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1. INTRODUCTION 

 

Mass spectrometry (MS) is a powerful analytical technique, which is used for the 

identification of unknown compounds and for the quantitation of known compounds in 

various types of samples [1]. It is used in many fields of science for these purposes, for 

example in pharmaceutical chemistry, environmental and food analysis, forensic science 

and industrial process analysis. The working principle of MS involves first the 

ionization of the compounds to be measured and the subsequent separation of the ions 

based on their differing mass-to-charge (m/z) ratios. Ionization can be carried out in 

atmospheric pressure or in a vacuum, but ion separation is always done in a vacuum. 

Production of m/z data is the key feature of MS, since it allows the determination of the 

molecular weight of a compound. The current mass spectrometers can measure very 

precisely the m/z ratios, which allows the determination of elemental composition of the 

analytes. However, the elemental composition of a compound does not necessarily give 

information about the chemical structure, since compounds can have the same elemental 

compositions, but different structures (isomeric compounds). One solution for this is the 

separation of isomeric compounds before the mass spectrometric analysis. In addition, 

mass spectrometric analysis of very complex samples, such as biological or crude oil 

samples, often requires additional pre-separation of the sample components for reliable 

analysis. 

The two most common pre-separation techniques used with MS are liquid 

chromatography (LC) [2] and gas chromatography (GC) [3]. However, they are not 

always sufficient for reliable compound identification, for example in complex samples 

containing isomeric compounds, which are not separated (co-elutes) in LC or GC. 

Therefore, alternative and advanced pre-separation techniques, such as ion mobility 

spectrometry (IMS) [4] and two dimensional gas chromatography (GC×GC) [5], that 

can be combined with MS, have been developed. Their analytical characteristics are 

studied in this thesis.  

Similar to MS, in IMS the compounds are first ionized and subsequently separated. 

However, in IMS the ion separation typically occurs in the gas phase under atmospheric 

pressure or in a reduced pressure, which is higher than in MS. The other main difference 

is that in IMS the ions are separated based on their shape (i.e. collision cross-section) 
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[4] instead of m/z ratios as in MS. In many cases IMS is more capable to separate 

isomers than MS. 

In GC×GC the main idea is to use two different column phases in line, for example, a 

non-polar column in the first dimension (1D) and a semi-polar column in the second 

dimension (2D). This results in GC×GC providing clearly higher peak capacity than one 

dimensional GC, and very complex samples, such as crude oil samples containing 

thousands of compounds, can be more efficiently separated into individual compounds 

[5-9]. This makes GC×GC-MS analysis more reliable than GC-MS analysis. 

 

1.1.1 Basic operation principles of ion mobility spectrometry 

 

The operation principle and main parts of the most common IMS, the drift tube, is 

presented in Figure 1. A drift tube IMS consists of an ion source, a desolvation region, a 

drift region, a detector, control electronics and software to run the instrument.  

Desolvation 

region

ld

 

Figure 1. Schematic diagram of a drift tube IMS (permission and courtesy of Alexey 
Sysoev, unpublished material). ld = length of the drift region, E = electric field, vdx = drift 
velocity of an ion, Kx = mobility coefficient of an ion and tdx = drift time of an ion. 

 

A typical measurement sequence has the following steps: After sample introduction 

the analyte molecules are ionized in an atmospheric pressure ion source and the ions are 

transferred to the desolvation area, where the ions are stored before they are pulsed with 

a Bradbury-Nielsen (B-N) gate [11] into the drift region. Next, the ions move by an 

electric field (typically 100-300 V/cm) across the drift region, in which a neutral gas 
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(e.g. nitrogen or air) is flowing in the opposite direction. After the IMS separation, the 

separated ions are usually detected with a faraday plate detector or with MS.  

 The separation of ions is based on their collisions with neutral gas molecules, which 

produce different drift times for ions with differing shapes, i.e. differing collision cross-

sections (cm2 or Å). For example, an ion with a small collision cross-section moves 

faster through the drift region than an ion with a larger collision cross-section. The drift 

velocity (vd, [cm/s]) of an ion through the drift region can be presented by Equations 1 

and 2 [4, 10]. 

 

vd = KE      (1) 

 




















Vt

l
K

t

l
v

d

d

d

d
d

2

     (2) 

 

where K = mobility coefficient (cm2V-1s-1), E = electric field in the drift region 

(V/cm), ld = length of the drift region (cm), td = drift time of the ion through the drift 

region (ms) and V = voltage drop over the drift region (V). 

The mobility coefficient (K) (Equation 2) is inversely proportional to collision cross-

section (Ω) [10] (Equation 3).  

 

     (3) 

 

Where e = charge of electron (C), z = charge number, αc = correction factor for large 

molecules <0.02, N = drift gas density (molecules m-3), µ = reduced mass ion-neutral 

pair (g), k = Boltzmann’s constant (J/K), Teff = effective temperature of ion (K). 

 K is often presented as reduced mobility coefficient K0 according to Equation 4 [4]: 
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where, T = temperature (K) and P = pressure (Torr). 
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Even though mobilities in IMS are typically reported as reduced mobility (K0) values 

(Equation 4), which are normalized with standard pressure and temperature, variations 

in reduced mobility values are observed. This can be due to moisture or other impurities 

in the drift gas, or instrumental factors, such as an imperfect electric field or variation of 

the drift length. Due to these facts different compounds have been tested as reference 

compounds, which would allow standardization of mobilities. It has been observed that 

mobilities of compounds such as tetraalkylammonium halides [11] and 2,6-di-tert-

butylpyridine [12-14], are not much affected by moisture or other drift gas impurities. 

Therefore, these compounds can be used for comparison of different instruments as 

instrumental standards [15]. On the other hand, model compounds such as lutidine [16] 

and dimethyl methylphosphonate [12], which also respond to the quality (e.g. 

impurities) changes of the drift gas, can be used as mobility standards. All the above-

mentioned compounds are used as standards in positive ion mode measurements. 

Standard compounds, such as methyl salicylate [17] and 2,4,6-trinitrotoluene [18], to be 

used as mobility standards in negative ion mode, have also been presented. 

Ionization is the heart of an ion mobility spectrometer. Ions are generated in drift tube 

IMS commonly with a radioactive source (e.g. 63Ni) [19], electrospray ionization (ESI) 

[4, 11, 20-23], atmospheric pressure chemical ionization (APCI) [24, 25] or atmospheric 

pressure photoionization (APPI) [26-28]. All these techniques work under atmospheric 

pressure conditions, and can be considered as soft ionization techniques, which produce 

mostly protonated and deprotonated molecules with little fragmentation. Since APCI 

and APPI were used in this study, they are presented in more detail. 

IMS 

desolvation 

area

Corona needle

Ion swarm
Liquid sample

Nebulizer gas
Ionization

area

Heated nebulizer

 

Figure 2. A schematic drawing of a typical atmospheric pressure chemical ionization 
source for IMS.  

 



14 

 

As shown in Figure 2, in a typical APCI ion source a liquid sample is pumped through 

a heated nebulizer, in which a vaporized sample stream is produced with the aid of heat 

and nebulizer gas [29]. Ionization reactions in APCI are initiated by corona discharge, 

which is obtained by conducting high voltage to a corona needle. The reactant ions in 

APCI depend on the solvent composition and reaction ions available in the ionization 

chamber, and components such as [H3O]+ and [NH4]
+ ions are formed in positive ion 

mode, and [HO]-, [O3]
- and [NOx]

- ions in negative ion mode [30-34]. In IMS, the 

reactant ions settle to equilibrium in the desolvation area and typically, a cluster of ions, 

also called a reactant ion peak (RIP), is observed [4]. The most common analyte ions 

formed in the ionization reactions with the reactant ions and neutral analyte molecules 

in APCI are protonated molecules [M+H]+ in positive ion mode and deprotonated 

molecules [M-H]- in negative ion mode [4]. 

APPI ion source resembles the APCI ion source, except that in APPI an ultraviolet 

(UV) lamp is used to initiate the ionization instead of a corona needle. Often, APPI uses 

a dopant, an additional solvent, which is introduced to the ion source, in order to 

enhance the ionization of analytes. In APPI, the ionization sequence typically starts with 

the ionization of the vaporized solvent or dopant due to radiation emitted by the UV 

lamp. Various types of reactant ions can be formed in positive APPI, e.g., protonated 

molecules [S+H]+ or radical cations [S]+. of solvent and / or dopant [35]. In negative 

APPI, deprotonated molecules [S-H]- or negative molecular ions [S]-. of solvent and/or 

atmospheric gases are typically formed [36, 37].  Subsequent reactions of analytes with 

the reactant ions produce analyte ions; in positive APPI mainly radical cations M+. 

and/or protonated molecules [M+H]+, and in negative APPI negative molecular ions M-. 

and/or deprotonated molecules [M-H]-. 

The drift tube ion mobility instrument presented above is the main type of IMS 

instrument used nowadays, but many other types of instruments have been developed 

and are also commercially available. One of them is field asymmetric waveform ion 

mobility spectrometry (FAIMS) or differential mobility spectrometry (DMS). The ion 

separation principle for FAIMS and DMS is the same [38], but the electrode in FAIMS 

has cylindrical geometry and in DMS planar geometry. The electric field can be varied 

quickly between high (~20 kV/cm) and low field (~1 kV/cm) using high radio-

frequency (RF) voltage also called dispersion or direct voltage (DV) (Figure 3) [39]. An 

additional superimposed direct current (DC) voltage, a so-called compensation voltage 
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(CV) is used to allow the passage of the desired ions through the electrode pair to the 

detector. Scanning the CV creates an analyte spectrum [40].   

 

Figure 3. The schematic picture of a field asymmetric waveform ion mobility 
spectrometry (FAIMS) or differential mobility spectrometry (DMS) represents the 
situation where the ion (marked with an asterisk) is collected onto the detector. 
Commonly, the drift gas flow is parallel to the analyte movement (from left to right). t1 = 
dispersion voltage (DV) at high field, t2 = DV at low field and DC = direct current 
(Reused with permission from ref. [4]) 

 

Another IMS approach, which has been combined with mass spectrometry is 

travelling wave ion mobility spectrometry (TWIMS, Waters Corp., Milford, MA, USA) 

[41, 42]. In TWIMS a low electric field is used to produce voltage waves (~20 V), 

which travel through a set of electrodes forming the drift region. Analyte ions are 

separated as the wave travels through the drift region under reduced pressure (~1 mbar), 

which is higher than the typical pressure inside a mass analyzer (<10-5 mbar). 

Recently a trapped ion mobility spectrometer (TIMS)-q-TOF instrument has been 

developed. In TIMS analyte ions are held stationary in the gas flow [43]. 

All the presented IMS instrument types have been combined with MS, (IMS-MS [4, 

20, 44]) or LC and MS (e.g. LC-FAIMS-MS [45] and LC-IMS-MS [46]). For instance, 

in biomolecule analysis, where samples are very complex, the IMS-MS combination has 

increased the component separation [47, 48] and a further increase is obtained with LC-

IMS-MS, as thousands of peaks have been separated with different retention times, drift 

times and m/z ratios from plasma proteome [49].  
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1.1.2 Applications of ion mobility spectrometry 

 

The most important applications of traditional stand-alone IMS instruments are 

detection of explosives and chemical weapons [50-52]. Besides these, IMS is nowadays 

used in many fields of science [53, 54]. Ion mobility instruments are typically operated 

at atmospheric pressure, and therefore do not require heavy vacuum pumps as MS. Due 

to this, stand-alone ion mobility spectrometers are light enough for field applications, 

such as detection of chemical warfare agents [4], explosives [50], herbicides [55], 

pesticides [56] and organic volatile compounds [18]. IMS can also be used to detect 

specific compounds, such as ethanol in a fermentation process [57] or volatile 

compounds in food [58, 59], or identifying chemical classes of biologically relevant 

compounds, such as lipids, peptides and carbohydrates [60]. IMS instruments can also 

be used as detectors for GC [61]. The main applications of IMS-MS instruments are in 

metabolomics [62, 63], glycomics [63, 64] and proteomics [20, 49, 66]. Recently, 

TWIMS and IMS-MS instruments have been used to identify contaminants and 

additives in crude oil and gasoline samples, respectively [67, 68]. IMS-MS has been 

used to study the shape of model aromatic compounds that can be present in crude oils 

[69] and TWIMS has been used to produce information about sizes and shapes of 

compounds in the asphaltene fraction of crude oil [70]. 

In Table 1 are examples of situations where IMS is capable of separating isomers, e.g. 

hydrocarbons [71, 72], dihalogenated benzenes [73], terpenes [74] and anilines [75]. 

Isomers can be separated in IMS because they usually have different shapes and 

therefore different collision cross-sections. IMS separation before MS detection has 

been used to distinguish isomeric hydrocarbons [76] and polycyclic aromatic 

hydrocarbons [43], and to separate stereoisomers, such as cis- and trans-conformations 

of singly and doubly charged tryptic peptides [77]. However, it has been reported that 

singly protonated [M+H]+ ions of two peptide isomers do not necessarily have large 

enough differences in their shapes, and therefore they cannot be separated by IMS, but 

the doubly charged [M+2H]2+ ions of the same peptides can be [78]. Ionization of 

isomeric analytes can sometimes be enhanced by forming adducts (e.g. sodium, 

potassium or metal ions), which can be separated by IMS. For example, this has been 

done with sodium adducts of disaccharide-aldodols and trisaccharides [79], with 
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sodium, potassium and silver adducts of flavonoid diglycosides [80] and with sodium, 

silver, cobolt, copper, mercury and lead metal cation adducts of stereoisomers of methyl 

galactoside [76]. Separation of enantiomeric model compounds can be done by adding 

chiral modifiers (e.g. (S)-(+)-2-butanol) in the drift gas stream [81, 82]. The modifier 

reduces the drift time of both enantiomers, but for one enantiomer it is reduced more 

than for the other, which is assumed to be due to stronger interaction between the chiral 

centre of the enantiomer and the modifier. The TWIMS instrument has been used, e.g., 

to separate [M+H]+ ions of the isomeric 4-butylaniline and N-butylaniline [83], and in 

protein analysis [84]. In another study, it was observed that model isomeric steroid pairs 

of estradiols, androsterones and testosterones showed hardly any separation with 

TWIMS, but their p-toluenesulfonyl isocyanate derivatives resulted in better separation 

of α- and β-estradiols, 3α- and β-androsterones and 17β- and 17α-testosterones [85].  
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Table 1. Examples of isomeric compounds separated with IMS, FAIMS and TWIMS. 

Compound 
Drift gas and 
separation 
conditions 

Ionization 
IMS 

instrumentation 
Ref 

Hydrocarbons air 
Radioactive, APCI 

and APPI 
IMS-FPa [71,72] 

Dihalogenated 
benzenes 

air 
Radioactive, APCI 

and APPI 
IMS-FPa [73] 

Terpenes air 
Radioactive, APCI 

and APPI 
IMS-FPa [74] 

Anilines air 
Radioactive, APCI 

and APPI 
IMS-FPa [75] 

Hydrocarbons  b ESI IMS-MS [76] 

PAH N2 APPI Trapped IMS-MS [43] 

Tryptic peptides He ESI IMS-MS [77] 

Peptides N2
c ESI IMS-MS [78] 

Saccharides 
N2; Sodium 

adducts 
ESI IMS-MS [79] 

Flavonoid 
diglycosides 

N2; Cation 
adducts 

ESI IMS-MS [80] 

Model 
compounds 

N2; Chiral 
modifier 

ESI IMS-MS [81, 82] 

Hydrocarbons N2 APPI DMS-MS [86] 

Disaccharide 
N2; Cation 
adductsd ESI FAIMS-MS [87] 

Phthalic acids N2 or CO2 ESI FAIMS-MS [88] 

Model aniline 
compounds 

Ar or CO2 ESI TWIMS [83, 89] 

Protein N2 nano-ESI TWIMS [84] 

Steroids N2 or CO2
e ESI TWIMS [85] 

APCI, Atmospheric pressure chemical ionization; APPI, Atmospheric pressure 
photoionization; ESI, Electrospray ionization; IMS-MS, Ion mobility spectrometer – 
mass spectrometer; DMS-MS, Differential mobility spectrometry (= also FAIMS); 
TWIMS, Traveling wave ion mobility spectrometry; PAH, Polycyclic aromatic 
hydrocarbons; N2, nitrogen; He, Helium; CO2, carbon dioxide; Ar, Argon; a IMS-MS is 
used to confirm ion structures; b Metal cations Na+, Ag+, Co+2, Cu+2, Ca+2, Hg+2 and 
Pb+2; drift gases He, N2, Ar and CO2; c Doubly charged ions are separated; d Cations 
studied were H+, NH4

+, Li+, Na+, K+, Rb+, and Cs+; e p-toluenesulfonyl isocyanate 
derivatives of steroids 
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1.2 Basic operation principles and applications of two-dimensional gas 

chromatography – time-of-flight mass spectrometry 

 

Two-dimensional gas chromatography (GC×GC) is similar to the conventional one-

dimensional gas chromatography (GC) in the sense that the analyte compounds are 

separated in the gas phase by their interactions with a stationary phase on the column 

surface. The GC and GC×GC have three main components: (i) injector, (ii) column 

(inside the oven) and (iii) detector. The main additional parts in GC×GC are a 

modulator and a second column, which are located between the first column and the 

detector (Figure 4). 

 

Injector

Modulator LN2

1D

2D

to MS

 

Figure 4. Schematic diagram of a two-dimensional GC×GC instrument. Modulator LN2 
= cryogenic modulator which uses liquid nitrogen as a cold jet. 

 

There are various GC injectors for different kinds of samples. The split-splitless 

injector type is the most common due to the possibility to switch between two modes 

allowing for a wide concentration working range: split mode for highly concentrated or 

dirty samples and splitless mode for trace level analysis.  

GC columns for GC×GC have many options with different length, diameter and film 

material (stationary phase). A large amount of different materials and their 

combinations are available for stationary phases, but generally non-polar columns are 

suitable for separation of non-polar compounds and polar columns for separation of 

polar compounds. The separation in non-polar 1D column may be explained by the 

boiling point of the analyte. For example, 2,2-dimethylpropane with a more spherical 

shape has a lower boiling point (282.6±0.5 K) than pentane with a linear shape 
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(309.2±0.2 K), and therefore they are separated in 1D. In a semi-polar 2D column the 

separation is driven by interactions between analytes and the stationary phase of the 

column, where the polarity of the molecule has commonly a key role. A common 

combination of columns is a non-polar in the first dimension (1D) column and a semi-

polar in the second dimension (2D) column [90]. After the separation in the 1D column 

the sample compounds are continuously introduced by the modulator during the 

chromatographic run into the 2D column for further separation. Different kinds of 

modulators are available, and they are described elsewhere [90]. In a cryogenic 

modulator the sample compounds are held and then released, with a cold and a hot jet, 

resulting in a two-dimensional separation field (Figure 4) [91].  

Typical carrier gases are nitrogen, argon, helium, hydrogen and air. Linear velocity 

of the carrier gas has an important role in the efficiency of the chromatographic 

separation. Golay plots and van Deemter curves for each carrier gas are used to 

demonstrate the optimal linear velocities against the number of theoretical plates 

(resolution). For instance, hydrogen has the longest linear velocity range, but it is an 

expensive and flammable gas. Helium has the second longest linear velocity range after 

hydrogen, and therefore it is selected for applications, where a wide variety of 

compounds are to be analyzed with the same GC setup. 

For GC×GC, MS is a common detector, especially time-of-flight mass spectrometry 

(TOF-MS), which has the advantage of producing full mass spectral data with high 

frequency to ensure a sufficient number of data points for a good peak shape. 

 Different detectors can be attached to GC×GC, for example a flame ionization 

detector (FID). It is cheap, easy to maintain, and good for quantitative analysis with a 

large linear response range for organic compounds.  

In most GC×GC-MS instruments the analytes are ionized after the 2D separation by 

electron ionization (EI, 70 eV). The electrons collide with analyte molecules by 

knocking out an electron, and typically molecular ions M+. and their fragments are 

observed. EI is a stable and repeatable ionization technique with already existing large 

mass spectral libraries; the most important is the one by the National Institute of 

Standards and Technology (NIST) [92].  

GC×GC instruments have a high peak capacity [8], and therefore they are good for 

many kinds of applications in different fields of chemistry, such as environmental [93], 

food [94], metabolomics [95, 96], biological [97] and geological [98]. GC×GC is an 
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attractive tool for difficult analytical applications, and it is a good tool for screening 

complex samples in order to find compounds such as illegal drugs [99] and anabolic 

agents in doping control [100] and crude oil samples [101]. 

GC×GC-TOF-MS has been used in petroleum research to analyze different kinds of 

samples, the examples of which are presented in Table 2. 

 

Table 2. Examples of petroleum studies with GC×GC-TOF-MS. 

 Research topic Reference 

Fischer-Tropsch reaction [102] 

Extra heavy gas oil [103, 104] 

Heavy petroleum fraction [105, 106] 

Crude oils from Ceará Basin [107] 

Biodegradation of oils [108-110]  

Depositional paleoenvironmental conditions [111-113] 

Maturation of oils [114] 

Trace analysis [115] 

Modified white gasoline [116] 

Higher plant biomarkers in oils and rock extracts [101] 

Marine diesel fuel [117] 

Petroleum contaminated sediment [98] 

Sulfur compounds in diesel oils [118] 

 

In oil research, Fourier transform ion cyclotron resonance mass spectrometry (FT-

ICR-MS) is also an important instrument, which has been commonly used to analyze 

polar crude oil fraction or whole oil [119, 120]. In FT-ICR, without chromatographic 

separation, the geochemical evaluation is conducted based on accurate mass data, which 

can be used to determine the chemical compositions of each mass peak observed [121, 

122]. However, the isomers with the same chemical composition are not distinguished. 

An interesting compound group present in all crude oils are biomarkers that originate 

from living organisms which populated the earth a long time ago. They reflect different 

kinds of initial organic input material, environmental and diagenesis conditions, 

maturation and biodegradation during the crude oil formation process [123, 124]. 

Crude oil contains many isomeric hydrocarbons and the examples of important 

studies where isomers have been separated by GC×GC are illustrated in Table 3. Many 

of these isomers share the same retention time in 1D, and also share the same exact 

mass. These co-eluting isomers can be separated sometimes in 2D, for example C24 

tricyclic terpane and C24 demethylated tricyclic terpane, and C30R 25-norhomohopane 
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and C30 hopane are separated [108]. In some cases isomeric compounds have an 

increase in retention time in both 1D and 2D, for example the isomers of alkyl 

tetramantane [114]. The most important factors for isomer separation in GC×GC are the 

different properties of the stationary phase of the columns used.  

 

Table 3 Examples of studies where isomers have been separated in petrochemical 
samples with GC×GC.  

Isomers GC×GC column Ref 

C19–C24 tricyclic terpanes *HP-5 and BPX-50 [112] 

C27-C29 steranes *HP-5 and BPX-50 [112] 

C31-C35 hopane *HP-5 and *BPX-50 [108, 112] 

Oleanane *HP-5 and *BPX-50 [124] 

Alkyl tetramantanes *HP-5 and *BPX-50 [114] 

Branched alkanes *HP-1 and BPX-1701 [98, 117] 

Alkylcycloalkanes *HP-5 and BPX-50 [125] 

Dibenzothiophenes *HP-5 and BPX-50 [113] 

Triaromatic streroids *HP-5 and BPX-50 [113] 

Alkylpyrenes *HP-5 and BPX-50 [104] 

* The column where separation of isomers occurred. 
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1.2 Aims of the study 

 

The first part of the thesis discusses a negative mobility standard for IMS (Paper I), 

the separation of different ion structures with IMS (Paper II) and the factors affecting 

the separation of isomers in linear drift tube IMS (Papers I-III). The second part of the 

thesis discusses the geochemical assessment of Recôncavo Basin, Brazil (Paper IV) and 

new biomarkers detected with GC×GC-TOF-MS in Brazilian crude oils (Paper V).   

 

The specific aims of the thesis were the following: 

- Search for new negative IMS mobility standard by analysing sterically 

hindered phenols with negative APCI-IMS (Paper I) 

- Separate different ion structures of pyridine and naphthol compounds with 

positive APPI-IMS (Paper II)  

- The capability of IMS to separate isomers was studied with two phenolic 

(Paper I), two naphthol (Paper II) and eight amine (Paper III) isomers.  

- During the analysis, new peaks were observed in the IMS spectra. MS was 

applied to the study of the identity of these peaks (Papers I-III) 

- Distinguishing minor geological differences in the Recôncavo Basin (oil 

field), Brazil, with GC×GC-TOF-MS using β-carotane and other biomarkers 

(Paper IV) 

- Geochemical evaluation of selected Brazilian crude oils with GC×GC-TOF-

MS. Novel biomarkers were detected during the analysis and their tentative 

identification and geochemical significance were studied (Paper V). 
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2. EXPERIMENTAL 

 

2.1 Chemicals 

 

The solvents and gases used in the thesis are presented in Table 4, the analytes in 

Table 5 and analyte structures in Figures 5 and 6. All the analytes in the IMS 

experiments (Papers I-III) were first dissolved in solvents, according to Table 4, to 

achieve 5 mM stock solutions, which were further diluted to give 50 µM, 100µM and 

500 µM working concentrations. The isomeric amines studied in Paper III (Figure 6) 

were diluted further with methanol:toluene (95:5%) to give 50 and 100 µM solutions 

and following mixtures were prepared: Mix A (2,4,6-Col, N,N-DMA, n-M-o-T and 2-

MBA), Mix B (PEA, 4-EA and 2,6-DtBPyr) and Mix C (2-, 3-, 4-MBA, and 2,6-

DtBPyr). 

 

Table 4. The solvents and gases used in this thesis. 

Solvent / gas Purity Manufacturer Paper 

Acetonitrile  Lab-Scan, Dublin, Ireland I 

n-Hexane >95% Poch SA, Gliwice, Poland I & II 

n-Pentane >99% Fluka, Steinheim, Germany II 

Methanol HPLC grade Baker, Deventer, Holland II 

Toluene HPLC grade Lab-Scan, Dublin, Ireland II 

Toluene HPLC grade Baker, Deventer, Holland III 

Methanol HPLC grade Lab-scan, Dublin, Ireland III 

Dichloromethane, n-
hexane and 
methanol 

Chromatographic 
grade 

Tedia, Rio de Janeiro, Brazil IV & V 

Nitrogen 
NGLCMS20 nitrogen 

generator 99.5% 
 Labgas Instrument Co., 

Espoo, Finland 
I-III 

Bottled air (80% N2, 
20% O2) 

4.0 AGA Ltd., Espoo, Finland I 
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Table 5. The standards used in this thesis. All the standards were purchased from 
Sigma-Aldrich (Steinheim, Germany) unless otherwise stated. 

Paper I Abbreviation Solvent / dopant 
Purity 

(%) 

2-tert-Butylphenol 2-tBPh Hexane >99 

2,4-Di-tert-butylphenol 2,4-DtBPh Hexane >99 

2,6-Di-tert-butyl-4-
methylphenol 

2,6-DtB-4-MPh Hexane >99 

2,4,6-Tri-tert-butylphenol 2,4,6-TtBPh Hexane >98 

2,4,6-Trinitrotoluenea 2,4,6-TNT Acetonitrile 99 

2,6-Di-tert-butylpyridine 2,6-DtBPyr Hexane >97 

Paper II    

Pyridineb  
Hexane and 

hexane:toluene (90:10%) 
>99.5 

1-Naphthol  
Hexane and 

hexane:toluene (90:10%) 
>97 

2-Naphthol  
Hexane and 

hexane:toluene (90:10%) 
>97 

2-tert-Butylpyridine 2-tBPyr 
Hexane and 

hexane:toluene (90:10%) 
>97 

2,6-Di-tert-butylpyridine 2,6-DtBPyr 
Hexane and 

hexane:toluene (90:10%) 
>97 

2,6-Di-tert-butyl-4-
methylpyridine 

2,6-DtB-4-MPyr 
Hexane and 

hexane:toluene (90:10%) 
>98 

Paper III    

2,4,6-Collidineb 2,4,6-Col Methanol:toluene (95:5%) >99 

N,N-Dimethylaniline  N,N-DMA Methanol:toluene (95:5%) >99.5 

N-methyl-o-Toluidine n-M-o-T Methanol:toluene (95:5%) >95 

2-Phenethylamine PEA Methanol:toluene (95:5%) >99 

4-Ethylaniline 4-EA Methanol:toluene (95:5%) >98 

2-Methylbenzylamine 2-MBA Methanol:toluene (95:5%) >96 

4-Methylbenzylamine 4-MBA Methanol:toluene (95:5%) >97 

3-Methylbenzylamine 3-MBA Methanol:toluene (95:5%) >98 

2,6-Di-tert-butylpyridine 2,6-DtBPyr Methanol:toluene (95:5%) >97 

Papers IV-V 

n-tetracosane-D50
c  Dichloromethane >98% 

pyrene-D10
c  Dichloromethane  

a Supelco (Bellefonte, PA, USA), b Merck (Darmstadt, Germany) and c Cambridge 
Isotope Laboratories, Andover, MA, USA. 
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Figure 5. Compounds studied with IMS in Papers I and II. a = also studied in Papers I 
and III (modified from ref. [127]). 
 
 

 

Figure 6. Isomeric amines studied with IMS in Paper III. 
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2.2 Oil fractioning (Papers IV-V) 

 

The procedure for fractioning 20 crude oil samples in Paper IV was adopted from 

ref. [128]. Briefly, the LC fractionation was conducted by using a vertical glass column 

in atmospheric pressure to separate saturated, aromatic and polar fractions from crude 

oil. Approximately 100 mg of each oil sample was weighed with a calibrated analytical 

balance (± 0.1 mg) and dissolved in 500 µL of a dichloromethane solution with internal 

standard n-tetracosane-d50 at a concentration of 100 µg L-1. This sample solution was 

placed on the top of a glass column (dimensions 13 × 1 cm) packed with 3 g of Silica 

Gel 60 (particle size from 0.063 to 0.200 nm, Merck, Darmstadt, Germany), which was 

previously purified with hexane and activated in an oven at 120 °C for 12 hours. The 

samples were eluted into different fractions in the following order; saturated 

hydrocarbons with n-hexane (10 mL), aromatic hydrocarbons with n-

hexane:dichloromethane (80:20%, 10 mL) and polar compounds with 10 mL of 

dichloromethane:methanol (90:10%, 10 mL). The fractions were collected in 50 mL 

flasks, and the solvent was evaporated by a rotary evaporator under reduced pressure. 

Each fraction was then transferred to a 2 mL vial (pre-weighed) using dichloromethane, 

which was subsequently evaporated under a nitrogen gas flow (from bottle), after which 

the vial was weighed again. In the Paper V the 11 crude oil samples crude oils, from the 

north to the south regions of Brazil, were pre-fractionated to saturated hydrocarbon and 

aromatic fractions by CENPES (Centro de Pesquisas e Desenvolvimento Leopoldo 

Américo Miguez de Mello, Rio de Janeiro, Brazil). They were also classified by 

CENPES using proprietary classifying methods (Table 1). 

 

2.3 Separation of n-alkanes from branched and cyclic saturated hydrocarbons by 

urea adduct formation (Papers IV-V) 

 

In order to separate n-alkanes from branched (B) and cyclic (C) saturated 

hydrocarbon in the saturated hydrocarbon fraction, urea adducts of n-alkanes were 

formed, as has previously been presented in references [128, 129]. The saturated 

hydrocarbon fraction was dissolved in 1000 µL of n-hexane and a 500 µL aliquot was 

transferred to a test tube of 18×180 mm. 1 mL of acetone and 1 mL of n-hexane were 

added to the test tube, and the mixture was vortexed. To prepare a saturated solution of 
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urea, 30 g of urea was dissolved in 100 mL of methanol. The solution was stored in a 

refrigerator at 8 ° C. 1 mL of the saturated urea solution was added slowly to the test 

tube containing the saturated hydrocarbon fraction, and the immediate precipitation of 

urea crystals was observed. The test tube was heated in a water bath at 50 ° C to 

dissolve all the crystals and then cooled to room temperature for recrystallization of the 

urea. The crystallization was terminated in a freezer at -20 °C for 12 hours. After this, 

the solvent was evaporated under a nitrogen flow to obtain dried crystals, which were 

rinsed five times with 2 mL of n-hexane. The supernatant containing the B/C fraction, 

was transferred into a 30 mL balloon. The solvent was evaporated under reduced 

pressure and the urea crystals were dissolved in distilled water. To obtain the branched 

and cyclic hydrocarbon (B/C) fractions, liquid-liquid extraction of urea crystals was 

carried out with 2 mL of n-hexane. The organic layer was transferred to a 30 mL flask 

with a Pasteur pipette. This extraction step was repeated five times. The solvent was 

evaporated under reduced pressure and the B/C fraction was transferred to a previously 

weighed 2 mL vial and weighed again. The residue was dissolved in 500 µL of 

dichloromethane. 
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2.4 Ion mobility spectrometry instrumentation (Papers I-III) 

 

Measurements with IMS were conducted with a custom-made cylinder drift tube ion 

mobility spectrometry attached to a Sciex API300 triple quadrupole MS (Applied 

Biosystems-SCIEX, Concord, Ontario, Canada), which is referred to as IMS-MS 

(Figure 8), and with a similar drift tube attached to a faraday plate detector, which is 

referred to as IMS-FP. A more detailed description of these instruments can be found 

elsewhere; IMS-MS [44] and IMS-FP [29]. Briefly, both drift tubes have a similar 

design and the ion sources used in this study could be applied in both of the IMS 

instruments. The measurement parameters are summarized in Table 6.  

 

 

Figure 8. IMS connected to API300 MS (A) and to faraday plate detector (B): (1) ion 

source, (2) IMS drift tube, (3) control unit for IMS, (4) Sciex API300 triple quadrupole 

MS and (5) faraday plate (modified from ref [127]). 
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Table 6. Summary of IMS and MS parameters used in the study. The drift gas was 
nitrogen in all experiments, except in Paper III some of the experiments were carried 
out by using gas mixtures with varying proportions of nitrogen:argon and 
nitrogen:helium.  

 Parameter (Paper I) (Paper II) (Paper III) 

MS   
 

Declustering potential (V) 15-25 20-30 5 

Focusing potential (V) 180-200 130-220 130 

Entrance potential (V) 5 

IMS-MS    

Drift length (cm) 13.3 

Desolvation length (cm) 7.65 

Drift flow (L/min) ~2.4 

Gate opening time (µs) 300 

Drift field (V/cm) 270-378 316-363 316 

Desolvation field (V/cm) 230-260 272-303 304 

Reflector plate in APPI 
experiments (kV)  

0.8-1.6 1 

Needle voltage1 (V) 1.3-1.5 
  

Needle voltage2 (V) 1.7-2.2 
  

IMS-FP    

Drift length (cm) - 13.85 

Desolvation length (cm) - 7.65 

Dirft flow (L/min) - 2.1 1.9-2.5 

Gate opening time (µs) - 100 200 

Drift field (V/cm) - 378 316 

Desolvation field (V/cm) - 378 316 

Reflector plate in APPI 
experiments (kV) 

- 2 

Needle volt. APCI (V) - 
 

2.0-2.2 
1 nebulizer gas was nitrogen, 2 nebulizer gas was air (80:20 nitrogen:oxygen). 

 

The IMS-MS instrument was operated either at full scan mode, typically a mass range 

of m/z 30-300 or 50-500, or with selected ion monitoring (SIM) mode. In the MS full 

scan mode, both B-N gates in the IMS were open, and in SIM mode the gates were 

pulsed to obtain a mobility window, which is described in more details [44]. The drift 

times of two ions were typically monitored simultaneously. The gates and voltage of 

IMS were controlled by a LabVIEW (National Instruments, Austin, US) based on a 

custom-made program, and the data was collected with Analyst 1.4.1 (Applied 

Biosystems/MDS SCIEX, Concord, ON, Canada). The data was further processed with 

Microsoft Excel 2002 (Microsoft Corporation, Redmond, WA, USA) applying Equation 



31 

 

(4) to calculate reduced mobilities. The IMS-FP instrument was operated with one B-N 

gate. A similar custom-made program as used in IMS-MS was also used to control the 

IMS-FP instrument and data processing to combine 2000 mobility spectra together. The 

data was further processed in ChemStation rev. 10.02 (Agilent Technologies, Inc., Palo 

Alto, CA, USA) with custom-written macros to calculate reduced mobility values. 

A custom-made heated nebulizer was used to transfer the liquid sample to gas phase 

[29, 43, 130]. A syringe pump was used to deliver the liquid sample flow at a steady 

speed of typically 120-180 µL/h to the nebulizer (nitrogen or air) gas flow. 

The nitrogen gas for the nebulizer and drift gas was produced from compressed air 

and is described in Papers I and II. Additional measurements in Paper I were conducted 

using bottled air (80:20 % nitrogen:oxygen) as the nebulizer gas. Mainly, all the 

experiments were carried out nitrogen being the drift gas. Only some of the experiments 

in Paper III were carried out by using gas mixtures of nitrogen:argon and 

nitrogen:helium. All the measurements were conducted at ambient pressure, which was 

monitored with a pressure meter (Series 902; MKS Instrument, Andover, MA, USA). 

 

2.5 Temperature of ion mobility drift tube (Paper I) 

 

Most of the experiments were performed at room temperature, and when the drift tube 

was heated the temperature was calculated using 2,6-di-tert-butylpyridine as a 

thermometer compound. Briefly, since 2,6-DtBPyr is a sterically hindered and inert 

molecule, it has linear temperature dependence [12]. Taking into account that the 

mobility of a compound is proportional to temperature (Equation 4) when other 

parameters except T and td are constant, the Equation 4 can be reduced to Equation 5: 











T
K

273
     (5) 

Where K is the mobility of 2,6-DtBPyr. 

The mobility value of 2,6-di-tert-butylpyridine without temperature and pressure 

correction measured in our laboratory, K2,6-DtBPyr = 1.63 cm2/Vs, at the room temperature 

(296 K). This was used as the calibration point for the calculations for the temperature 

range (296-335K) of the IMS drift tube. 
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2.6 Two-dimensional gas chromatography – time-of-flight mass spectrometry 

instrumentation (Papers IV-V) 

 

The GC×GC-TOF-MS analyses were performed using the same instrumental setup as 

in the references [112, 131] using a Pegasus 4D (Leco, St. Joseph, MI, USA) GC×GC-

TOF-MS, composed of an Agilent 6890 GC (Palo Alto, CA, USA) equipped with a 

secondary oven, a cryogenic modulator which uses liquid nitrogen for the cold jet and a 

Pegasus III (Leco, St. Joseph, MI, USA) TOF-MS (Figure 7). A DB-5 column (Agilent 

Technologies, Palo Alto, CA, USA), containing 5% phenyl–95% methylsiloxane (30 m, 

0.25 mm i.d., 0.25 µm df) was used as the first dimension column (1D). A BPX-50 

column (SGE, Ringwood, VIC, Australia), containing 50% phenyl–50% methylsiloxane 

(1.5 m, 0.1 mm i.d., 0.1 µm df) was used as the second dimension column (2D). The 2D 

column was connected to the TOF-MS inlet by a 0.5 m x 0.25 mm i.d. uncoated 

deactivated fused silica capillary, SGE mini-unions and Siltite™ metal ferrules of 0.1–

0.25 mm i.d. (Ringwood, VIC, Australia). 
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Figure 7. Modified GC oven: (1) 1D GC column, (2) added 2D oven and the 2D GC 
column and (3) cryogenic modulator between the two columns (A and B are tubes for 
cold and hot jets); in the small figure (3) the cryogenic modulator is rotated 90° towards 
the door of the GC oven.  

 

The GC conditions for the 1D include: splitless injection of 1 µL at 290 ºC, purge time 

of 60 s, and purge flow of 5 mL/min. Helium was used as the carrier gas at a constant 

flow rate of 1.5 mL/min. The primary oven temperature program began at 70 ºC for 1 

min, and was then increased to 170 ºC at 20 ºC/min, and further to 325 ºC at 2 ºC/min. 

The secondary oven temperature program was 10 ºC higher than the primary one. The 

modulation period was 8 s with a 2 s cold and hot pulses, and the cryogenic modulator 

temperature was set 30 ºC higher than the primary GC oven temperature program. The 

transfer line to the MS was set at 280 ºC, the electron energy in electron ionization (EI) 

was 70 eV, the mass range was m/z 50–600 and the ion source temperature 230 ºC. The 

detector was always set +50 V above the daily measured auto-tune value, and the 

acquisition rate was 100 spectra/s. Compound identification was performed by a 

comparison of mass spectra, retention time and elution order with data published in the 

literature. 
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2.8 Principle component analysis (Papers IV-V) 

 

The software package Statistica 8 (Statsoft Inc.) was used in all statistical calculations 

in this work. Principal Component Analysis (PCA) was based on the covariance matrix. 

All variables were mean centered and scaled by the sample standard deviation. 42 

geochemical parameters from 20 samples reported in Tables 10 and 11 (Paper IV) were 

used to create a matrix of the petroleum system in Recôncavo Basin. 42 parameters of 

maturity and source from 11 samples reported in Tables 12 and 13 (Paper V) were used 

to study correlations. Also these same 11 samples were evaluated by analysis of 101 

normalized peak areas: area of compounds / area of internal standard (Ac/Ais). 

 

3. RESULTS AND DISCUSSION  

 

3.1 Behavior of sterically hindered phenols in IMS-MS (Paper I) 

 

In Paper I, gas phase mobility properties of phenolic compounds with varying 

numbers of tert-butyl groups were studied with negative APCI-IMS-MS to determine 

their suitabilities as mobility standards (Figure 5). 2,4,6-trinitrotoluene was also 

included in this study as it has been used previously as a reference compound [18], and 

its behavior has been studied in more detail after our study [31]. The same set of 

phenolic compounds as used in this study has not been reported earlier in IMS literature.  

The measured mass spectrometric data show that all the compounds produced 

deprotonated [M-H]- molecules. In the negative ion APCI mass spectra measured for 2-

tBPh an oxygen insertion ion [M-H+O]- at m/z 165 was observed, in addition to the [M-

H]- ion at m/z 149. When air was used as the nebulizer gas, instead of nitrogen, this 

oxygen insertion ion was observed more clearly. A similar observation was made for 

2,4,6-TNT, since the oxygen adduct [M+O]- ion at m/z 243 was seen more clearly when 

the nebulizer gas was air. Table 7 illustrates other typical ions produced by 2,4,6-TNT: 

[M-NO]- at m/z 197, [M-H]- at m/z 226, M- at m/z 227, and with a lower intensity [M-

OH]- at m/z 210. All these 2,4,6-TNT ions observed are in line with ions reported in the 

literature [17, 31, 132]. In addition, ions at m/z 183 and 213 were observed sometimes 

in full scan MS spectra in the presence of the oxygen adduct ion. The formation of these 

ions could therefore be due to loss of one or two NO groups from the oxygen adduct 
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ion. However, in a recent article it was reported that the ion at m/z 213 is 1,3,5-

trinitrobenzenanion, which is produced in the degradation of 2,4,6-TNT by ozone in an 

APCI ion source [133]. With the current data, it is not possible to conclude which 

explanation is correct.  

The absolute reduced mobilities of selected identified analyte ions, at room 

temperature, are summarized in Table 7. Analytes produced more than one mobility 

peak due to dimerization or adduct formation. The variations in mobility values were 

typically <2%. The reduced mobility value of 2,4,6-TNT ion [M-H]- is within 2% 

agreement with values presented at the literature [31]. 

 

Table 7. Summary of reduced mobilities K0 (cm2/Vs) measured with negative APCI-
IMS-MS with nitrogen as the nebulizer gas. The standard compounds were dissolved in 
hexane, unless otherwise stated. The numbers represent the peak numbers in the 
order they appear in the mass-selected mobility spectra. The structures of the standard 
compounds are presented in Figure 5 (adapted from Paper I). 

Compound 
Mass 

(u) 
Ion formula 

Measured 
ion, m/z 

1st 
(K0) 

2nd 
(K0) 

3rd 
(K0) 

4th 
(K0) 

2-tBPh  150 
[M-H+O]- 165a 1.63 1.13b    

[M-H]- 149 1.63 1.53 1.14b  

2,4-DtBPh  206 [M-H]-  205 1.34 1.29   

2,6-DtBPh  206 [M-H]- 205 1.43 1.37   

2,6-DtB-4-MPh  220 [M-H]- 219 1.36 1.29   

2,4,6-TtBPh  262 [M-H]- 261 1.23 1.18   

2,4,6-TNT  227 

[M+O]- 243a,c 1.53    

M- 227c 1.58d 1.53 1.35  

[M-H]- 226c 1.58 1.48 1.36  

[M-OH]- 210c 1.53    

[M-NO]- 197c 1.64 1.53 1.42 1.36 
a nebulizer gas was air; b dimer; c solvent ACN; d most likely the 13C isotope peak of the 
ion at m/z 226 

 

The compounds 2,6-DtBPh (Figure 9A), 2,6-DtBP-4-MPh and 2,4,6-TtBPh showed 

similar mobility peak patterns with two relatively large mobility peaks (Table 7). One 

requirement for the IMS instrumental standard is that the mobility value is independent 

of the IMS drift field. Therefore in our study, the variation in drift field (270-344 V/cm) 

was also tested for these three phenolic compounds. It was observed that all the reduced 

mobility values remained the same within the experimental error. However, the 

temperature variation (296-335 K) study done for 2,6-DtBP-4-MPh and 2,4,6-TtBPh 

showed that the intensity of the peak with a higher mobility value (1st peak in Table 7) 
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increased when the temperature increased. This is an indication that at least the lower 

mobility peak (2nd peak in Table 7) is an adduct ion, for example an adduct with O2 or 

NOx. However, no adducts were observed in the measured mass spectra. This is likely 

as they dissociate in the MS interface. 

 

 

Figure 9. Negative APCI-IMS-MS mass-selected ion mobility spectrum of (A) [M-H]- ion 
of 2,6-DtBPh at m/z 205, (B) [M-H]- and [M-H+O]- ions of 2-tBPh at m/z 149 (solid line) 
and m/z 165 (dotted line), respectively, (C) [M-NO]- and [M-H]- ions of 2,4,6-TNT at m/z 
197 (2nd peak is marked with asterisk, dotted line) and m/z 226 (solid line), respectively. 
The measurements were carried out in room temperature (296 K) using nitrogen as the 
drift and nebulizer gases (A, C) and using nitrogen as the drift gas and air as the 
nebulizer gas (B). # most likely the analyte dimer.  

 

The mass selected mobility spectra of the [M-H]- ion of 2-tBPh typically showed 

three peaks; one (2nd, Table 7, Figure 9B) peak due to the deprotonated molecule at m/z 

149, another peak (1st, Table 7, Figure 9B) due to the oxygen insertion ion [M-H+O]- at 

m/z 165 and the third one (3rd, Figure 9B, marked with #) most likely due to the analyte 

dimer. In tandem mass spectrometric measurements the oxygen insertion ion at m/z 165 

produced an ion at m/z 149 as a product ion (results not shown). Interestingly, the 
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oxygen insertion ion had a higher mobility than the lighter [M-H]- ion. This could be 

due to the fact that the [M-H]- ion exists initially as an adduct (e.g. O2 or NOx), which 

subsequently breaks down into the [M-H]- ion in the MS interface. An alternative 

explanation is that by the oxygen insertion a –OH group is formed in the ortho-position 

of the oxygen atom allowing for the formation of an internal hydrogen bond. Due to 

this, the internal hydrogen bond is shielding the charge, resulting in a decreased 

interaction of the [M-H+O]- ion with the drift gas compared to the [M-H]- ion. 

The two isomeric compounds, 2,4- and 2,6-DtBPh, both had two mobility peaks in the 

mass-selected ion mobility spectrum of the [M-H]- ion at m/z 205. As can be seen from 

Table 7, there is a clear difference, of about 0.1 units, in the reduced mobility values of 

both peaks when the mobility values of these two isomers are compared. This could be 

because, in the case of the ionized 2,4-DtBPh, the charge is exposed more to 

interactions with the drift gas than in the case of 2,6-DtBPh, which has two tert-butyl 

groups shadowing the ionization site (Figure 5). It was later observed that 2,4-DtBPh 

also formed a small quantity of dioxygen adduct [M+O2]
- ions at m/z 238, which had the 

same reduced mobility (K0 = 1.29 cm2/Vs) as the second mobility peak of [M-H]- ion 

[134]. This indicates that the dioxygen adduct [M+O2]
- is initially present in the 

ionization chamber and is broken down after the IMS analysis to form an [M-H]- ion. 

2,4,6-TNT produced several mass-selected mobility peaks (Table 7). The [M-H]- ion 

at m/z 226 showed three mobility peaks, of which the 1st peak (K0 = 1.58 cm2/Vs) had 

the highest intensity (Figure 9C). The [M-NO]- ion at m/z 197 produced four mobility 

peaks, of which the 1st and the 2nd (K0 = 1.64 cm2/Vs and K0 = 1.53 cm2/Vs, 

respectively) were the most intense. Interestingly, the 2nd mobility peak of [M-NO]- ion 

(marked with an asterisk in Figure 9C) shared the same mobility with [M-OH]- at m/z 

210, M- at m/z 227 and [M+O]- at m/z 243. This could be because in the drift tube the 

precursor ion [M+O]- moves across the drift region, forming the rest of the ions (m/z 

197, m/z 210 and m/z 227) at the MS interface after the IMS separation. Note, that even 

though the mass difference of the [M-H]- and the M- ions at m/z 226 and m/z 227, 

respectively, is only one mass unit, the mobility difference (K0 = 1.58 cm2/Vs and K0 = 

1.53 cm2/Vs, respectively) is relatively large. This supports the interpretation that the M- 

ion originates from the oxygen adduct ion [M+O]-. Also the mass difference between 

[M-H]- and [M+O]- ions is large enough to explain the mobility difference. 



38 

 

In summary, two isomeric phenols, 2,4-DtBPh and 2,6-DtBPh, could be separated 

with IMS-MS. Three of the phenols, namely 2,6-DtBPh, 2,6-DtB-4-MPh and 2,4,6-

TtBPh, produced typically two mobility peaks in the mass-selected mobility spectra 

measured for the [M-H]- ion. These three phenolic compounds behaved similarly under 

different measuring conditions and they could be used as instrumental standards 

alongside with 2,4,6-TNT. Further characterization is still required for example at 

higher drift tube temperatures. 

 

3.2 Separation of different ion structures with IMS (Paper II) 

 

The aim of the study in Paper II was to investigate the capacity of IMS to separate 

different ion structures of pyridine and naphthol compounds (Figure 5) in the gas phase. 

The ionization conditions in APPI were selected so that different ion structures, radical 

cation M+· and protonated molecule [M+H]+ ions, could be created for the same 

molecule. The MS literature has examples of how APPI can be used to produce 

different ion forms by altering the solvent and / or the dopant [36, 135, 136].  

When the analytes (Figure 5) were dissolved in hexane, APPI produced mainly 

protonated molecules [M+H]+ at m/z 145, 145, 192 and 206 for 1- and 2-naphthol, 2,6-

DtBPyr and 2,6-Dt-4-BPyr, respectively. However, when the analytes were dissolved 

into hexane:toluene (90:10%) they also produced radical cations M+· (m/z 144, 144, 191 

and 205). In the case of 2,6-DtBPyr and 2,6-Dt-4-BPyr, the M+· ions were observed 

together with unexpected dioxygen adducts [M+O2]
+· at m/z 223 and m/z 237, 

respectively. Product ion mass spectra for the M+· and [M+O2]
+· ions of 2,6-DtBPyr and 

2,6-DtB-4-MPyr produced similar fragment ions, expect that for the [M+O2]
 +· ion the 

first fragmentation step was the loss of O2. For pyridine and 2-tBPyr, both solvents 

efficiently produced only protonated molecules at m/z 80 and 136, respectively. In 

addition to the [M+H]+ ion, pyridine produced also a [M+91]+ ion at m/z 170, when 

hexane:toluene (90:10%) was used as the solvent. Further tandem MS inspections of the 

[M+91]+ ions structure indicated that it could be a benzyl cation adduct of pyridine. 

In the next step, the absolute reduced mobilities of most of the identified analyte ions 

were recorded (Table 8). The mobility values for the analyte ions, obtained with hexane 

and hexane:toluene (90:10%) solvents, were the same. The repeatability of the mobility 

measurements was evaluated by measuring the mass-selected reduced mobility values 
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for the [M+H]+ ion of 2,6-DtBPyr in hexane, because it has been previously used as a 

mobility standard [12]. The relative standard deviation for 2,6-DtBPyr was 0.7% (n = 

13, K0 = 1.49 cm2/Vs).  

Pyridine produced two main (1st and 2nd, Table 8) mobility peaks for the [M+H]+ ion 

with K0 = 2.04 (monomer) and 1.69 cm2/Vs (dimer), when hexane was used as the 

solvent. Interestingly, the use of hexane:toluene (90:10%) as the solvent produced an 

additional 3rd peak at K0 = 1.63 cm2/Vs at m/z 80 with nearly the same mobility (1.64 

cm2/Vs) as for the [M+91]+ ion at m/z 170. This is in line with the earlier tandem MS 

findings, suggesting that the m/z 170 ion is a benzyl cation adduct which is formed in 

the desolvation or ionization region of the IMS. 2-tBPyr produced a single mobility 

peak (K0 = 1.73 cm2/Vs) for the [M+H]+ with both hexane and hexane:toluene (90:10%) 

solvents. 

 

Table 8. Summary of the reduced mobilities K0 (cm2/Vs) measured with positive APPI-
IMS-MS. The standard compounds were dissolved in hexane or hexane:toluene 
(90:10%) and the values shown are based on measurements with both solvents. The 
numbers represent the peak numbers in decreasing mobility order. The structures of 
the standard compounds are presented in Figure 5 (adapted from Paper II). 

Compound 
Mass 

(u) 
Ion formula Measured ion, 

m/z 
1st (K0) 2nd (K0) 3rd (K0) 

Pyridine  79 
[M+H]+ 80 2.04 1.69a 1.63b 

[M+91]+ 170b 1.64     

2-tBPyr  135 [M+H]+ 136 1.73     

2,6-DtBPyr  191 

M+• 191b 1.45     

[M+H]+ 192 1.50 1.45b,c   

[M+O2]+• 223b 1.45     

2,6-DtB-4-MPyr 205 

M+• 205b 1.38     

[M+H]+ 206 1.42 1.38b,c   

[M+O2]+• 237b 1.39     

1-Naphthol 144 

M+• 144 1.72     

[M+H]+ 145 1.68 1.50d 1.32d 

[M+H+10]+ 155 1.68   

2-Naphthol  144 

M+• 144 1.73   

[M+H]+ 145 1.67 1.50d 1.32d 

[M+H+10]+ 155 1.67     
a dimer, b peaks observed clearly only in hexane:toluene (90:10%), c most likely 13C 
isotope peak of the m/z 191 or 205 ions, and d minor peaks which are observed 
sporadically. 
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2,6-DtBPyr and 2,6-DtB-4-MPyr behaved similarly in the IMS analysis, and the 1st 

mobility peaks of their protonated molecules had higher mobilities (K0 = 1.50 and 1.42 

cm2/Vs, respectively) than the peaks of their radical cations (K0 = 1.45 and 1.38 cm2/Vs, 

respectively, Figure 10A). Their dioxygen adducts [M+O2]
+· had the same mobilities as 

the radical cations (K0 = 1.45 and 1.39 cm2/Vs, within experimental error, Figure 10B). 

The mass difference for the protonated molecules and the dioxygen adducts could 

explain the mobility difference. 

 

 

Figure 10. Positive ion APPI mass-selected mobility spectra of 2,6-DtBPyr dissolved in 
hexane:toluene (90:10%). (A) M+· at m/z 191 (dotted line) and [M+H]+ at m/z 192 (solid 
line). (B) M+· (dotted line) and [M+O2]+· (solid line) at m/z 191 and m/z 223, respectively, 
shared the same mobility [127]. 

 

Interestingly, the radical cations of 1- and 2-naphthol at m/z 144 had higher mobilities 

(K0 = 1.72 and 1.73 cm2/Vs) than their protonated molecules at m/z 145 (K0 = 1.68 and 

1.68 cm2/Vs, Table 8). However, in the case of 2,6-DtBPyr and 2,6-DtB-4-MPyr the 

M+· had lower mobilities due to the formation of dioxygen adducts. This is because the 

[M+H]+ ions of 1- and 2-naphthol interact more with the residual water in the drift gas 

than the M+·, as similarly reported for anilines [74]. Additional support for our results is 

given by Fernández-maestre et al. who showed that the reduced mobility of [M+H]+ ion 

of 2,6-DtBPyr is independent of the water concentration in the drift gas [15].  

Additional mobility measurements were done for 2,6-DtBPyr with an APPI-IMS-FP 

instrument. These measurements showed the same mobility peaks for 2,6-DtBPyr as in 

the IMS-MS measurement, as well as an reaction ion peak (RIP). Typically, a FP 

detector measures all the ions, and therefore also a RIP is seen. With IMS-MS, the 

mobilities are measured only for selected analyte ions, and therefore a RIP is not seen. 
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A RIP is not necessarily observed with IMS-FP instruments either, for example 

Borsdorf et al. [70, 74] does not report a RIP in his APPI-IMS studies. This could be 

due to different sample introduction methods and ionization conditions. Borsdorf et al. 

introduced the analytes directly into the gas phase by heating the pure analytes without 

dissolving them in solvents. However, in our studies the analytes were introduced to the 

ionization chamber along with the solvent and / or dopant. 

To summarise, depending on the ionization conditions, 2,6-DtBPyr and 2,6-DtB-4-

MPyr efficiently produced both radical cations M+· and protonated [M+H]+ molecules. 

The radical cations M+· had longer drift times. Further analysis revealed the presence of 

dioxygen adduct ions [M+O2]
+·, which also had the same mobility as the radical cations 

M+·. Since 2-tBPyr does not produce the dioxygen adduct, its formation is likely to be 

dependent on the presence of two tert-butyl groups on both sides of the nitrogen 

“locking” the dioxygen in the middle. In cases of 1- and 2-naphthols, the radical cations 

M+· had higher mobilities than the protonated molecules [M+H]+, which is opposite to 

2,6-DtBPyr and 2,6-DtB-4-MPyr. The [M+O2]
+· formation of the M+· ions of 2,6-

DtBPyr and 2,6-DtB-4-MPyr increases the mass, and therefore both M+· and [M+O2]
+· 

ions have lower mobilities than the [M+H]+ ions. 

  

3.3 Separation of isomeric amines with IMS-FP (Paper III) 

 

The aim of this study was to investigate how structural differences in isomeric 

compounds can affect their separation in IMS. Eight model isomeric amine standard 

compounds (Mr=121, C8H11N, Figure 6 and Table 9) were studied using positive APCI- 

and APPI-IMS-FP instrument. Literature reports mobility values for some of the amines 

used in our study, namely 4-ethylaniline [75], N,N-dimethylaniline [137, 138] and 2,4,6-

collidine [138-140], but the same set of isomeric amines measured in our study was not 

included to the previous studies.  

Mass spectrometric measurements showed that with APCI and APPI ionization 

techniques protonated molecules [M+H]+ at m/z 122 were formed for all the amines. 

2,6-DtBPyr was used as an instrumental standard and its [M+H]+ ion was observed at 

m/z 192. Reduced mobilities of the analytes measured with IMS-FP and some literature 

values are presented in Table 9. The reproducibility of mobility experiments was 
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evaluated using a mobility value for the 2,6-DtBPyr measured with APCI (n = 8, on two 

different days, K0 = 1.47 cm2/Vs), which had a standard deviation of 0.3%.  

Reduced mobility measured with APCI and APPI for 2,4,6-Col is well in line with 

values reported in the literature (1.82 [138, 139] and 1.84 cm2/Vs [140]). The mobility 

differences of N,N-DMA between our experiments and the values reported in the 

literature (Table 9) could be explained by a different drift tube design, different 

ionization conditions, or a higher drift tube temperature (323-473 K) than that used in 

our experiments (296 K). Karpas et al. [137, 138] used a 63Ni β ion source to produce 

[M+H]+ ions, and they reported two different mobility peaks for N,N-DMA. They were 

suspected to be due to different protonation sites in the molecule, i.e., the proton could 

be attached to the N atom or to the ring [137]. In our experiments, we observed only one 

mobility peak for all the amines. In the case of 4-EA one obvious explanation for the 

difference in the reported mobility values is the ion measured, i.e. radical cation by 

Borsdorf et al. [75] and protonated molecule in our study. 

Some amines had distinctly different mobility values, while others shared nearly the 

same mobilities (Table 9). The compound class had an important role in mobility 

values. For instance, compounds with a N-heterocyclic aromatic ring (2,4,6-Col, 1.81 

cm2/Vs), tertiary (N,N-DMA, 1.75 cm2/Vs) or secondary amines (N-M-o-T, 1.70 

cm2/Vs) had the highest mobility values and were separated clearly. The rest of the 

compounds were primary amines, which had lower mobilities (Table 9, Figure 11). It is 

suggested that the protonated -NH2 group (-NH3
+) interacts more with the drift gas, and 

therefore the primary amines had lower mobilities, whereas in tertiary and secondary 

amines the protonated group is more protected from interactions with the drift gas. This 

is a similar “shielding” effect, where two tert-butyl groups of 2,6-DtBPyr are protecting 

the charge in both sides of the protonated nitrogen [12, 15]. Interestingly, PEA and 4-

EA were separated (K0 = 1.62 and 1.58 cm2/Vs, respectively), which could be because 

the protonated PEA forms a “loop” via –NH3
+ interaction with the benzene ring. 

Therefore, it has a “closed” shape and is likely to interact less with the drift gas than the 

protonated 4-EA. The side chain of 4-EA is too short to form a “loop” leaving it with 

the “open” shape. In the IMS literature, protonated diamines and polyamines have been 

reported to form also a “loop” [141].  
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Table 9. Summary of the reduced mobility K0 (cm2/Vs) values for the isomeric amines 
(Mr = 121) and 2,6-di-tert-butylpyridine (Mr = 191) measured with an IMS-FP instrument 
using nitrogen as the drift gas. The mobility values have not been normalized with the 
mobility of 2,6-DtBPyr. The structures of the standard compounds are presented in 
Figure 6 (adapted from Paper III). 

Compound Abbreviation 
APCI [M+H]+ 
K0 (cm2/Vs) 

APPI [M+H]+ 
K0 (cm2/Vs)  

Literature values 
K0 (cm2/Vs) 

2,4,6-Collidinea 2,4,6-Col 1.81 1.80 
1.82 [138, 139], 

1.84 [140], [M+H]+ 

N,N-
Dimethylanilinea  

N,N-DMA 1.75 1.75 
1.87 [137], 1.81 

[137, 138], [M+H]+ 

N-methyl-o-
Toluidinea 

n-M-o-T  1.70 1.69 
 

2-Phenethylamineb PEA 1.62 1.62  

4-Ethylanilineb 4-EA 1.58 1.58 1.77 [75], M+· 

2-
Methylbenzylaminec 

2-MBA 1.61 1.61 
 

4-
Methylbenzylaminec 

4-MBA 1.60 1.57 
 

3-
Methylbenzylaminec 

3-MBA 1.60 1.58 
 

2,6-di-tert-
butylpyridined 

2,6-DtBPyr 1.47  
 

a Measured from Mix A; b Measured from Mix B; c Measured individually; d Measured 
from Mix B and Mix C. 
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Figure 11. Positive APCI ion mobility spectra of mixtures of isomeric amines measured 
with IMS-Faraday plate detector (A, D) 1 = 2,4,6-Col, 2 = N,N-DMA, 3 = n-M-o-T and 4 
= 2-MBA, (B) 5 = PEA and 6 = 4-EA, and (C) Mix = 2-, 3-, and 4-MBA. In (A, C) the drift 
gas was nitrogen and in (D) 33% helium and 67% nitrogen. RIP = reaction ion peak, IS 
= 2,6-DtBPyr and the asterisk (*) indicates possible amine cluster ions.  

 

The most common drift gases are air and nitrogen. The change of the drift gas 

physical properties could result in better separation of the analytes that share the same 

mobility with nitrogen as the drift gas [142]. For example, chloroaniline and iodoaniline 

are not separated when nitrogen is used as drift gas, but when helium is used as drift gas 

they are clearly separated [142]. Therefore, in our experiments the drift gas was 

modified by mixing argon or helium to the nitrogen nitrogen in order to study if 

enhanced separation is obtained. The presence of heavier argon molecules shifted the 

mobilities of all the amines towards lower values, while in the presence of lighter 

helium molecules the mobility shifted towards higher values (Figure 12). Similar trends 

have been reported in the literature, where the mobility of compounds increased when 

helium was used as the drift gas instead of nitrogen, and decreased when argon was 
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used [138, 142]. However, the change of drift gas did not result in better separation of 

the unresolved compounds. 

 

 

Figure 12. Reduced mobility values of isomeric amines measured with positive APCI-
IMS-FP. The drift gas was nitrogen mixed with helium (A) or argon (B) (adapted from 
Paper III). 

 

As a summary, the isomeric amines formed protonated molecules [M+H]+ with both 

ionization techniques: APCI and APPI. 2,4,6-Col, N,N-DMA and n-M-o-T were 

separated clearly from each other with IMS, while the rest of the amines had mobility 

values very close to each other. However, PEA and 4-EA were separated. The major 

explanation for the different reduced mobilities is different shielding of the protonated 

nitrogen by the adjacent functional groups. In other words, the more protected the 

charge is e.g N-heterocyclic aromatic ring (2,4,6-Col) vs. primary amines, the less the 
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ionized analyte can interact with the drift gas, and therefore it can move faster through 

the drift tube. 

 

3.4 Geochemistry of Recôncavo Basin, Brazil, oils (Paper IV) 

 

Most of the crude oil samples from the Recôncavo Basin, Brazil, share similar 

biological source material and thermal maturation levels, therefore it is not easy to 

differentiate between them by using conventional analyzing techniques such as GC-MS. 

In Paper IV the differentiation of 20 oil samples from the Recôncavo Basin was made 

with GC×GC-TOF-MS. 

The Recôncavo Basin with an area of approx. 11500 km2 is located in Bahia, 

northeastern Brazil and it has started to form in the late Jurassic-early Cretaceous period 

[143]. Petroleum exploration of this basin, which is now in a mature stage, dates back to 

the 1930’s. Lacustrine shales are considered to be the predominant source rock units of 

the basin and the main reservoirs are pre-rift sandstones [144, 145].  

All the samples were measured using the GC×GC-TOF-MS instrument and the peak 

areas of geochemically interesting compounds were calculated from the measurement 

data. In addition to traditionally used geochemically interesting compounds (Paper IV), 

some non-conventional biomarkers were included in this study. The most significant 

variations in concentration between the oil samples were observed in geochemical 

compounds namely, β-carotane; 20S + 20R C27 5α,14α,17α-cholestanes; C30 17α-

diahopane; gammacerane; C31 17α(H),21β(H)-homohopane; C30 17α(H),21β(H)-

hopane; C31 3β-methylhopane; 8α(H), 14α(H)-onocerane; 8α(H), 14β(H)-onocerane; 

C24 tetracyclic terpane; and C26 tricyclic terpane. In total 52 geochemically interesting 

compounds were identified (excluding diamondoids). The peak areas of these 

compounds were used to calculate peak area ratios, which are typically called 

geochemical parameters. These parameters and their significance have been described 

by Peters et al. [123]. For example, in Paper IV the geochemical parameters provided 

information about different geochemical conditions, such as variations in biological 

source input material (Table 1 and 2, Paper IV) and the thermal stress conditions (Table 

3 and 4, Paper IV). Biodegradation of crude oil by bacteria can also alter the 

geochemical parameters. This information can be used in oil exploration to distinguish 

between different oil samples.  
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Based on the plots presenting geochemical ratios of β-carotane or gammacerane / C30 

17α(H),21β(H)-hopane (β-car / H30, Figure 13; Gam/H30, Figure 14) as a function of C30 

17α(H),21β(H)-hopane / 20S + 20R C27 5α,14α,17α-cholestanes (H30/St) ratio, it was 

observed that the samples with high ratios of β-car/H30 and Gam/H30 were mainly 

located in the central area of the basin. The presence of an elevated concentration of β-

carotane is associated with saline lacustrine paleoenvironments and the elevation in the 

concentration of gammacerane is commonly related to hypersalinity, highly specific for 

water-column stratification [123]. Our results (Figures 13 and 14) reveal that the salinity 

was not constant through time or throughout the whole ancient lake in the Recôncavo 

Basin. 
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Figure 13. (A) β-carotane / C30 17α(H),21β(H)-hopane (β-car/H30) ratio vs. C30 17α(H),21β(H)-hopane / 20S + 20R C27 5α,14α,17α-cholestanes 
(H30/St) graph, and (B) Recôncavo Basin map with samples from the central region highlighted. A larger map of the Recôncavo Basin is 
presented in Figure 1, Paper IV (adapted from Paper IV). 
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Figure 14. (A) Gammacerane / C30 17α(H),21β(H)-hopane (G/H30) ratio vs. C30 17α(H),21β(H)-hopane / 20S + 20R C27 5α,14α,17α-cholestanes 
(H30/St) graph and (B) Recôncavo Basin map with samples from the central region highlighted. A large map of the Recôncavo Basin is 
presented in Figure 1, Paper IV (adapted from Paper IV).  
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To further simplify the large number of geochemical parameters, the statistical 

method, PCA was used to transform the complex results into a clear format. Figure 15 

shows PCA results where principle components 1 and 2 are presented on the x and y-

axis, respectively. Through this analysis only samples 253 and 274 were separated from 

the other samples. A further study of the results, showed that in the case of sample 253 

(Figure 16A) the ratios mainly responsible for the separation, according to the score 

contributions, were 8α(H), 14α(H)-onocerane / C30 17α(H),21β(H)-hopane (ONII/H30); 

8α(H), 14β(H)-onocerane / C30 17α(H),21β(H)-hopane (ONIII/H30); and C30 17α-

diahopane / C30 17α(H),21β(H)-hopane (DiaH30/H30). Onoceranes are associated with 

restricted basins in warm and humid tropical climates such as Brazil [112]. Their origin 

is unclear, but it is thought to be related to terrigenous dominated ferns and flowering 

plants [123]. Diahopanes are most likely formed by oxidation and rearrangement of 

hopenes [146]. For sample 274, the PCA score contributions showed that the ratios of 

C31 3β-methylhopane / C30 17α(H),21β(H)-hopane (3βMH31/H30); C24 tetracyclic 

terpane / C26 tricyclic terpane (TeT24/Tr26); and C31 17α(H),21β(H)-homohopane / C30 

17α(H),21β(H)-hopane (H31R/H30) mainly contributed to its separation (Figure 16B). 

The precursor of 3β-methylhopane is the 3β-methyl-hopanoid synthesized by several 

types of methanotrophic bacteria [147, 148] and the oils with 3βMH31/H30 ratio 1% are 

typically from lacustrine source rocks [111]. The geochemical significance of tri– and 

tetracyclic terpenes are discussed in the next chapter (Geochemistry and identification 

of compounds in Brazilian crude oils). The high H31R/H30 ratio is associated with 

marine and marine carbonate oils [123]. The oils 253 and 274 were distinguished from 

the rest of the oils mainly by non-conventional biomarker ratios. 
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Figure 15. PCA score plots of geochemical source parameters (adapted from paper 

IV). 
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Figure 16. Parameter contributions to sample 253 (a) and 274 (b) in the PCA score 

plot illustrated in Figure 15. The red box illustrates biomarker ratios, which separated 

the sample (adapted from Paper IV). 
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3.5 Geochemistry and identification of compounds in Brazilian crude oils (Paper V) 

 

In Paper V, eleven crude oil samples from different regions of Brazil, classified based 

on proprietary methods by the Research Center of Petrobras (CENPES) as having 

different source, biodegradation and maturity levels, were further analyzed with 

GC×GC-TOF-MS. The peak area data obtained was used for the calculation of the 

saturated and aromatic geochemical parameters. The saturated geochemical parameters 

assigned five (S01, S02, S08, S09 and S10), of the oils as originating from lacustrine 

source rocks, five from marine (S04, S05, S6, S07 and S11) and one (S03) as a mixture 

of marine and lacustrine source rocks. The 25-nor-hopane / C30 17α(H),21β(H)-hopane 

(25-NH/H30) ratio assigned the oils S02 and S07 as biodegraded. 

The saturated and aromatic geochemical parameters obtained from GC×GC-TOF-

MS were analyzed by PCA (data not shown). However, the loading plot was difficult to 

read due to the large quantity of parameters, therefore another PCA was done with 

selected geochemical source parameters. This new calculation gave a similar result as 

the one with the large number of geochemical parameters, but produced Figures (Figure 

17) which are easier to interpret. The PCA separated most mature oils (S05, S06 and 

S07, Figure 17A) and the loading plots in Figure 17B illustrate that the oils were mainly 

separated by parameters based on aromatic compounds and saturated maturity 

biomarker ratios. 
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Figure 17. PCA score (A) and loading (B) plots for the first two principal components, 
based on saturated and aromatic biomarker parameters. [1] Oil S02; [2] Oils S05, S06 
and S07; [3] 25NH/H30 ratio; [4] some of the saturated maturity parameters; [5] 
aromatic geochemical parameters. 

 



55 

 

During the data analysis, eight unknown compounds (Figure 18), not reported 

earlier in the literature, were observed. These compounds had the molecular ion (M+.) at 

m/z 274, 288 or 316. Two of these compounds had a common characteristic fragment at 

m/z 191 in their EI mass spectrum, and the remaining six compounds had a common 

fragment at m/z 203. All the new (or unusual) compounds were found in the B/C oil 

fraction meaning that they are saturated hydrocarbons, i.e., these compounds contain 

only carbon and hydrogen atoms. Therefore, it was straightforward to calculate the 

double bond equivalence (DBE), or degree of unsaturation, for all these compounds 

from the masses of the molecular ions. The DBE formula calculates how many 

hydrogens are “lost” from the saturated structure. The DBE for all the compounds was 

four. 

The new compounds had different retention times in 1D and in 2D GC (Figure 18 

and Table 10). In the chromatographic conditions used in this study (see section 2.6) the 

group type separation in the 2D dimension follows the order of: (i) tricyclic terpanes; (ii) 

steranes with 3 rings containing 6 carbon atoms and 1 ring containing 5 carbon atoms; 

(iii) tetracyclic terpanes with 4 rings containing 6 carbon atoms; (iv) pentacyclic 

terpanes with 4 rings containing 6 carbon atoms and 1 ring containing 5 carbon atoms 

and (v) pentacyclic terpanes with 5 rings containing 6 carbon atoms. In this group type 

separation, the observation that the eight new compounds are in the two dimensional 

separation plane somewhere between tricyclic terpanes and pentacyclic terpanes (Figure 

18), and the DBE number of four, give reason to expect that the new compounds could 

be tetracyclic compounds. 
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Figure 18. Crude oil sample S08: Partial extracted ion chromatogram with sums of ions at m/z 191 and 203 showing tri-, tetra-, and pentacyclic 
terpanes (A) and eight (1-8) new compounds (B). H30 = 17α(H),21β(H)-Hopane; TeT24 = C24 tetracyclic terpane; Trn = Cn tricyclic terpane; Ts = 
C27 18α-22,29,30-Trisnorneohopano (adapted from Paper V).  
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To achieve more information about the structures of the new compounds, the 

retention times of the compounds, for which the separation in a 2D column was known, 

were plotted against the numerical values calculated based on the number of rings of 6 

carbon atoms and number of rings of 5 carbon atoms in three reference compounds 

(Figure 19). The known reference compounds are C29 tricyclic terpane, which has three 

6 carbon rings (with given ring number = 3); C29 5α(H),14β(H),17β(H)-stigmastane 

20R, which has three 6 carbon rings and one 5 carbon ring (with given ring number = 

3.5) and C29 17α(H),21β(H)hopane, which has four 6 carbon rings and one 5 carbon 

ring (with given ring number = 4.5) (see Figure 19 for structures). The ring numbers 

(Table 10) for the eight new compounds were assigned according to the best fit line 

obtained based on the known biomarker retention times. The ring numbers for the eight 

new compounds varied in the range from 2.86 to 3.91, representing approximately those 

of from tricyclic (3.00) to tetracyclic terpanes (4.00). 
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Figure 19. 2D retention time vs. ring number curve of (1) C29 tricyclic terpane, (2) C29 
5α(H),14β(H),17β(H)-stigmastane 20R and (3) C29 17α(H),21β(H)hopane, which were 
used to calculate the ring number values in Table 10 (adapted from Paper V). 
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Table 10. Retention times (tR) in 1D (t1) and 2D (t2), and ring numbers for selected 
known biomarkers, as well as the calculated ring numbers for new tetracyclic 
compounds (Figure 19), which are marked with bold font. The numbers represent the 
new tetracyclic compounds observed in the chromatogram in Figure 18. 

Name MM tR1 (s) tR2 (s) Carbons 
Ring 

number 

C20 tricyclic terpane 276 1448 3.24 20 3.00b 

C21 tricyclic terpane 290 1632 3.40 21 3.00b 

C24 tricyclic terpane 332 2144 3.43 24 3.00b 

C24 tetracyclic terpane 330 2552 4.36 24 4.00b 

C27 13β(H),17α(H)-diacholestane 20R 372 2848 3.65 27 3.50b 

C27 5α(H),14β(H),17β(H)-stigmastane 
20R 

372 3112 3.89 27 3.50b 

C27 22,29,30-trisnorneohopane (Ts) 370 3224 4.73 27 4.50b 

C27 22,29,30-trisnorhopane (Tm) 370 3304 4.93 27 4.50b 

C29 tricyclic terpane 402 3136 3.54 29 3.00b 

C29 5α(H),14β(H),17β(H)-stigmastane 
20R 

400 3480 3.95 29 3.50b 

C29 Hopane 398 3568 4.72 29 4.50b 

Gammacerane 412 3952 5.14 30 5.00b 

8α,14α Onocerane II 414 3576 3.83 30 2+2b 

#1, C20H34 274 1552 3.44 20 2.86a 

#2, C20H34  288 1608 3.63 21 3.11a 

#3, C21H36  288 1640 3.61 21 3.08a 

#4, C23H40  316 1896 3.44 23 2.86a 

#5, C23H40  316 2024 3.72 23 3.22a 

#6, C23H40  316 2088 3.81 23 3.34a 

#7, C23H40  316 2240 3.93 23 3.49a 

#8, C23H40  316 2328 4.26 23 3.91a 
a The calculated ring number based on a linear trend line equation presented in Figure 
19. 
b Given number according to the number of carbon rings in the molecule; a five-carbon 
ring reduces the number by 0.5. 

 

 

Exact matches for the MS spectra of compounds 1-8 (Figure 20) were not found in 

the literature (Table 4, Paper V), therefore the structural identification, including ring 

configurations is relying on the compounds´ retention times and MS fragmentation. 
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Figure 20. EI mass spectra of new compounds (1-8) and C24 tetracyclic terpane 
(TeT24) (adapted from Paper V). 

 

 

Even when the measurements are conducted with a two dimensional gas 

chromatography obtaining “clean” EI mass spectra is not easy. This is demonstrated in 

Figure 21. The compound 4 co-eluted with another compound also in 2D, resulting in a 

single peak in TIC (marked with an asterisk in Figure 21). Careful spectral examination 

and software assisted deconvolution resulted in clear MS spectra for C23 tricyclic 

terpane (A, Figure 21) and compound 4 (B, Figure 20 and 21). The detection of this 

compound with conventional GC-MS would be very difficult, as in the detection of 

minor differences of oils in section 3.4. For example, 3βMH31 can not always be 

detected with GC-MS, because it elutes close to H31R and Gam [111]. 
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Figure 21. Top left: Total ion chromatogram (TIC) (*, black solid line); extracted ion 
chromatogram at m/z 191 (A, blue dashed line, peak intensity x48), and extracted ion 
chromatogram at m/z 203 (B, red solid line, peak intensity x45). Top right: mass 
spectrum at the top of the TIC peak. Bottom left: Mass spectrum of co-eluting possible 
C23 tricyclic terpane with diagnostic ion m/z 191 (A) taken at the top of the blue dashed 
line. Bottom right: New C23 tetracyclic compound (Compound 4, Figure 18B and 21) 
with diagnostic ion m/z 203 (B) taken at the top of the red solid line (adapted from 
Paper V). 

 

The chromatographic and MS information for the new compounds were combined 

and the most likely tentative structures for compounds 1, 3, 4 and 8 are proposed 

(Figure 22). For instance, compound 4 has retention time close to tricyclic terpanes and 

it has a 4 ring structure. Therefore it could be possible to have a  of the ring C, which 

could cause a reduction in retention time in 2D. Compounds 6 and 7 have similar MS 

spectra to compound 4, but a higher retention times in 2D, which indicate a different 

ring structure. Compound 8 has a retention time in 2D close to the C24 tetracyclic 

terpane and a fragment ion at m/z 191. This ion is typical to C24 tetracyclic terpane 

[150], and therefore compound 8 could be a C23 tetracyclic terpane. Compound 2 could 

have a similar structure as compound 1, because their retention times in 2D are similar 

and in MS spectrum they have similar fragment ions. The MS spectrum of compound 5 

is close to compound 8, and therefore compound 5 could have a partially similar 

structure. To summarise, all the new compounds are assumed to have a tetracyclic 

saturated structure. 
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Figure 22. Tentative structures and possible fragmentations for new biomarkers (1, 3, 
4 and 8) in Figure 18 (adapted from Paper V). 

 

 

The new tetracyclic compounds were encountered with varying concentrations in 

all 11 crude oil samples collected from different regions of Brazil.  

The peak areas of the new tetracyclic compounds were divided with the peak area 

of C24 tetracyclic terpane (Ac/TeT24, Supplementary material, Table 2S, Paper V). The 

new ratios were analyzed with PCA together with already known saturated and aromatic 

geochemical parameters as presented in Figure 17. The loading plot results showed that 

Ac/TeT24 ratios acted in the same direction as dibenzothiophene ratios, which indicates 

that some of the new compounds could respond to changes in maturation in a similar 

way as dibenzothiophenes. Similar results were observed in score plots when the ratios 

of compound 7/TeT24 and compound 8/TeT24 were plotted with the ratio of 

dimethyldibenzothiophene (DMDBT) 4,6/1,4. The samples S06 and S07, which both 

showed high ratios of compound 7/TeT24 and 8/TeT24 when the ratio of DMDBT 4,6/1,4 

was high. 

A more detailed score plot (data not shown) examination of the samples revealed a 

correlation between the peak areas of compound 7 and TeT24, which could mean that 

compound 7 is formed from TeT24 during the maturation process, or the compounds 

could have a common precursor. Therefore, it is proposed that the ratios of compound 7 

/ TeT24 could be used as potential new maturity parameter, for more mature oils, 

similar to benzothiophenes, which have been used for oils in the maturity window for 

vitrinite reflectance R0 ~1.3-1.5 (Chakhmakhchev et al., 1997). Nevertheless, the 

maturation working range of these tetracyclic compounds should be determined in more 

detail. 
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4. CONCLUSIONS 

 

Two different pre-separation techniques, IMS (Papers I-III) and GC×GC (IV-V) 

combined with MS, were studied in this thesis. Their capacity in difficult analytical 

tasks was demonstrated by separating model isomeric compounds with IMS and by oil 

analysis with GC×GC-TOF-MS. 

Paper I studied the behavior of selected phenolic compounds and 2,4,6-TNT using 

negative APCI-IMS-MS. 2-tBPh formed two ion species [M-H]- and [M-H+O]-, 

interestingly; the heavier [M-H+O]- ion had a shorter drift time than the lighter [M-H]- 

ion. This could be due to the fact that the [M-H]- ion forms an adduct, for example with 

NOx or Ox, which is separated from analyte after IMS separation and is not detected 

with MS. The increased mass of an adduct ion [M-H+?]- could result in a longer drift 

time than [M-H+O]- ion, or the interaction with the drift gas is different for these two 

ion species. Where [M-H]- ion is more prone to interactions than [M-H+O]-, which 

could form an internal hydrogen bond resulting in the charge being more protected. 

Three compounds, 2,6-DtBPh, 2,6-DtB-4-MPh and 2,4,6-TtBPh, behaved similarly in 

the different IMS measuring conditions used in this study, producing two mobility 

peaks for the [M-H]- ion, which are not dependent on the measuring conditions used. 

Therefore, it can be suggested that these three phenolic compounds could be used as 

mobility standards in addition to 2,4,6-TNT, but further characterization is required. In 

addition, two isomeric compounds 2,4-DtBPh and 2,6-DtBPh were clearly separated 

with IMS. 

Paper II demonstrated that in correct APPI ionization conditions, 2,6-DtBPyr and 

2,6-DtB-4-MPyr efficiently produce both radical cations M+· and protonated [M+H]+ 

molecules. Also, dioxygen adduct ions [M+O2]
+·, which had the same mobility as M+·, 

were observed. Therefore, it can be proposed that the M+· ions are formed together with 

[M+O2]
+· ions. The lower mobility of [M+O2]

+· ions than of [M+H]+, can be explained 

by the mass difference, i.e., heavier ions have longer drift times than lighter ions. The 

dioxygen adduct formation is likely to depend on the presence of two tert-butyl groups 

on both sides of the nitrogen “locking” the dioxygen in the middle. The naphthols 

produced both M+· and [M+H]+ ions. Interestingly, the M+· ions had higher mobilities 

than the [M+H]+ ions, which is opposite to 2,6-DtBPyr and 2,6-DtB-4-MPyr, for which 

also oxygen adducts were formed. The mobility order of different naphthol ions could 
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be due to different locations of the charge, for example the [M+H]+ ion could be 

protonated in the -OH group, whereas in the M+· ion the charge could be delocalized in 

the benzene rings. This could result in different conformation of molecules with 

different collision cross-sections of ion species. 

In Paper III, both APCI and APPI produced protonated molecules [M+H]+ for 

isomeric amines. Clear separation was recorded for 2,4,6-colidine, N,N-dimethylaniline, 

N-methyl-o-toluidine, phenethylamine and 4-ethylaniline with IMS, while the rest of the 

amines had mobility values very close to each other. This can be explained by the 

structures of isomers. For instance, the shielded molecules, i.e., with a protected charge 

(e.g. 2,4,6-collidine), interact less with the drift gas than the molecules with more open 

structures, such as primary amines. 

In Paper IV, crude oil analysis from Recôncavo Basin was carried out with GC×GC-

TOF-MS. Important geochemical parameters were calculated based on the GC×GC-

TOF-MS results and evaluated. The PCA of the geochemical parameters was able to 

separate two oils from a total of twenty oils. The geochemical parameters also indicated 

that β-carotane can be used to reconstruct salinity variations in the late Jurassic to early 

Cretaceous time in an ancient lake during the fragmentation of the Pangaea 

supercontinent.  

In Paper V, the source and maturity-related geochemical parameters were measured 

for eleven Brazilian crude oils using GC×GC-TOF-MS. A relationship between the 

retention time in 2D and the carbon ring structure was observed for several biomarkers 

already known from the literature. Since all the analyte compounds were saturated 

hydrocarbons (their polarity did not vary significantly), it is assumed that the shape of 

the molecule has an important role in the interactions with the column surface. The data 

about a relationship between the retention time in 2D and the carbon ring was used to 

achieve more structural information about eight new compounds found during the 

analysis. Using mass spectral data to calculate the DBE and the information from 

retention time in 2D, it could be suggested that these new compounds had tetracyclic 

structures, some of them similar to nor-steranes. It was also observed that compound 

7/TeT24 ratio increases together with the DMDBT 4,6/1,4 ratio. This could be due to 

the fact that the compound 7 is more stable than the C24 tetracyclic terpane or it is 

produced during the maturation process. The compound 7/TeT24 ratio could be used in 

the future, in parallel with other maturation indicators such as benzothiophenes (R0 
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~1.3-1.5) to evaluate oils from mature to overmature levels. Still, the maturity range for 

these new tetracyclic compounds should be characterized in more detail. 

IMS is a faster measuring technique (typical analysis time is ~1 sec) with smaller 

peak capacity ~102 (total number of theoretical plates) [151] than GC×GC, which has 

peak capacity >2*104 [90] with slower analysis time (typical analysis time is ~1 h). In 

IMS and GC×GC the separation of coeluting compounds can be improved in some 

cases by optimizing the measuring conditions, such as the polarity of the drift gas in 

IMS or the polarity of the columns in GC×GC. Furthermore, in IMS, ionized 

compounds are separated in a drift region and in GC×GC, the neutral molecules are 

separated. The shape of the molecule can change during the ionization process therefore 

these two techniques complement each other. IMS can be miniaturized for field 

analysis, while GC×GC instruments are typically benchtop size for laboratory use. 

Both IMS and GC×GC, are capable of separating isomers. In IMS the most 

important property for separation of isomeric compounds is their shape (collision cross 

section). In addition to this, it was shown that different isomers have differing 

tendencies to form adducts. For example, in the negative APCI mode the formation of 

dioxygen adduct was seen for 2,4-DtBPh but not for 2,6-DtBPh. The dioxygen adduct 

of 2,4-DtBPh increased the mass of the ion resulting in a slower drift time than for the 

lighter [M-H]+ ion of 2,6-DtBPh. This basic finding could be adapted in different fields 

of chemistry to increase the understanding of the fundamental behavior of regio 

isomers. For example, isomers have a significant role in complex biological processes. 

Adducts (e.g. dioxygen) are well known in IMS and MS literature, but commonly they 

are dissociated in MS interface with declustering voltage or with curtain gas. Reactive 

oxygen species, such as hydrogen peroxide or peroxynitrite, are part of the production 

of dioxygen radical ions in living cells. It could be possible that dioxygen adducts are 

formed with molecules, which have similar structure than model compounds in this 

work, in real biological process. In the future, it would be interesting to study these 

adducts. 
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