl]‾(A) and [2M+Cl]‾(B). In 
Figure 25 and Tables 17-19 the aromatic rings of the dimer ions [2M−H]‾, [2M+Cl]‾(A) 
and [2M+Cl]‾(B) are designated a and b, where a denotes the ring with the stronger, i.e. 
shorter, O─H bond. A short description of the computed structures of M, [M+Cl]−, [M−H]−, 
[2M−H]−, and [2M+Cl]− is given here. 
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Figure 25. The structures relevant to the reaction between P and Cl− obtained from the DFT 
calculations using B3LYP hybrid functional and the 6-311+G(d,p) basis set. Colors are grey = C, 
white = H, red = O, and green = Cl. 



55 
 

The ground state structures (M) of all the neutral phenols are planar. In the fluorinated 
phenols, the hydroxyl group is oriented towards the ortho-F. The details of the pertinent 
bonds and angles are presented in Table 15. The calculated natural bond orbital (NBO) 
charges in Table 15 show that, except for P, there is little change in the NBO charges with 
different numbers of fluorine substituents. 

Table 15. The selected computed parameters for M and [M−H]−, bond lengths in Å and angles 
in degrees. 

M [M−H]− 
M C-O O-H > C-O-H qO

a qH
a C-O qO

a 
P 1.370 0.963 109.8 −0.677 0.469 1.269 −0.787 
FP 1.362 0.965 109.2 −0.669 0.488 1.264 −0.768 

DFP 1.362 0.965 109.3 −0.668 0.488 1.265 −0.774 
TFP 1.353 0.966 109.4 −0.648 0.486 1.257 −0.738 
PFP 1.352 0.966 109.6 −0.645 0.489 1.236 −0.733 

a Natural bond orbital (NBO) charges. 
 
All the deprotonated ([M−H]−) phenols are planar and have C−O bond lengths that 

decrease from 1.269 Å in [P−H]‾ to 1.236 Å in [PFP−H]‾ as the electron withdrawal by F 
increases (Table 15). 

The attachment of Cl‾ at the hydrogen of the hydroxyl group, of each of the phenol to 
form [M+Cl]‾, gave the lowest energy structure. Relevant structural distances and angles 
are listed in Table 16. 

Table 16. Selected computed parameters for [M+Cl]−, bond lengths in Å and angles in degrees. 

M C-O O-H H-Cl < C-O-H < O-H-Cl < RO→Cla 
P 1.339 1.010 1.994 112.3 180.0 0 
FP 1.333 1.014 1.968 111.7 178.8 0 

DFP 1.334 1.015 1.961 111.4 177.7 0 
TFP 1.318 1.046 1.848 116.6 168.9 35 
PFP 1.318 1.057 1.809 115.3 172.2 45 

a Angle between the ring plane and the O→Cl vector. 
 
The structure of [2M−H]‾ of each phenol is a proton-bound dimer of two oxygen-base 

molecules RO─H···OR. In the structure the O─H and O···H distances differ by 
approximately 0.3 Å (Table 17). When there are F substituents, the O−H bond distance 
increases approximately by 0.005 Å from FP to PFP with each additional F substituent. 
Simultaneously, the longer H···O bond decreases approximately by 0.012 Å from FP to PFP 
with each additional F substituent. For the maximum hydrogen bond strength, the optimal 
O─H···O angle would be 180°.[232] This is almost attained with P at 177°, FP at 176°, and 
DFP at 175°, but for TFP and PFP the angle is at 168°. This difference is reflected in the 
angle between the planes of the aromatic rings which are 66° for P, 174° for FP, 171° for 
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DFP, and 68° for both TFP and PFP (Table 17). The reason for the greatly different angles 
for the phenols with two o-F substituents, TFP and PFP, is the minimization of interactions 
between F substituents in the two rings. 

Table 17. Selected computed parameters for [2M−H]−, bond lengths in Å and angles in degrees. 

M Ca-Oa Cb-Ob Oa-H Ob-H <(Oa-H-Ob) <a-ba 
P 1.329 1.298 1.066 1.418 176.8 166 
FP 1.324 1.293 1.064 1.416 175.9 174 

DFP 1.326 1.295 1.064 1.415 175.1 171 
TFP 1.309 1.284 1.087 1.366 167.5 68 
PFP 1.309 1.285 1.089 1.357 168.2 68 

a Angle between the planes of the a and b aromatic rings. 
 
As illustrated in Figure 25 for P, there are two stable forms of the chloride-bound dimer, 

[2M+Cl]‾(A) and [2M+Cl]‾(B). A transition state barrier between the two forms is 26 kJ 
mol-1 and it is approximately the same for each phenol. The aromatic rings of both structures 
are labelled as a and b. The bond lengths and angles of [2M+Cl]‾(A) and [2M+Cl]‾(B) for 
all the phenols are presented in Tables 18 and 19 respectively. [2M+Cl]‾(A) has a structure 
of a chloride-bound homogeneous dimer with two OH···Cl‾···HO hydrogen bonds with 
almost equal length (see Figure 25 and Table 18). [2M+Cl]‾(B) complex is a phenoxide 
hydrogen-bonded to both phenol and HCl (see Figure 25 and Table 19). As is with [2M−H]−, 
the number of F substituents has a great effect on the bond lengths and angles between the 
two aromatic rings in the dimer structure as can be seen from Tables 18 and 19. 

Table 18. Selected computed parameters for [2M+Cl]−(A), bond distances in Å, angles in 
degrees. 

M Ca-Oa Cb-Ob Oa-Ha Ob-Hb Ha-Cl Hb-Cl < (Oa-Ha-Cl) < (Ob-Hb-Cl) < (Ha-Cl-Hb) < a-ba 

P 1.343 1.346 0.996 0.991 2.089 2.093 178.2 179.5 152.5 177.0 

FP 1.340 1.340 0.996 0.996 2.064 2.064 177.9 177.9 124.0 111.0 

DFP 1.341 1.341 0.996 0.996 2.061 2.063 176.7 176.8 127.4 116.0 

TFP 1.324 1.324 1.014 1.014 1.976 1.974 165.4 165.5 107.2 67.0 

PFP 1.323 1.323 1.017 1.017 1.946 1.951 167.3 166.0 109.2 90.0 
a Angle between the ring planes. 
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Table 19. Selected computed parameters for [2M+Cl]−(B), bond distances in Å, angles in 
degrees. 

M Ca-Oa Cb-Ob Oa-Ha Ob-Hb Hb-Cl Ob-Ha < (Oa-Ha-Ob) < (Ob-Hb-Cl) < a-ba 
P 1.355 1.350 0.983 1.025 1.901 1.771 173.1 175.6 175 
FP 1.348 1.345 0.980 1.028 1.892 1.833 176.9 177.3 162 
DFP 1.349 1.347 0.980 1.029 1.884 1.822 176.4 177.2 156 
TFP 1.331 1.331 0.995 1.096 1.716 1.692 162.3 175.2 95 
PFP 1.326 1.329 1.002 1.142 1.637 1.636 168.6 176.6 89 

a Angle between the ring planes. 

 

4.3.3.2 Enthalpy levels 

ΔacidG°s of the phenols and HCl were calculated and compared with the available 
experimental literature values. ΔacidG°s are presented in Figure 26 (a) and in Table 20 with 
the experimental results that are available.[94] The experimental ΔacidG° values are 
approximately 10 to 20 kJ mol−1 higher than the computed values.  

Both sets in Figure 26 (a) show an average increase in the acidity, i.e. the decrease in 
the ΔacidG° enthalpy value, of approximately 20 kJ mol−1 for each additional fluorine 
substituent. The computed ΔacidG° of HCl, 1378 kJ mol−1 (broken line in Figure 26 a), is 
also lower than the experimental value of 1395 kJ mol−1.[94] The difference of 17 kJ mol−1 
is about the same as for the neutral phenols. This indicates, that the computed reaction 
enthalpies probably deviate from experimental values approximately the same amount as 
the computed and experimental ΔacidG°s. PFP is the only phenol with a computed ΔacidG° 
less than that of HCl, although the ΔacidG° of TFP, for which there is no available 
experimental value, is only 8 kJ mol−1 larger than that of HCl.  
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Figure 26. (a) Comparison of the computed and experimental ΔacidG°s and (b) and (c) the 
calculated enthalpies for the formation of products from the reaction of phenols with Cl− as 
functions of the number of F substituents. 

The reaction enthalpies for the formation of [M+Cl]‾, [M−H]‾, [2M−H]‾, [2M+Cl]‾(A), 
and [2M+Cl]‾(B) at 298 K are listed in Table 20 and plotted in Figures 26 (b) and 26 (c) as 
functions of the number of fluorine substituents. The reaction enthalpies for the formation 
of the products decrease approximately linearly with the increasing number of fluorine 
substituents. 
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Table 20. ΔacidG°s of studied phenols (M) and the enthalpies (kJ mol−1) of the product 
formations in the reactions of Cl− with phenols at 298 K.  

M ΔacidG° M + Cl‾→ 
[M+Cl]‾ 

M + Cl‾ → 
[M−H]‾+ HCl 

M + [M+Cl]‾→ 
[2M+Cl]‾(A) 

M + [M+Cl]‾ → 
[2M+Cl]‾(B) 

M + [M+Cl]‾ →  
[2M−H]‾ + HCl 

P 1451 (1462)a −97 73 −67 −56 58 
FP 1437 (1446)a −98 59 −64 −49 50 
DFP 1424 −109 46 −72 −57 39 
TFP 1387 −101 9 −70 −53 6 
PFP 1354 (1372)a −124 −24 −79 −66 −15 

a The available experimental values in brackets.[94]  
 
As shown already in Figures 22 and 23, the [M+Cl]− can be formed with all the studied 

phenols and the collision stabilization reaction (Equation 4) can compete with the 
deprotonation reaction (Equation 5). The reaction enthalpy for formation of [M+Cl]‾ 
decreases linearly from −97 kJ mol−1 for P to −124 kJ mol−1 for PFP. The decrease is 
approximately 5.0 kJ mol−1 for each additional F substituent. For [M−H]− formation, the 
computed enthalpy decrease for each additional fluorine substituent is much greater, ca. 17 
kJ mol−1. This suggests, that the [M−H]− formation depends much more on the ΔacidG° than 
does the [M+Cl]− formation. In case of P, 2FP, and DFP, the absolute values of the reaction 
enthalpies of [M−H]− and [2M−H]− formation are positive, which explains why these ions 
are not observed in the spectra in thermal conditions. Only the [PFP−H]− and [2PFP−H]− 
formations are exothermic reactions. For TFP, the corresponding values are only slightly 
endothermic. Therefore, the observation of [M−H]− and [2M−H]− ions in the TFP and PFP 
mass spectra can be expected.  

The enthalpies of the [2M+Cl]− formation decrease, with the increasing number of F 
substituents, from −64 to −79 kJ mol−1 and from −49 to −66 kJ mol−1 for the [2M+Cl]‾(A) 
and [2M+Cl]‾(B) respectively. The corresponding values for [2M−H]‾ formation are from 
50 to −15 kJ mol−1, which is much larger change than in the [2M+Cl]− formation. The 
enthalpy of [2M+Cl]− formation is strongly negative for all the phenols. Yet the [2PFP+Cl]− 
ion was negligible or absent in the mass spectra (Figures 23 c and 23 d). The same 
observation was made with TFP as well, which may be due to the dissociation of the 
[2M+Cl]− in the IM-MS interface. 

The enthalpy changes for P and PFP constitute the extremes of the values for the 
different phenols. The reaction enthalpy levels, determined from the computed values 
presented in Table 20 for P and PFP at 298 K, are presented in Figure 27 as an example. 
The inset in Figure 27 shows the small transition state barrier between [2M+Cl]−(A) and 
[2M+Cl]−(B) with height of 26 kJ mol−1 between [2PFP+Cl]‾(A) and [2PFP+Cl]‾(B). This 
value was the same for all the phenols. The dissociation starts probably from [2M+Cl]−(A) 
and goes through the transition state. 

For [2P+Cl]−(A), the reaction that requires the least energy, 67 kJ mol−1, is the [P+Cl]− 
formation. The requirement for the loss of HCl is 125 kJ mol−1 and finally, 164 kJ mol−1 is 
needed for the Cl− product ion formation. For [2PFP+Cl]−(A), the dissociation product ion 
that has the lowest energy requirement, 64 kJ mol−1, is [2PFP−H]−. A total of 79 kJ mol−1 is 
required for [M+Cl]− formation and an additional 100 kJ mol−1 is required for the [PFP−H]− 
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formation. These enthalpy levels are consistent with the sequence obtained in the CID 
experiments. The observed product ions with increasing collision energy are [P+Cl]‾ < 
[2P−H]‾ < Cl‾ and [2PFP−H]‾ < [PFP+Cl]‾ < [PFP−H]‾ as presented in Figures 24 (a) and 
24 (c) for P and PFP respectively. 

 

Figure 27. The relative enthalpy levels for the reactions of P and PFP with Cl‾ obtained from 
DFT calculations using B3LYP hybrid functional and the 6-311+G(d,p) basis set. The inset 
illustrates the energy barrier between the two forms of the chloride dimer adduct of PFP. 

In conclusion, the ΔacidG° of the studied phenol has a large effect on the reaction products 
in the gas phase reaction between the phenol and Cl‾ at ambient pressure. The [M+Cl]− 
formation was possible with all the studied phenols. The higher the ΔacidG° of the phenol, 
the more likely was the competitive deprotonation reaction to happen, yielding to [M−H]− 
and HCl products in low sample concentrations. In high sample concentrations, the further 
association of M with [M−H]‾ or [M+Cl]‾ leads to formation of dimer ions [2M−H]‾ and 
[2M+Cl]‾. [2PFP−H]− was confirmed to be the major dimer observed in the IM spectra in 
both low and high temperature. 
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5 Summary and conclusions 

The objective of the research presented in this thesis was to study the applicability of 
different type of IMS techniques in the direct analysis of gaseous and solid samples, and in 
fundamental research of gas phase ions at ambient pressure. In Publication I, it was shown 
that portable AIMS is a feasible technique for the dynamic monitoring of trace 
concentrations of the peroxide-type explosive TATP. This was proved, although the 
limitation of AIMS is the low resolution and the inability to identify compounds accurately. 
Different concentrations of gas phase TATP were generated to carrier gas flow, and TATP 
was screened directly from the carrier gas flow by AIMS. The instrument gave responses in 
less than five seconds. The measured intensities were clearly over the instrument normalized 
detection threshold (20 pA). AIMS responses were proportional to the measured TATP 
concentrations and TATP could be monitored from the gas flow in low mg m−3 levels. The 
experiments were carried out in low humidity conditions without interfering chemicals. 
Further studies with TATP together with interfering compounds in different humidity 
conditions would confirm the applicability of the technique in the real-life environment. 

In Publication II, the suitability of portable AIMS in monitoring of MVOCs was 
investigated. Comparative studies were carried out by TD-GC-MS. The measurements were 
done from the headspaces of chambers containing microbe contaminated particle board 
samples (M). Sterile specimens in high humidity conditions in another chamber (S) were 
used as references. It was shown by PCA that distinct AIMS responses were measured from 
the chambers S and M, when the incubation of the microbes in chamber M proceeded. This 
indicates different chemical profiles in chambers S and M. TD-GC-MS measurements 
showed that only three new compounds (2-pentanone, propyl acetate and 4-methyl-2-
hexanone) were identified in chamber M that were not emitted from the building material 
specimen, and were therefore not present in chamber S. These compounds were definitively 
identified as MVOCs, and 49 additional compounds were identified as MVOCs by 
comparing the intensity data measured from the chambers. PCA results for both AIMS and 
TD-GC-MS data also showed a time trend, so that when the incubation proceeded, the 
separation of the chemical profiles of chambers S and M, i.e. the intensities of the detected 
compounds, was clearly distinguished.  

To use AIMS in field conditions indoors for monitoring MVOCs is challenging, as 
indoor concentrations are low and thus it is difficult to identify specific MVOCs reliably by 
AIMS. However, in method development, a dynamic continuous screening of indoor air 
quality could allow the development of a training set for ‘normal’ and ‘microbe 
contaminated’ indoor air status. This would probably require the use of multivariate data 
analysis with large training sets, long time monitoring of indoor air, and simultaneous 
measuring of at least pressure, humidity, and temperature. The good knowledge of building 
physics and fluid dynamics would also definitively be an advantage for obtaining reliable 
data.  

In ambient MS analysis, interfering compounds in the sample matrix or background air 
can disturb the analysis, and therefore a fast separation technique like IMS before MS would 
be essential. In Publication III, two ambient ionization techniques, DART and DAPPI, were 
successfully coupled with TWIM-MS for highly selective surface analysis. It was shown 
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how ions generated by DAPPI and DART were totally or partly separated according to their 
different mobilities in the drift region of TWIMS and how the separation enhanced the 
spectral quality and S/N. When chloroquine was analysed from a dried blood spot sample, 
a higher signal intensity for the [M+H]+ of chloroquine was achieved with DAPPI than with 
DART. The IM separation subtracted the chloroquine [M+H]+ from the background 
interferences, and enhanced the detection of chloroquine by DART. Ambient MS can be 
used in fast preliminary screening of a large number of unknown samples like 
pharmaceutical tablets. In the DAPPI-TWIM-MS analysis of a multivitamin tablet, the IM 
separation enabled the detection of species with low signal intensities, e.g. thiamine and 
cholecalciferol. In the analysis of genuine emergency contraceptive tablets containing the 
synthetic hormone levonorgestrel, and falsified tablets sold as genuine, the IM separation 
increased the selectivity of the detection for the active ingredients in both tablets. 

In addition, DAPPI and DART ionization techniques were compared for a small group 
of selected standards containing both polar and nonpolar compounds: BPA, B[a]P, 
ranitidine, cortisol, and α-tocopherol (III). Lower LODs were achieved by DAPPI than 
DART for all the selected compounds. The LODs were between 30−290 and 330−8200 
fmol for DAPPI and DART, respectively. Also, DAPPI showed a higher signal intensity for 
α-tocopherol measured from the almond surface. Although the IM separation reduced the 
chemical noise in the mass spectrum, for DART the S/N for the α-tocopherol M+• was 27 
times higher with IM-MS than with MS alone.  

Finally, in Publication IV, the reactions between Cl− and phenol and fluorinated phenols 
with different acidities, were investigated under ambient pressure. The objective was to 
define the reaction products with different concentrations. The used methods were GC-IM-
MS, CID experiments and theoretical calculations. The results showed that increasing the 
number of the fluorine substituents in the phenol core increases the phenol ΔacidG°, and that 
the ΔacidG° has an important role in the formation of reaction products. When energetic 
[M+Cl]−* is formed in the ionization, it can be stabilized through collisions with the 
surrounding gas phase molecules, and form a stable [M+Cl]− adduct. This was observed 
with the least fluorinated phenols; P, 2FP and DFP. With highly fluorinated phenols (TFP 
and PFP), and therefore more acidic, the competitive reaction of the formation of 
deprotonated molecule [M−H]− ion was observed. Depending on the phenol, these ions 
formed dimers and trimers through association reactions when the sample concentration was 
high. For P, 2FP and DFP, which have lower ΔacidG° than TFP and PFP, the Cl− adducts 
[M+Cl]− and [2M+Cl]− were the major products for both low and high sample 
concentrations. For TFP and PFP, the [M−H]− and [2M−H]− were the main products in high 
concentrations. In low concentrations, the [M−H]− and [M+Cl]− were the main products. 
Although the intensity of [2PFP+Cl]− was low, the dissociation products of [2PFP+Cl]− 
were studied with more detail, because of the variety of possible product ions, and the 
uncertainty of the dimer identity ([2PFP+Cl]− or [2PFP−H]−) in the earlier DT-IMS 
studies.[216] The CID results proved that the main product ion of [2PFP+Cl]− dissociation 
was [2PFP−H]−, and altogether the results showed that the dimer that was formed in the 
reaction between Cl− and PFP was [2PFP−H]−, and this ion exists also in high temperature 
conditions in DT-IMS. 

There are several types of IMS instruments for different kinds of analytical challenges. 
The response time and reliability are important issues when gas detection systems are 
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developed for in situ screening of hazardous chemicals. In these types of applications, the 
device should be light-weight, easy to maintain and use, and as specific for the target 
analytes as possible. On the other hand, a designated chemical pattern as a signal can be 
accurate enough in continuous monitoring of e.g. air quality or volatile samples from 
headspace.  

The use of IMS as a fast separation technique in ambient MS seems a promising tool to 
decrease the effect of the interfering compounds in the mass spectrum without increasing 
the total analysis time remarkably. Also, the extra dimension in the analysis amplifies the 
reliability of the analysis. The combination of IMS and ambient MS can have important 
applications in e.g. the screening of illicit drugs, explosives or pharmaceuticals from tablets, 
biological matrices, environmental samples, and food products. The coupling of a 
compatible ion source, IMS instrument, and MS together with thorough method 
optimization are key elements to achieving all the benefits of the hyphenated IMS and 
ambient MS technique. 

In the fundamental studies, both standalone and hyphenated instruments are beneficial, 
and often the wanted instrument qualities are obtained by manufacturing the IMS instrument 
in-house. It is important to understand the theory of the observed reactions in the research, 
validation, and routine work in analytical chemistry or instrument development, for 
example. In addition, the utilization of theoretical calculations is an efficient tool in the 
evaluation of the observed phenomenon. 

Overall, IMS is a diverse analytical technique, the potential of which in research and 
everyday use is obvious and still increasing, e.g. in the monitoring rapidly hazardous 
chemicals, ambient MS, mass spectrometric imaging, and in the analysis of biological 
samples.  
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