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Abstract

Comprehensive two-dimensional gas chromatography (GCxGC) coupled to time-of-flight mass
spectrometry is a powerful separation tool for complex petroleum product analysis. However, the
most commonly used electron ionization (EI) technique often makes the identification of the majority
of _hydrocarbons impossible due to the exhaustive fragmentation and lack of molecular ion
preservation, prompting the need of soft-ionization energies. In this study, three different soft-
ionization techniques including photo ionization (PI), chemical ionization (CI), and field ionization
(FI) were compared against El to elucidate their relative capabilities to reveal different base oil

hydrocarbon classes. Compared to EI (70 eV), Pl (10.8 eV) retained significant molecular ion (M*)

information for a large number of isomeric species including branched-alkanes and saturated mono-
cyclic hydrocarbons along with unique fragmentation patterns. However, for bi-/poly cyclic
naphthenic and aromatic compounds, El played upper hand by retaining molecular as well as
fragment.ions to identify the species, whereas Pl exhibited mainly molecular ion signals. On the other
hand, CI revealed selectivity towards different base oil groups, particularly for steranes, sulfur-
containing thiophenes, and esters; yielding protonated molecular ions (M+H) * for unsaturated and
hydride abstracted ions (M-H") for saturated hydrocarbons. Fl, as expected, generated intact

molecular ions (M"") irrespective to the base oil chemical classes. It allowed elemental composition

by TOFMS with a mass resolving power up to 8,000 (FWHM) and a mass accuracy of 1 mDa, leading
to the calculation of heteroatomic content, double bond equivalency, and carbon number of the
compounds. The qualitative and quantitative results presented herein offer a unique perspective into
the detailed comparison of different ionization techniques corresponding to several hydrocarbon
classes.

KEYWORDS: Base oil, Hydrocarbons, lon source, Mass spectrometry, Photo ionization, Field

ionization, Chemical ionization
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1| INTRODUCTION

Lubricating oil is widely used in automobile engines and other machines. It plays a critical role to
reduce friction, ensuring machines to be energy efficient." The improvement of the quality of
lubricating 'oils is often considered as important as new engine design solutions.? Increased
government regulations, environment protection requirements, and consumer expectations have
resulted in an increasing number of new products on the market. The growing diversity of lubricating
oils displays a variety of physiochemical properties and chemical compositions. Thus, the
comprehensive fingerprinting of lubricating oil is required for better understanding of
physicochemical properties, group type classifications, forensic evidence against adultery, illegal

production, identification and tracking source of spillage.™*

Several .spectroscopic techniques such as fluorescence, infra-red as well as UV-Vis have been
reported for oil analysis.*® Although these techniques can provide rapid screening of oil samples, they
are unable to resolve components in samples. The use of chromatographic techniques®® prior to mass
spectrometric detection is widely used for characterization of complex petroleum oils. Among
different chromatographic techniques, gas chromatography (GC), and in particular two-dimensional

GC (GCxGC) is trending since its invention two decades ago.*'°

It is due to superior compound
separation and production of structural elution patterns leading to improved characterization of
complex petroleum oils, as reported elsewhere.'"** Several detectors, including flame ionization
(FID)," electron capture (ECD)," sulphur chemiluminescence (SCD),* nitrogen chemiluminescence
(NCD),>and most importantly time-of-flight (TOF) mass spectrometric detectors'® were successfully
applied to GCxGC applications. TOFMS, as a fast acquisition mass selective detector, is always the
preferred choice for qualitative analysis, allowing to perform acquisition of mass spectra of fast
eluting compounds without spectral skewing. The type of source used for ion production prior to mass
separation, greatly impacts the formation and the extent of the ionization of molecules.'” Commonly
used electron ionization (EI) has high ion yield and sensitivity, and generates highly reproducible

spectra. However, for some group of compounds, particularly for hydrocarbons, El is too energetic to

preserve molecular ions that are crucial for positive identification of the molecule. In contrast, a soft
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ionization technique like field ionization (FI)*® produces abundant molecular ion signals. However, FI
generates. little or no fragmentation at all, providing no structural information (fragments) anymore.
Other ion sources include chemical ionization (Cl),* photo ionization (P1),** variable ionization,*
atmospheric pressure photo ionization (APPI),%® atmospheric pressure laser ionization (APLI).* In
general, Cl, performed under vacuum or at atmospheric pressure, reveals molecular ions but is highly
condition-dependent (reagent gases, flow, humidity, temperature, source geometry etc.).?> Next to
these techniques, Pl is (re)emerging as a more universal soft-ionization technique due to its limited
dependency only towards the type of lamp used as the photon source. A recent study using Pl for the
consideration of a wide range of chemical classes revealed that both the retention of molecular ions
and the minimal production of structurally significant fragments enables unambiguous identification
of a vast majority of analyzed compounds.** Despite these significant differences between the soft
ionization-techniques available for GC-MS, very limited comparative assessments are available,
particularly for lubricating oils that exclusively contain hydrocarbons that are highly susceptible to

hard ionization.

In this paper, we present a comprehensive comparison of four ionization techniques, El, P1, Cl, and FI
for different base oils, which are the major contributors (>80%) of lubricating oils. EI/PI combination
ion sources, Cl, and FI sources were evaluated under the same GCxGC conditions and same TOFMS
detector. Combined ion sources enabling to switch between ionization modes without breaking the
vacuum were used as they also allow accurate matching of different ionization data thus providing
structural “information about different compounds separated by employing same GCxGC
chromatographic conditions. The comparison of different ionization data on a wide range of
hydrocarbon classes present in base oils were carried out to develop better understanding of ionization
mechanisms and extent of fragmentation for a wide range of molecules. Detailed structural
elucidation of hydrocarbon classes including, saturated branched alkanes, naphthenic, polycyclic and
aromatic compounds were carried out for understanding of the complex molecular composition of

base oils.
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2 | MATERIALS AND METHODS
2.1} Samples and chemicals

Several base oil samples belonging to several American Petroleum Institutes (API) groups (I-1V) were
analyzed with special emphasis on two samples, base oil 1 (Group I) and base oil 2 (Group II). Base
oil 1 was a product of solvent free manufacturing process with less than 90% saturates and more than
0.03% sulfur. Whereas base oil 2 was hydro-processed, containing more than 90% saturates and less
than 0.03% sulfur. GC grade solvents, particularly hexane, were used for dilution. Sublimated
benzophenaone (purity >99%) was obtained from Sigma-Aldrich (St Louis, MO, USA). A gravimetric
mixture of paraffins, naphthenes, mono- and poly-aromatics was obtained from AC Analytical

Controls, PAC, France.
2.2 | Multidimensional GC (GCxGC) instrumentation

A gas chromatograph (7890B, Agilent Technologies, Wilmington, DE, U.S.A.) equipped with a Zoex
ZX2 thermal modulator (Houston, TX, U.S.A.) and an auto-injector (7693A Agilent Technologies)
was used for cool-on-column injection. A low-polar (ZB-XLB-HT Inferno, 15.0 m, 0.25 mm ID, 0.1
um, Phenomenex ) and polar (ZB-50HT, 2.0 m, 0.1 mm ID, 0.1 pm, Phenomenex) columns were used
for base oil analysis for first and second dimension separation respectively. Deactivated column was
used as modulation loop (1.0 m, 0.1 mm ID) and also for TOFMS transfer line (0.5 m, 0.1 mm ID).

Helium was used as the carrier gas in constant flow mode.

2.3 | lon sources and MS configuration

A EI/P1 combination ion source, and dedicated CI, and FI sources were used to evaluate and compare
different ionization modes for base oil analyses. A unique GCxGC instrument, operating in identical
conditions was interfaced with all four ion sources at the exception of an adapted modulation period
(Pwm) of 6sec (instead of 5 sec) for the use of the CI source. A detailed description and application of

the EI/PI combination ion source (JEOL, Japan) was recently reported.”® In brief, a minimal
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modification was made in the EI source block to use it as an EI/PI source. Redesigning of the repeller
part allows direct exposure of photon to the ion volume. A deuterium lamp (D, lamp, L7293,
Hamamatsu, Japan) was used for photon emission. Current Pl conditions are strictly single-photon
photo-ionization with a maximum energy output of 10.78 eV at 115 nm. The description of Cl and FI
sources (JEOL, Japan) is available elsewhere. For ClI, a reagent gas mixture of methane (95%) and
ammonia (5%) was used with a flow rate of 1.0 mL/min. To avoid detector overloading, appropriately
diluted base oil samples were introduced to cool on-column (COC) inlet (25-fold dilution for PI, CI,
and FI; 200-fold dilution for El in hexane). Details of ion source parameters used are listed in Sl, S1.
A time-of-flight mass spectrometer (AccuTOF GCv 4G, JEOL, Japan) was used to acquire data at a

mass resolution of >8000 FWHM.

2.4| Quantitative comparison of ion sources using benzophenone

Mono-dimensional GC (DB-5MS, 29.0 m, 0.25 mm ID, 0.25 um, Agilent J&W) condition (see SI,
S1) was used to assess quantitative aspects of different ion sources using a series of benzophenone
solutions ranging from 1 ppb to 1 ppm in triplicate. Critical detection parameters including detector
voltages, FI probe conditions, and quality control check for the sensitivity of the instrument were also

evaluated under these chromatographic conditions.
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2.5 | Data treatment and visualization

GCxGC data were processed and visualized using GC Image v2.5 (Zoex Corporation, Houston,
U.S.A)). Global mass spectra were drawn using mMass software (V.3, open source). Signal-to-noise
ratios were calculated using MassCenter software (JEOL, Japan). Ab initio computations of the
vertical ionization potential (IPy) expressed as a negative of HOMO, appearance potential expressed
as ' HOMO-LUMO gap, were performed for different hydrocarbon classes of base oils using the

Spartan’ 16 program package.”*®

3| RESULTS AND DISCUSSION
3.1 |'Chromatographic separation and identification of base oil hydrocarbons

Success of base oil analysis was extremely relied on optimal separation leading to pull base oil
components apart to obtain near pure spectra for identification and further characterization. Thanks to
comprehensive two-dimensional gas chromatography (GCxGC), by adopting low-polar and polar
(ZB-XLB-HT Inferno, ZB-50HT) column set, a best possible separation was achieved for several
group of hydrocarbons. GCxGC being widely orthogonal compared to 1D separation, compounds
were separated in the first dimension based on volatility and polarity in the second. Thus, the
molecular -mass, one of the most selective information is highly related to the elution order of the
corresponding compound. On the other hand, along the second axis relatively apolar saturated alkanes
were eluted first followed by saturated and aromatics with increased polarity. Contour plot presented
in Figure '1 showed the typical structured pattern of GCxGC separation for several groups of
hydrocarbons including, n-paraffins, iso-paraffins, mono-, di-, polycyclic saturated, and aromatic
compounds for different ion sources including El, PI, Cl, and FI. Results revealed that El, Pl and FI
profiles were superficially similar to each other, whereas Cl was distinctively different. In depth
observation of different first dimension retention times (‘tz) and second dimension retention times
(*tz) elution zones demonstrated the differences of separations achieved by different ionization

techniques and their visualization efficiencies (see SlI, S2). As expected, Cl exhibited varied
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sensitivity towards base oil components compared to other ionization technigues. Noteworthy to
highlight.that infusion of CI reagent gas at 1 mL/min significantly affected ion source vacuum
resulting lower carrier gas flow rate leading to slower elution of compounds. Thus, to avoid
wraparound of the polar compounds, a 6 sec modulation period (Py) was used instead of the 5 sec Py,
used for El, Pl and FI. The infusion of CI reagent gas further resulted in the distortion of peak shape,

as visualized in Sl, S2.

n-Alkanes, mono-, di-, tri-methylalkanes and highly branched isoprenoids were the most abundant
saturated hydrocarbons detected in base oils. The identification and separation of such acyclic
branched hydrocarbons in complex matrix like base oil are extremely difficult by using conventional
GC/MS: This is due to two reasons. Firstly, the great number of isomeric possibilities leads to the
close retention time. Even the retention times of n-alkanes are distinctively different from each other,
their retention times may be close to other structural isomers. Equipped with a 100 m column
Krkogova €t al. reported”® 196 monomethyl alkanes in diesel fuel using GC/MS in the range of C4-
C30. Szabo et al.”’ reported 63 isomers for the C19 in exhaled breath. These results are just few
examples of huge isomeric probabilities of paraffinic hydrocarbons in complex sample that could pose
difficulties in chromatographic separation, justifying the need for GCxGC. Secondly, the use of
conventional 70 eV El ion sources results in extensive fragmentation of molecules with limited or no
presence of molecular ions. In this study, the identification of compounds was enabled by comparing
the structural elution pattern as well as comparison of mass spectra obtained from standard paraffins,
naphthenes, mono- and poly-aromatics, and also by interpretation of mass spectral data obtained by
El, PI, Cl, and FI. The interpretation of mass spectral fragmentation pattern was facilitated by ab

initio calculation of orbital energy. Maclot et al.”®

recently demonstrated a strong correlation between
the excited states of the ionized molecule with the computed dissociation pathways, as well as with
charge localization or delocalization. By combining ion collisions, VUV photo ionization along with

ab.initio calculations, they provided a complete picture of the charge localization and the excitation

energy-distribution in complex molecular systems after interaction with ionizing radiation.

This article is protected by copyright. All rights reserved.



3.2 | Fragmentation patterns for different ion sources

The evaluation of global mass spectra of a base oil for different ion sources revealed exhaustive
fragmentation in El leading to the smaller fragments of homologous series of butyl (m/z 57), pentyl
(m/z 71), hexyl (m/z 85) etc., accompanied by a set of corresponding alkenyl and alkynyl carbocations
(loss of 2H or 4H, respectively) with limited or no presence of molecular ions. All the significant ions
in ‘[El spectrum were even-electron ions. In contrast, FI exclusively produced molecular ions by
removing an electron from the molecule under a strong electric field. As the resulting positively
charged molecular ions have little excitation, it yields to little or no further fragmentation. On the
other hand, both Pl and CI not only retained the molecular ions but also exhibited significant fragment
ions. In-Pl, the absorption of photon by a gaseous molecule resulted in molecular radical cation as the
primary product. Fragment ions might be generated as a result of absorption of a photon by a primary
photo-dissociation product, neutral loss from the radical ions, and ionic fragmentation during
photoionization step. Whereas, CI revealed the hydride abstracted ions (M-H)* and/or the protonated
molecular ions (M+H)* for base oil hydrocarbons. Significantly higher fragments in Cl than Pl
indicated that the internal energy distribution of current CI configuration lay above PI (10.8 eV) and

well'below EI (70 eV).

Mass spectral patterns of selected base oil components for different ion sources are presented in
Figure 2 and in SI, S3 with details. A series of paraffinic compounds including n-paraffins (C16-C44),
iso-paraffins (C16-C44), iso-prenoids (C18-C36) were detected for base oils. The fragmentation
pattern for n-paraffins and iso-paraffins at 70 eV EI revealed clusters of peaks 14 mass unit apart
representing loss of (CH,),CHs with limited or no presence of molecular ion. For iso-prenoids, the
cleavage of the C—C bond adjacent to the tertiary carbon resulted structurally significant odd ions as
suggested by Klomp® and Fowler & Douglas.*® However, such characteristic ions were significantly
lower than'other nonsignificant fragments of low mass alkyl chains in EIl. Several early*** and
recent™ works on alkanes established that by reducing the EI electron voltage from 70 to 14 or 12 eV,
relative intensity of molecular ion could be increased. However, alkyl branch fragments (i.e. m/z 43,

57,71, 85, 99, 127 and so forth) were still highly abundant and overlapped the structurally significant
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ions. In contrast, the facile fragmentation achieved by PI greatly simplified mass spectra with reduced
background noise as well as enhanced molecular ions for paraffinic compounds. Pl retained molecular
ions as a base peak for n-paraffins along with several CH,-cleaved mass fragments at lower
abundances. For iso-paraffins, predominant ions signified the probability of cleavage at lower state of
excitement, revealing the branching position. The systematic elution pattern of branched alkanes in
GCxGC structured chromatogram revealed several mono-, di-, and heavily branched alkanes for base
oil 2 as demonstrated in Figure 3 for C20 isomeric species with fragmentation hypothesis. Similar
observation was reported earlier where 14 isomeric species of alkanes were identified in a base oil
sample_using PL." In positive CI (methane with 5 % ammonia), alkanes were characterized by
abundant (M-H)" ions, which originated from hydride abstraction. The fragmentation of the quasi
molecular ion yielded in lower mass alkyl ions with moderate intensity, though such fragments
provided little or no structural information, including branching position. lons with the same m/z as

molecular ions (M*), were also observed and might be regarded as isotope abundant ions of the
predominant (M-H)* ion and not as molecular ions. For Fl, as expected, exclusively M*" ions were

observed for alkanes.

Naphthenic compounds including mono-, bi-, and polycyclic alkanes were detected in base oils (see
Figure 2 and Sl S3). Group-based identification of alkylcyclohexane and alkylcyclopentane series was
achievable on the basis of typical El spectra corroborated with published data.**** However, the El
mass spectra lacked molecular ion information. Different analogues (i.e. alkyl-, methyl-) were
dominated by fragments at m/z 55, 67, 83, 97, 111 respective of methyl or alkyl substitutions. Small
differences in their patterns were generally considered to discriminate the probable substitution of the
cyclohexane or cyclopentane ring.*® The dominance of m/z 69 and 87 ions was likely due to the
methyl substituted alkylcyclopentane or alkyl cyclohexane. Such differences often remained

insignificant to assign the compounds in E1.** However, PI resulted in dominant molecular ion (M*")

and the ions at m/z 82 and 68 for alkylcyclohexanes and akylcyclopentanes respectively, related to the
corresponding ring. Methyl-substituted isomers were tentatively identified by the presence of

molecular ions and predominant ions at m/z 96, 110, 124 and 138 for alkylcyclohexane and at m/z 82,
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96, 110 and 124 for alkylcyclopentane corresponding to the C-C cleavage of the alkyl chain from
methyl substituted ring. In Cl, hydride abstracted (M-H)" ions were observed for mono-, bi-, or
polycyclic alkanes. Abundances of (M-H)" ions were significantly lower in mono-cyclic
alkylcyclohexanes or alkylcyclopentanes than lower mass alkyl ion fragments. With the increase in
carbon number in the alkyl chain, relative abundances of (M-H)* ions were decreased significantly

(see SI, S3).

For bi-cyclic alkanes, base ion at m/z 137 along with M™" ions facilitated the identification by EI. In
PI, molecular ions emerged as base peak with fragment peak at m/z 137. The fragment ion at m/z 137
corresponded to a cleaved C10 decalin ion. Several tri-, tetra-, penta-, and hexa-cyclic compounds
were detected in base oils. One of the tri-cyclics were characterized by (M*") base ions and m/z 191
corresponding to ring fragment, identified as tricyclic terpenes consisted of a perhydrophenanthrene
ring skeleton.®® Another set of tri-cyclics was characterized by M*" ions as base peak and peak at m/z
151, 177, 191 and 205 in El, tentatively identified as methyl-, ethyl- or alkyl- substituted
perhydrophenanthrene, perhydroanthracene and dodecahydrofluorene analogues.* With the increase
in number of fused saturated cycle in the structure, the abundance of molecular ions dramatically
increased ‘with limited or no presence of fragments in El. Like monocyclic alkanes, Cl resulted
hydride abstracted molecular (M-H)" ions for bi-, tri- or polycyclic alkanes. Relative abundances of
molecular (M-H)" ions were gradually increased with the increase in the number of cycle in the
structure. These results are in agreement with reported results on paraffinic and naphthenic
compounds analyzed by C1.*" FI yielded M*" ions for all the naphthenic compounds. Hopanes were
positively identified in base oil 1. Characteristic EI/PI fragment ions at m/z 191, 205, 163/177, and
123/193 for hopane, methylhopane, trisnorhopane, and secohopane, respectively enabled positive

assignments of compounds corroborated with dominant M*" ions with high mass accuracy. Cl and FI

resulted-in hydride abstracted molecular ions (M-H)" and M*" respectively.
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Aromatic compounds, including series of monomethyl-, dimethyl-, and trimethyl- alkyl benzenes,
were positively identified in base oil and corroborated by characteristic El fragments at m/z 92, 105,
119 and 133 signifying cleavage of C-C bond next to benzene ring (Figure 4). Similarly, isomeric
species of methyl-, ethyl-, propyl- substituted alkyl benzenes were identified in base oil. PI, however,

exhibited poor peaks for such characteristic fragment ions despite higher abundance of M"" ions.
Unlike saturated acyclic and cyclic compounds, CI resulted highly abundant protonated molecular
ions (M+H)" for aromatic compounds due to higher proton affinity. Fragments corresponding to
methyl- or alkyl- group cleavage were also highly abundant, revealing the branching position.
Steranes were characterized by higher abundance of molecular ions (M*") along with prominent peak
at m/z 218, 217, 259 in EIl. Cholestane, ergostane and stigmastane were most abundant among those.

In PI, M™ ions emerged as base peak with significant peaks at m/z 218. CI resulted protonated
molecular ions (M+H)" as a base peak. As expected, FI resulted exclusively M*" ions for aromatics

and steranes.

To understand ionization and/or fragmentation pattern and probabilities, theoretical vertical ionization
potentials (IPv) were calculated for hydrocarbon families associated to base oil. The IPv values
gradually decreased with the increasing number of fused cyclic core (Figure 5). This was true for both
saturated and unsaturated hydrocarbons. In addition, the increasing carbon number in alkyl chain
further decreased the IPv values. It implied that higher cyclic hydrocarbons would be more easily
ionized than the lower one. On the other hand, keeping the general rules for carbocation stability
(Stevenson’s rule) in mind, higher stabilities would be observed in following order: most stable cyclic

> allylic > tertiary > secondary > primary > least stable.

3.3 Selectivity and sensitivity for different ion sources

Molecular ion intensity and their relative abundances are tabulated in Sl, S3 for Base oil 1 and 2
belonging to Group | and 11, respectively. Relative abundances of molecular ions, highlighted by color
scale, revealed a large variability in sensitivity towards different chemical classes for different

sources. The ionization potential of the majority of molecules is below 70 eV. So, El at 70 eV covers
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a wide array of molecules to efficiently ionize and further fragment depending on the excess energy
that remains within the molecule. Contour plot obtained from PI reveals that majority of the base oil
chemical classes are also ionized by PI (Figure 1). Analysis of standard mix (century mix) for several
chemical classes and different types of petroleum matrices revealed that El and Pl have comparable
selectivity towards majority of the chemical classes analyzed; however, not exactly the same (see Sl
S9). Intensity of contour plot and cumulative 2™ dimension plot (2D) revealed that alkanes and
naphthenic compounds are relatively more sensitive in El than Pl compared to aromatics (see Sl S3).
However, no drastic differences in contour plots for EI and Pl was observed. Noteworthy to highlight
that PI’s ability to detect majority of the organics has made this technique as universal soft

ionization.*

Facile fragmentation of the compounds in Pl was observed than EI. In El, high-energy electrons are
accelerated across the source at right angles to the stream of neutral molecules in the gas phase,
resulting-in the ionization of suitable bonds. Furthermore, typical fragmentation and rearrangement
possibilities are well classified reaction types such as alpha and inductive cleavage, retro-Diels—Alder,
and the McLafferty rearrangement. Whereas, single-photon flask in PI results absorption of photon by
a gaseous molecule to form a molecular radical cation as the primary product, and further
fragmentation due to absorption of a photon by a primary photodissociation product, neutral loss from

the radical ions, and ionic fragmentation during photoionization step.

On the other hand, under the current positive Cl condition (methane+ammonia), a certain degree of
selectivity was observed towards certain group of compounds in base oil 1 as visualized in Figure 1
and Sl, S3. Noteworthy to mention that selectivity of CI not only depends on source condition
(reagent gas, pressure, temperature, and polarity) but also the diversity of proton affinity of the
compound classes resulting ions through proton transfer, hydride abstraction, electrophilic addition
etc. In depth observation of contour plots of base oil 1 (see Sl, S5) clearly revealed the high selectivity
of CI towards two chemical classes of base oil 1, esters and benzothiophenes. Interestingly, elution
zones of esters were very close to alkyl benzenes and its methyl/ethyl-substituted analogues at “tg,

which is in agreement with previous reports.** Therefore, in other sources, particularly in El, though
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the presence of esters were confirmed by extracted ion chromatograms, mass spectra was heavily
shadowed by coeluting alkyl benzene fragments, rendering difficulties to successfully detect and
identify esters in base oil 1. In Cl, highly intense protonated quasi molecular ions (M+H)" along with
low intensities of hydride-extracted molecular ions (M-H)®, adduct ions (M+C,Hs)* and (M+C3H;)"
were also yielded. Similar fragment patterns were also reported by Aichholz and Lorbeer,® with
positive Cl (methane) analysis of saturated wax esters with highly intense protonated molecular ions.
Similarly, benzothiophenes, due to their high proton affinity, were easily detected by CI, compared to
other sources in base oil 1, which was well reported in several related petrochemical products.® The
improved. selectivity of heteroatom classes including sulfur containing compounds with a larger
enhancement in the relative abundance of protonated molecular ions was also reported earlier by
using chemical ionization of petroleum.**** FI, however, exhibited almost similar profile than El and
Pl for base oil 1, with a slightly higher selectivity towards steranes and aromatic compounds, as
visualized in Figure 1 and Sl, S4. Such ionization selectivity could be explained by the lower internal
energy distribution of aromatics compared to other hydrocarbon classes, as depicted in Figure 5 in
terms of IPv. Selectivity of different ionization techniques were well visualized in base oil 1
belonging to Group | because it contained saturated, aromatic and heteroatoms containing
hydrocarbons. However, as expected, in base oil 2 belonging to Group Il which exclusively comprised
of saturated paraffinic and naphthenic hydrocarbons devoid of aromatics and heteroatoms, limited or

no ionization-based selectivity was visualized (data not shown).

From the detection point of view, sensitivity of different ion—sources were also compared.
Undoubtedly, the total ion current generated for any given compound through ionization is much
higher-for El, followed by CI, Fl and/or PI, due to their ionization efficiency, respectively, as reported
elsewhere.®® In addition, the sensitivity is also depending on the type or functional group of the
compounds, due to diverse ionization selectivity of different ion sources, as discussed earlier. There is
no.consensus approach available to compare the sensitivity of different ion sources for mass selective
detectors. This is due to the diverse fragmentation mechanisms involved in different ion sources

resulting unique fragment patterns. Since, the use of total ion current (TIC) is not practically suitable
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for quantitative purpose due to the complexity involved in separation of the compounds in the
majority of the applications, we have to select suitable ions for quantitative purpose. The selection of
such quantifier ions could be completely different for different ion sources. For example, the direct
comparison of sensitivities of EI and FI for saturated alkanes could not be possible due the fact that El
produces no molecular ions although FI produces exclusively molecular ions. Moreover, different
variant of molecular ions, including radical, protonated, hydride abstracted or even adduct ions could
emerge from different sources. Even for radical ions, generated from EI, Pl and FI, it might pose
different radical site with different reactivity and stability.** So, no common quantifier can easily be
found to compare the sensitivity. Molecular ion intensities for different groups of hydrocarbons for
two base oil samples presented in Sl, S3 revealed only the relative abundances. Moreover, for proper
visualization and to avoid overloading of the compounds, appropriately diluted base oil samples were
injected and analyzed by EI (200-fold dilution in hexane), ClI (25-fold), Pl and FI (10-fold), thus,
direct quantitative comparison is not possible. So, a more realistic approach was adopted to obtain
comparative sensitivity information by constructing calibration curves for a single analyte,
benzophenone (BP), under identical one-dimensional chromatographic condition (see Sl, S1). It
allowed-the comparison of ion sources for total ion generation, molecular ion specific intensity,
LOD/LOQs, linearity, as well as reproducibility. EI resulted in characteristic fragmentation, whereas,

PI and Fl yielded to M*" ions, and Cl generated protonated molecular ion (M+H)" (see SI, S6). In

agreement with the common understanding, TIC-based calibration curves revealed higher ion
generation for El followed by CI, FI and Pl (see Sl, S7). However, higher sensitivity could be
achieved by molecular ion-based quantification for CI than EI followed by FI and PI, due to
occurrence of fragmentation in El. Good linearity (in terms of correlation coefficient, r?) was achieved
for BP calibration curves (10 to 500 ppb) for all ion sources. However, reproducibility, evaluated
through the calibration experiments (in terms of RSD%) was relatively poor for Cl (6.3%), moderate
for Pl.and FI (3.1-3.5%), and best for El (0.4%). Realistic instrumental LODs and LOQs were
determined using calibration functions.”® In brief, instrumental LODs and LOQs were calculated as

respectively 3 and 10 times the ratio of the standard deviation (SD) of signals at the lowest calibration
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level and the slope of the calibration curve. CI resulted in the best predicted LOD/LOQ (0.3 ppb, 1.1
ppb), followed by moderate values for El and FI (3.1-4.6 ppb, 10.2-15.6 ppb), and relatively low for
Pl (10.2 ppb, 34.0 ppb). Noteworthy to mention that these comparative outcomes are extremely
specific to the current detector specification used. There are several parameters that can dramatically
affect such findings. For example, an increase in detector voltage from 1900 to 2100 V can increase
sensitivity of a factor of 25-fold as evident for El data (see SI, SBA). Conditions of FI emitter were
also found to be affecting the detection power. By replacing the old emitter (unknown number of
injections, probably >100) with a new one, a 10-fold increase in signal-to-noise ratio was achieved
(see Sl, S8B). The geometry of the different ion sources also affected the sensitivity. The use of a
dedicated El source increased ion intensity of about 5-fold for BP, compared to the use of the
combination EI/PI source, indicating better ionization efficiency in dedicated EIl source (data not
shown). As in El, the temperature of the ion source and electron energy greatly influence the

sensitivity of Cl along with the type of reagent gas and polarity used.

Chromatographic resolution achieved by GCxGC can further be enhanced by coupling high resolution
(HR) MS. HRMS has the ability to resolve very narrow mass diff erences between isobars; e.g., C3 vs
SH4 (0.0034 Da), CH2 vs N (0.0126 Da), and CH4 vs O (0.0364 Da), at m/z 300 have resolving
power requirements of 89000, 24000, 8400 respectively, for their separation with equal peak intensity.
Unlike direct infusion, in GCxGC it is highly unlikely that such isobars occupy same time domain,
thus resolving power requirement would be lower. GCxGC-soft ionization-HRMS with prominent
molecular ‘ions can add several other dimensions on top of two dimensional chromatographic
separation. Depending on the resolving power of the MS, added dimensions could be a) calculating
elemental compositions, b) differentiating isobars with narrow mass splits, and ¢) mass defect based
analysis, e.g., Kendrick Mass Defect (CH,), O, or N, for improved visualization and characterization

(see S9). However, isomeric separation is entirely dependent on GCxGC chromatographic separation.
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4 | CONCLUSIONS

The extensive fragmentation at 70 eV EIl was extremely useful for group-based identification of
different hydrocarbon classes. However, molecular ions at 70 eV El were often barely visible or
absent for alkanes or mono-cyclic alkanes. On the other hand, for bi-, or poly-cyclic naphthenic, and
mono-aromatic compounds, El still remains advantageous to elucidate isomeric species. Typically, CI
would not be suitable for non-targeted profiling purpose due to high selectivity, lack of universal
detection criterion, and variety of fragmentation mechanisms involved. Fl, being the softest ionization
method, molecular ions were produced for base oil hydrocarbons, allowing direct quantitation based
on the intensity of the molecular ions by obviating the need for complex matrix inversion routines. In
addition, coupling to high-resolution MS, compound formulae can easily be derived from the
abundant molecular ions that opens up a wide array of analysis or visualization approaches
straightway. Sensitivity is still an issue for FI, however, it can be compensated by improving the
detector capacity. Pl has a huge potential for structural elucidation of isomeric species of wide range
of functional groups particularly for saturated alkanes. Apart from ionization, photons with different
energies can potentially influence the chirality of isomers by switching the helicity, known as
photoisomerization. Thus, by tandem MS, chiral isomer specific fragment ions can be monitored.
Although the PI D, lamp itself cannot vary the energy, lamp with different gases like Ar, Kr, Xe, etc.
emit different energy making the ionization selective towards certain application. Another important
aspect is that current combination EI/PI source allows several tailor-made approaches including
simultaneous hybridization of electron/photon ionization. Preliminary investigation indicated that this
approach can be a powerful tool for cross section-based application to unravel structure of isomeric
species of methyl/alkyl aromatic compounds or other similar compounds where PI yielded exclusively

molecular ions. Additional research is currently being conducted to further verify the concept.
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SUPPORTING INFORMATION

S1. Chromatographic and ion source conditions; S2. Extracted ion channels for El, P, Cl, and FI; S3.
Identification of base oil hydrocarbons and molecular ion abundances; S4. Contour plots and
cumulative 2nd dimension plots for EIl and PI; S5. Selectivity of ion sources; S6. Mass spectra and s/n
ratios for different ion sources; S7. Sensitivity of different ion sources; S8. Impact of detector voltages

and probe condition; S9. Utility of high-resolution MS coupled to GCxGC-TOF.

ACKNOWLEDGMENTS

We thank B. Van der Meer (JEOL, Benelux) for assisting experiments at JEOL research facility,

Boston.

CONFLICT OF INTEREST

No conflict of interest is declared for the present work.

REFERENCES

1. Yang Ch, Yang Z, Zhang G, Hollebone B, Landriault M, Wang Z, Lambert P, Brown CE.
Characterization and differentiation of chemical fingerprints of virgin and used lubricating oils
for identification of contamination or adulteration sources. Fuel. 2016;163,271-281.

2. Olejniczak A, Chostenko AG, Fall J. Discrimination of base oils and semi-products using principal
component analysis and self organizing maps. Fuel. 2010;89,1150-1155.

3. Bansal V, Krishna GJ, Chopra A, Sarpal AS. Detailed Hydrocarbon Characterization of RFCC
Feed Stocks by NMR Spectroscopic Techniques. Energ. Fuel. 2007;21,1024-1029.

4. Fall J, Voelkel A. Application of physicochemical parameters and gas chromatographic methods in
examination and discrimination of base mineral oils. Ekologia i Technika. 2006;14,164-170.

5. Voelkel A, Fall J. The use of selected physicochemical parameters and high-temperature gas
chromatography for the identification of mineral base lubricant oils. Przem Chem.
2006;85,671-674.

6. Wang FCY, Robbins WK, Greaney MA. Speciation of nitrogen-containing compounds in diesel
fuel by comprehensive two-dimensional gas chromatography. J Sep Sci. 2004;27,468-472.

7. Stout SA, Liu B, Miller GC, Hamlin D, Healey E. Use of chemical fingerprinting to establish the
presence of spilled crude oil in a residential area following Hurricane Katrina, St. Bernard
Parish, Louisiana. Environ Sci Technol. 2007;41,7242—-7251.

8. Guitart C, Frickers P, Horrillo-Caraballo J, Law RJ, Readman JW. Characterization of sea surface
chemical contamination after shipping accidents. Environ Sci Technol. 2008;42,2275-2282.

9. Liu Z, Phillips JB. Comprehensive two-dimensional gas chromatography using an on-column
thermal modulator interface. J Chromatogr Sci. 1991;29,227-231.

This article is protected by copyright. All rights reserved.


javascript:void(0)
javascript:void(0)

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24,

25.

26.

217.

28.

29.

30.

Phillips JB, Xu J. Comprehensive multi-dimensional gas chromatography. J Chromatogr A.
1995;703,327-334.

Giri A, Coutriade M, Racaud A, Okuda K, Dane J, Cody BR, Focant J-F. Molecular
characterization of volatiles and petrochemical base oils by photo-ionization GCxGC-TOF-MS.
Anal Chem. 2017;89,5395-5403.

Alam MS, Stark C, Harrison RM. Using variable ionization energy time-of-flight mass
spectrometry with comprehensive GCxGC to identify isomeric species. Anal Chem.
2016;88,4211-4220.

Adahchour M, Jover E, Beens J, Vreuls RJJ, Brinkman UAT. Twin comprehensive two-
dimensional gas chromatographic system: concept and applications. J Chromatogr A.
2005;1086,128-134.

Kristenson EM, Korytar P, Danielsson C, Kallio M, Brandt M, Makela J, Vreuls RJJ, Beens J,
Brinkman UAT. Evaluation of modulators and electron-capture detectors for comprehensive
twodimensional GC of halogenated organic compounds. J Chromatogr A. 2003;1019,65-77.

Blomberg J, Riemersma T, Van Zuijlen M, Chaabani H. Comprehensive two-dimensional gas
chromatography coupled with fast sulphur-chemiluminescence detection: implications of
detector electronics. J Chromatogr A. 2004;1050,77-84.

Frysinger GS, Gaines RB. Comprehensive two-dimensional gas chromatography with mass
spectrometric detection (GCxGC/MS) applied to the analysis of petroleum. J High Resolut
Chromatogr. 1999;22,251-255.

Hejazi L, Guilhaus M, Hibbert DB, Ebrahimi D. Gas chromatography with parallel hard and soft
ionization mass spectrometry. Rapid Commun Mass Spectrom. 2015;29(1):91-99.

Leinweber P, Schulten HR. Advances in analytical pyrolysis of soil organic matter. J Anal Appl
Pyrolysis. 1999;49,359-383.

Munson B. Chemical ionization mass spectrometry: ten years later. Anal Chem.
1977,49,772A—T75A.

Revelsky IA, Yashin YS, Sobolevsky TG, Revelsky Al, Miller B, Oriedo V. Electron ionization
and atmospheric pressure photochemical ionization in gas chromatography-mass spectrometry
analysis of amino acids. Eur J Mass Spectrom. 2003;9,497-507.

Schiewek R, Schellentrager M, Monnikes R, Lorenz M, Giese R, Brockmann KJ, Gab S, Benter
T, Schmitz OJ. Ultrasensitive determination of polycyclic aromatic compounds with
atmospheric-pressure laser ionization as an interface for GC/MS. Anal Chem. 2007;79,4135—
4140.

Li D-X, Gan L, Bronja A, Schmitz JO. Gas chromatography coupled to atmospheric pressure
ionization mass spectrometry (GC-API-MS): Review. Anal Chim Acta. 2015;891,43-61.

Burkert U, Allinger NL. Molecular Mechanics. American Chemical Society: Washington, 1982.

Hehre WJ, Radom L, Schleyer PR, Pople JA. Ab Initio Molecular Orbital Theory. Wiley: New
York, 1986.

Jones RO, Gunnarsson O. The density functional formalism, its applications and prospects. Rev
Mod Phys. 1989;61,689-746.

Krkosova Z, Kubinec R, Addova G, Jurdakova H, Blasko J, Ostrovsky I, Sojik L. Gas
chromatographic - mass spectrometric characterization of monomethylalkanes from fuel diesel.
Pet Coal. 2007; 49, 51-62.

Szabo AH, Podolec P, Ferenczy V, Kubinec R, Blasko J, Sojak L, Gorova R, Addova G,
Ostrovsky I, Visnovsky J, Bierhanzl V, Cabala R, Amann AJ. The analysis of linear and
monomethylalkanes in exhaled breath samples by GCxGC-FID and GC-MS/MS. Chromatogr
B: Anal Technol Biomed Life Sci. 2015; 978—-979, 62—69.

Maclot S, Delaunay R, Piekarski DG, Domaracka A, Huber BA, Adoui L, Martin F, Alcami M,
Avaldi L, Bolognesi P, Diaz-Tendero S, Rousseau P. Determination of energy-transfer
distributions in ionizing ion-molecule collisions. Phys Rev Lett. 2016;117,073201.

Klomp UC. The chemical structure of a pronounced series of iso-alkanes in South Oman crudes.
Org Geochem. 1986;10,807-814.

Fowler MG, Douglas AG. Saturated hydrocarbon biomarkers in oils of Late Precambrian age from
Eastern Siberia. Org Geochem. 1987;11,201-213.

This article is protected by copyright. All rights reserved.


https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.61.689

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45,

Maccoll A. Plenary lecture: lon enthalpies and their application in mass spectrometry. Org Mass
Spectrom. 1982;17,1-9.

Field. FH, Hastings SH. Determination of unsaturated hydrocarbons by low voltage mass
spectrometry. Anal Chem. 1956;28,1248-1255.

Rubinstein |, Sieskind O, Albrecht P. Rearranged sterenes in a shale: Occurrence and simulated
formation. J Chem Soc Perkin Trans. 1975;1833-1836.

Rubinstein I, Strausz O. Thermal treatment of the athabasca oil sand bitumen and its component
parts. Geochim Cosmochim Acta. 1979;43,1887-1893.

Ventura GT, Kenig F, Reddy CM, Frysinger GS, Nelson RK, Van Mooy B, Gaines RB. Analysis
of unresolved complex mixtures of hydrocarbons extracted from Late Archean sediments by
comprehensive two-dimensional gas chromatography (GCxGC). Org Geochem. 2008;39,846-
867.

Greenwood PF, Arouri KR, George SC. Tricyclic terpenoid composition of Tasmanites kerogen as
determined by pyrolysis GC-MS. Geochim Cosmochim Acta. 2000;64,1249-1263.

Jin C, Viidanoja J, Li M, Zhang Y, lkonen E, Root A, Romanczyk M, Manheim J, Dziekonski E,
Kenttamaa HI. Comparison of atmospheric pressure chemical ionization and field ionization
mass spectrometry for the analysis of large saturated hydrocarbons. Anal Chem. 2016;88,10592-
10598.

Hanley L, Zimmermann R. Light and molecular ions: the emergence of vacuum UV single-photon
ionization in MS. Anal Chem. 2009: 81, 4174-4182.

Aichholz R, Lorbeer E. Investigation of combwax of honeybees with high-temperature gas
chromatography and high-temperature gas chromatography-chemical ionization mass
spectrometry Il: High-temperature gas chromatography-chemical ionization mass spectrometry.
J Chromatogr A. 2000;883,75-88.

Guoying S, Jiamo F, Brassell SC, Gowar AP, Eglinton G, Damste JSS, Leeuw JW, Schenck PA.
Sulphur-containing compounds in sulphur-rich crude oils from hypersaline lake sediments and
their geochemical implications. Chin J Geochem. 1987;6,115-126.

Kim YH, Kim S. Improved abundance sensitivity of molecular ions in positive-ion APCI MS
analysis of petroleum in toluene. J Am Soc Mass Spectrom. 2010;21,386-392.

Creaser CS, Krokos F, ONeill KE, Smith MJC, McDowell PG. Selective chemical ionization of
nitrogen and sulfur heterocycles in petroleum fractions by ion trap mass spectrometry. J Am Soc
Mass Spectrom. 1993;4,322-326.

Furuhashi T, Okuda K. Application of GC/MS soft ionization for isomeric biological compound
analysis. Crit Rev Anal Chem. 2017;47(5):438-453.

Chu-IK, Zhao J, Xu M, Siu SO, Hopkinson AC, Siu KW. Are the Radical Centers in Peptide
Radical Cations Mobile? The Generation, Tautomerism, and Dissociation of Isomeric o-
Carbon-Centered Triglycine Radical Cations in the Gas Phase. J Am Chem Soc. 2008;130,7862-
7872.

DIN 32645: 2008-11. Chemical analysis - decision limit, detection limit and determination limit
under repeatability conditions - terms, methods, evaluation. Berlin: Beuth Publishing. 2008.

This article is protected by copyright. All rights reserved.



FIGURE 1
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FIGURE. 1. GCxGC-TOF/MS contour plots of base oil sample 1 (Gr. I) for El, PI, Cl, and FlI,
revealing elution patterns of hydrocarbon classes and selectivity towards different ion sources as
visualised by 2D plots (‘tg: First dimension retention time; *tz: second dimension retention time) .
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FIGURE 2
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FIGURE 2. El, PI, CI, and FI mass spectra for selected hydrocarbon classes eluted by GCxGC-

TOF/MS.
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FIGURE 3
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FIGURE 3. GCxGC-PI-TOF/MS plot of a base oil sample 2 (Gr. 1), revealing structural elution
pattern of isomeric isoparaffins (C20, C21, C22). Fragmentation hypothesis along with mass spectra
for six (1-6) isomeric species of C20 is presented below.
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FIGURE 4
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FIGURE 4. GCxGC-EI-TOF/MS plot of a base oil sample 1 (Gr. 1), revealing elution pattern of
methylalkyl isomeric species of monoaromatic compounds. Mass spectra and fragmentation
hypothesis of is presented below. Elution pattern of ethly-, propyl-, butyl- substituted isomeric species

of alkylbenzenes are included in supporting information.
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FIGURE 5
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FIGURE 5. Ab initio computations of the vertical ionization potential (IPy) for alkyl series of several
parafennic, naphthenic, and aromatic hydrocarbons.
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