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ABSTRACT: The in-depth isomeric and isobaric description of
ultra-complex organic mixtures remains one of the most
challenging analytical tasks. In the last two decades, ion mobility
coupled to high-performance mass spectrometry added an
additional structural dimension. Despite tremendous instrumental
improvements, commercial devices are still limited in ion mobility
and mass spectrometric resolving power and struggle to resolve
isobaric species and complex isomeric patterns. To overcome these
limitations, we explored the capabilities of cyclic ion mobility highresolution mass spectrometry with special emphasis on petrochemical applications. We could show that quadrupole-selected ion
mobility mass spectrometry gives closer insights into the isomeric
distribution. In combination with slicing the speciﬁc parts of the
ion mobility dimension, isobaric interferences could be drastically removed. Collision-induced dissociation (CID) allowed separating
structural groups of polycyclic aromatic hydrocarbons and heterocycles (PAH/PASH), deploying up to 10 passes in the cyclic ion
mobility device. Finally, we introduce a data processing workﬂow to resolve the 3.4 mDa SH4/C3 mass split by combining ion
mobility and mass spectrometric resolving power. Cyclic ion mobility with the intelligent design of experiments and processing
routines will be a powerful approach addressing the isobaric and isomeric complexity of ultra-complex mixtures.

■

INTRODUCTION
The comprehensive isobaric and isomeric description of
complex organic mixtures is among the most ambitious goals
in analytical chemistry. In this respect, petroleum is referred to
being one of the most complex mixtures.1−3 Aspects, such as
the very recent change in marine fuel legislation, the so-called
sulfur cap,4−6 or the introduction of biofuel streams into fossil
fuel reﬁning, are some of the current challenges. Moreover,
comprehensive molecular knowledge is of central importance
for petroleum exploration, extraction, and reﬁning. Due to the
extensive research in the last decades, light petroleum fractions
can be analyzed in-depth by various chromatographic,
spectroscopic, and mass spectrometric techniques.7 In this
respect, gas chromatography coupled to mass spectrometry
(GC × GC-MS)8,9 has proven to be a powerful approach.
Nonetheless, heavy petroleum fractions remain problematic
and thus serve as ideal sample materials for the evaluation of
novel instrumental developments.10−12
Mass spectrometry, in particular high-resolution mass
spectrometry, has proven to be a powerful approach for the
description of complex organic mixtures.13,14 Nowadays, most
frequently Fourier transform mass spectrometry instrumentation is used.15 Unbeaten mass resolving power allows isobaric
resolution, and ppb mass accuracy enables reliable attribution
© 2021 American Chemical Society

of molecular formulae. Recently, high-resolution time-of-ﬂight
(HRTOF) analyzers have improved substantially in resolving
power and mass accuracy, crucial factors for complex mixture
analysis. For unambiguous elemental composition assignment
in petroleum analysis considering m/z <800 and purely
CHNOS as elements, generally, a mass accuracy below 0.5
ppm and a resolving power above 500 000 at m/z 400 can be
given as benchmarks.16−19 HRTOF systems have typically 1
order of magnitude lower resolving power and about a factor of
3−5 worse mass accuracy but come near these benchmarks to
directly address highly complex mixtures.20 Thus, narrow mass
splits, such as O/CH4 36.4 mDa, N/13CH 8.2 mDa, and 13C2/
C2H2 8.9 mDa, can be diﬀerentiated with HRTOF-technology
and allow valid elemental composition attribution, essential for
correct data interpretation.21,22 Limitations are still given by
speciﬁc cases, such as the C3/SH4 3.4 mDa split frequently
found in fossil fuel analysis.23
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in methanol/toluene (50/50 v/v) to a ﬁnal concentration of
0.5 mg·mL−1. The diluted solutions were used directly for
atmospheric pressure analysis or spiked with 1 vol % formic
acid for electrospray analysis.
Ion Mobility Mass Spectrometric Analysis. The diluted
samples were introduced via direct infusion using a Harvard
syringe pump into a commercial APPI or ESI source with ﬂow
rates of 13 and 3 μL/min, respectively. Mass spectrometric
detection was carried out utilizing a prototype hybrid
quadrupole time-of-ﬂight mass spectrometer based on a Synapt
G2-Si (Waters Corp., Wilmslow, U.K.). The system was
equipped with a cyclic ion mobility traveling wave mobility
separation device (cIMS). Moreover, the ﬂight path and the
detector were upgraded, allowing us to achieve an increased
resolving power of approximately 70−80 000 at m/z 200. The
instrument and the cIMS device were described in detail
elsewhere (Scheme S1).37,41,44 The cIMS platform allowed for
the high reproducibility of the drift time measurements with a
general day-to-day deviation of below 2%. Mass spectra were
acquired in positive ion mode for m/z 50−1000 and for 3 min,
accounting for roughly 180 scans. The electrospray ionization
conditions were set as follows: capillary voltage, 1.2 kV;
sampling cone, 50 V; extraction cone, 20 V; desolvation gas
ﬂow, 800 L·h−1; source temperature, 120 °C; desolvation
temperature, 300 °C; and nebulizer gas ﬂow 6 L·min−1. The
conditions for photoionization were set as follows: sampling
cone, 20 V; extraction cone, 20 V; desolvation gas ﬂow, 800 L·
h−1; source temperature, 120 °C; desolvation temperature, 350
°C; and nebulizer gas ﬂow 6 L·min−1. The IMS traveling wave
height was slightly adjusted between 35 and 40 V. Operational
modes of the cIMS are further outlined in the Results and
Discussion section in the respective paragraph. Brieﬂy, three
diﬀerent types of experimental designs were carried out (Table
S1): (1) quadrupole isolation of varying m/z window widths
(QcIMS) and analysis with adapted pass number through the
cyclic TWIMS (Scheme S2), (2) extraction and further
separation of IMS time/mobility windows (slices, Scheme
S3), and (3) core structure analysis with collision-induced
dissociation (CID, Scheme S4). The CID experiments were
carried out with a collision voltage of 75 V. These experimental
types are described in detail elsewhere.39,41 Instrument control
and data acquisition were performed via a custom-designed
web-based graphical user interface.
Data Processing. The initial step of data analysis was
performed by DriftScope (version 2.90 adapted for cIMS,
Waters Corp.) and MassLynx (version 4.1, Waters Corp.). The
comprehensive data processing of the mobility-resolved mass
spectra was processed deploying a self-developed MATLABbased graphical user interface, named CERES (MATLAB R
2020b). Mass spectrometric peaks were considered with an
abundance of 100 au, roughly accounting for a signal-to-noise
ratio of 6. Features (m/z versus drift time) were detected
based on a moving average approach along the ion mobility
dimension.31 Molecular formula attribution was performed
within an error range of 10 ppm using the following
boundaries: C6‑100H6‑200N0‑1O0‑2S0‑2; double bond equivalent
(DBE) 0−20; m/z 50−1000; and H/C 0.4−2.8. Visualization
of the resulting data was realized by MATLAB (MATLAB R
2020b).

Direct infusion remains the most widely used sample
introduction in petroleomics. The advantages of direct infusion
are minimal sample preparation, rapid analysis, and a broad
number of constituents detected in a single experiment.12,24,25
Positive mode electrospray ionization (ESI) will preferably
ionize neutral and basic compounds,14,26 whereas atmospheric
pressure photoionization (APPI) is particularly sensitive for
aromatic compounds.27−29 Molecular formulae determination
aﬀords valuable but limited information on structural aspects.30
Nonetheless, the isomeric speciﬁcation of complex mixtures
directly from the mass spectrometric response is not easily
feasible. Therefore, separation technologies become more
important and prevalent in high-resolution mass spectrometry.31−33
In the last two decades, ion mobility spectrometry (IMS)
coupled to mass spectrometric detection (IMS-MS) has
become a widely used technique.34,35 This separation is
according to the size and shape of the ions and adds a valuable
dimension based on the molecular structure. Various IMS
designs and geometries exist, such as drift tube ion mobility
spectrometer (DTIMS), traveling-wave IMS, or trapped IMS,
to name the most common approaches.34−36 Very recently, a
novel circular design based on traveling-wave IMS has been
presented, the so-called cyclic IMS (cIMS), overcoming
practical limitations in scaling drift tube devices.37 For
separation, the ions are guided through a circular folded
closed-loop stacked-ring ion guide with an orthogonally
positioned ion array to the central ion-optical axes. The array
directs the ions into the circular TWIMS. Unique for this
device is the capability to increase the separation length by
allowing multiple turns (n) with each pass roughly 1 m path
length, hence increasing the IMS resolving power. Previous
work has shown interest in this new scalable ion mobility
separation technique for isomeric speciﬁcation. These ﬁrst
studies have been applied mainly for the separation of isomers
of molecules such as polysaccharides,37,38 proteins,39 and
antibiotics.40 Nevertheless, this technique has also been tested
within the framework of a petroleum application.41
In this study, we explore the capabilities of cyclic IMS highresolution mass spectrometry for the description of petrochemical sample materials with high isobaric and isomeric
complexity. For this purpose, fossil vacuum gas oils (VGOs), a
heavy residue of petroleum reﬁning, were chosen.11,42,43
Diﬀerent types of experimental designs are presented. This
manuscript is organized along the questions resulting from the
isobaric and isomeric continuum: How far can we increase the
isomeric separation capability for the direct infusion of
petroleum? Can we deploy other ionization sources, such as
APPI, with the capability to ionize a broad chemical spectrum?
Moreover, we hypothesized that the cIMS HRMS is capable to
address diﬀerent core structural motives of polycyclic aromatic
hydrocarbons (PAHs) and heterocycles. Finally, we investigated the capability to overcome the mass resolving
limitations of HRTOF by combining with the cIMS
information to unravel narrow mass splits, i.e., the C3/SH4
3.4 mDa split.

■

MATERIALS AND METHODS
Sample Material and Preparation. Three vacuum gas
oils were supplied by Total Research and Technology
(Gonfreville, France). The three VGOs varied in sulfur
content with sample A 4.8 wt %, B 0.23 wt %, and C 2.0 wt
%. The samples were solubilized in toluene and further diluted

■

RESULTS AND DISCUSSION
Isobaric and Isomeric Continuum Evidenced by
Cyclic Ion Mobility Spectrometry. In this ﬁrst section,
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Figure 1. Cyclic ion mobility spectrometry response for one pass of a vacuum gas oil sample introduced by positive-mode electrospray ionization.
(a) Two-dimensional survey of the drift time and m/z. (b) Average mass spectrometric response. (c) Ion mobility spectrum as the total ion count
(TIC), the base peak ion count, and selected extracted proﬁles for a series of CHN1-class compounds.

not capable of separation. The full width at half-maximum
(FWHM) was found between 1 up to several ms. This
continuum of isomeric and isobaric species revealed by cIMS
can be well described by the so-called Boduszynski
continuum.46,47 Boduszynski introduced this model in the
late 1980s,48−51 and Rodgers et al. proved it by ultrahighresolution mass spectrometry in the last decade.29,47,52−54
Fossil crude oil composition increases gradually and
continuously in aromaticity, molecular weight, and heteroatom
content as a function of boiling point.
The tremendous structural diversity, covering almost the
complete drift time dimension, exposes a major drawback of
cyclic ion mobility technology for the description of these
matrices, as the number of passes cannot be increased.

the general isobaric and isomeric behavior of the petrochemical
materials is shown. Figure 1 summarizes the analysis of vacuum
gas oil by electrospray ionization with one pass of the cyclic
traveling wave ion mobility separator. A very broad mass
spectrometric and IMS signal can be observed. A mass range of
m/z 250−700 was found with a 14 Da pattern, which can be
accounted for homolog series due to alkylation diﬀering by
CH2.11,45 Figure 1c visualizes selected extracted ion mobility
proﬁles for CHN1-class constituents with a double bond
equivalent (DBE) of 4−10. These species belong to basic
nitrogen-containing compounds, such as quinoline and
isoquinoline derivatives.11,45 The high alkylation degree allows
for a large number of possible isomeric species. Consequently,
the ion mobility resolving power of one pass cIMS operation is
5874
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Figure 2. (a) Cyclic ion mobility spectrometry for one pass of a vacuum gas oil sample introduced by positive-mode electrospray ionization. (b)
Slicing experiment ejecting 1 ms of arrival time distribution into the prestore and separation with one additional pass. (c) Parent arrival distribution
is discarded and the sliced section is recorded with ﬁve additional passes.

of the prestorage, ion mobility separation, and post-storage
allowed this QcIMS operation. The number of passes was
stepwise increased for m/z isolation widths of 60, 25, 10, 5,
and 1 Da, allowing optimized pass numbers of 2, 2, 3, 3, and 4,
respectively. Figure S1 visualizes the results utilizing the
extracted ion mobility proﬁle for C27H40N1+ (the most intense
signal at the centered nominal mass 378). A peak at the
beginning of the continuum distribution indicates the wraparound eﬀect and the maximum number of passes is potentially
surpassed (Figure S2f red square and Figure 1c for four passes
and a 1 Da width). Surprisingly, even with a very narrow
quadrupole isolation of 1 Da, the immense isomeric diversity

Allowing more than one pass leads to a wrap-around eﬀect
with high mobility ions with low collision cross sections
(CCSs) overtaking low mobility ones with high CCS values in
the cyclic device. This results in a convoluted pattern, which
cannot be directly used and could easily lead to wrong
chemical conclusions. Other concepts for overcoming this
limitation, such as sample preparation, are possible. Here, the
cyclic ion mobility mass spectrometer’s direct capabilities were
explored, and the m/z distribution was limited by quadrupole
isolation prior to the cyclic ion mobility separation (QcIMS).
The unique instrumental architecture of the cyclic ion
mobility hybrid mass spectrometer with a quadrupole in front
5875
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Figure 3. With the increasing pass number, structural groups of isomers begin to separate. The second smaller distribution seen at pass numbers 1−
5 at higher drift times was ejected from further IMS analysis for 6−10 passes. (a) Extracted arrival time distribution of C16H10S1+ for the stepwise
increase of the pass number from 1 to 10. (b) Survey (drift bin vs m/z) comparison of 2 and 10 passes for C16H10S1+. (c) Survey (drift bin vs m/z)
comparison of 2 and 10 passes for C20H12+.

The ionized complex mixture was isolated by the quadrupole
with a 1 Da isolation width (QcIMS). Subsequently, the
isobaric mixture was preseparated by one pass in the cyclic
TWIMS. For a slicing experiment, the multifunctional ion
array and the prearray store were utilized. Ions eluting from the
TWIMS were ejected in the direction of the mass analyzer. At
a certain point in time, the ion array direction was reversed and
the ions were ejected in the direction of the ion source into the
prearray store and accumulated there. After the selected ions
were ejected from the cyclic device, the ions remaining in the
cyclic device were ejected in the direction of the mass analyzer
again. The key for this operation is the fast switching of the
multidimensional ion guide array in submillisecond timescales.
In Figure 2a, the starting point for the experimental design,
the broadband distribution, is depicted (Figure S3 giving the
survey data). The three drift time regions (I at 2.5 ms, II at 4
ms, and III at 5 ms) chosen for illustrating the capabilities of
the slicing experiments in this study are marked. Each slice is
speciﬁed with a 1 ms width but is in principle ﬂexibly
adjustable from 0.1 up to several ms. The detection of mass
spectra can be conducted in two operations modes: (1)
automaticall ions of the complete cIMS experimental
procedure are recorded by the high-resolution time-of-ﬂight
mass spectrometer by 200 steps of the pusher and (2)
manualthe operator adjusts the start of recording of the 200
steps of the pusher. Figure 2b illustrates the survey spectra

limits the number of passes prior to the appearance of this
wrap-around eﬀect.
The full width at half-maximum (FWHM) of an ion mobility
signal can be used as a measure for isomeric diversity, whereas
the apex position gives information on the dominant structural
motif.46,55,56 This concept can be deployed for unresolved
distributions in a nontargeted ﬁngerprint-type approach.11,45
For a precise description of the peak shape, the number of data
points along the distribution is essential. After one pass,
roughly 30 and 15 data bins at 10% and half-height were
recorded (Figure S1). This number is signiﬁcantly higher for
the optimized separation by four passes, revealing over 80 and
roughly 60 data bins at 10% and half-height, respectively. With
increased ion mobility resolving power, individual features of
structural groups become clearer (Figure S1c).
The tremendous diversity and the isobaric and isomeric
continuum limit a straightforward increase in the pass number
in cyclic ion mobility spectrometry for increasing the resolving
power. Quadrupole isolation can partially overcome this
aspect. Consequently, peak shape parameters, such as full
width at half-maximum (FWHM), skewness, and kurtosis, can
mathematically be calculated with higher conﬁdence.
Ion Mobility Spectrum Segmentation. Despite quadrupole isolation and optimization of the mobility separation, a
nonresolved continuum was revealed. Another experimental
design unique to the cIMS was the segmentation of IMS slices.
5876
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broad slicing region. Roughly, constituents with m/z values in
the range of 190−240 are selected. These species are collected
in the prearray store and reinjected into the cyclic device. With
the increasing pass number, ion mobility separation can be
observed, exemplarily shown for the C16H10S+ target in Figure
3a. After 4−5 passes, a small shoulder can be seen and after 10
passes, two peaks can be clearly diﬀerentiated. The ions
surpassed roughly 10 m of TWIMS separation, not feasible in a
linear assembly. Figure 3b compares the separation after two
passes, approximated to an IMS resolving power of 100, and
the 10 pass separation, with an IMS resolving power of over
200. The separation of the two peaks becomes even more
evident. C16H10S+ can have various isomers depending on the
arrangement of hydrocarbon cores to thiophene. Pericondensed (connecting the benzene ring in a bay/fjord
position) structures can be excluded as they would lead to a
diﬀerent elemental composition. The experimental data allow
for the identiﬁcation of two isomeric groups (∼114 and 116
ms drift time). We hypothesize more condensed and compact
structures with benzene rings attached in nonlinear bay/fjordforming behavior, such as phenanthro[3,4-b]thiophene (given
as a tentative structural example in Figure 3a) or phenanthro[9,10-b]thiophene, for the signal with a lower drift time. The
signal with a higher drift time could be assigned to larger, more
linearly arranged structures, such as benzo[b]naphtho[2,3d]thiophene (given as a tentative structural example in Figure
3a) or anthra[2,3-b]thiophene. Figure 3c displays the same
procedure for the PAH-target C20H12+. After 10 passes, three
signals can be identiﬁed, belonging to three structural groups
of aromatic ﬁve-ring PAHs. The ions at very low drift times
belong to very large and low mobility isomers of C20H12+ and
performed a diﬀerent lower number of nine passes. The clear
peak at the lowest drift time (∼115 ms) belongs to the most
compact isomers and could be assigned to perylene or
benzo[e]pyrene. The isomeric structurally similar distribution
in the middle (∼117.6 ms) could belong to benzo[a]pyrene or
2,3-benzﬂuoranthene, whereas the signal with the highest drift
times most likely results from more linear structures, such as
cyclopenta[de]tetraphene. These linear structures are reported
to be less dominant in the fossil petroleum sample material,
which agrees with the comparable low abundance. From the
core structures, multimodal distributions are obtained showing
the separation of isomeric structures. This demonstrates that
signiﬁcant structural information can be obtained from the
molecular core that may be used to rationalize the role of the
core structure in hydrotreatment reactivity.11,45
Resolving Narrow Mass Splits. Complex organic
mixtures are characterized by the occurrence of isobaric
interferences. In petroleomics, the so-called sulfur split with 3.4
mDa is frequently discussed as one of the greatest challenges.23
APPI readily ionizes CH- and CHS-class aromatic constituents,
as shown above, and was deployed here. To allow for multiple
passes, QcIMS was performed with a single Dalton isolation
width. In Figure 4a, the extracted ion mobility spectrum of m/z
276.09−276.10 for the isolation of the nominal mass 276 is
given. Already after one pass, a bimodal distribution can be
found, and after stepwise optimization up to three passes, two
ion mobility distributions become evident. The separation into
two peaks is caused by two isobars with an m/z diﬀerence of
several mDa (Figure 4b). Molecular formula attribution
allowed the heavier signal to be assigned to C19H16S+, most
likely a ﬁve-ring sulfur-polycyclic aromatic heterocycle with
one alkylation, and the lighter species to C22H12+, most likely a

(drift bins vs m/z) in the automatic operation. The fast
switching of the ion array resulted in a well-deﬁned 1 ms gap in
the distribution at the beginning (I), in the middle (II), and in
the end (III) of the continuum. Due to the narrow ion mobility
distribution, the reinjected sliced ion mixture can be separated
with a higher number of passes through the cyclic device.
Figure 2c gives the results for ﬁve additional passes after the
slicing event. The full number of pushes is exploited for this
operation mode, and thus manual adjustment of the starting
point was performed. The survey diagrams show that certain
signals disappear in speciﬁc slices, whereas other species are
more pronounced. The dominant C26H42N+ (m/z 368.331)
could be completely removed in slice I from the ion mixture,
whereas the mass spectrometrically nonresolved doublet
C27H30N+/C24H34NS+ (m/z 368.2373/368.2407) diminished
in slice III. Even after ﬁve additional passes, all of the ion
mixtures reveal a uniform distribution, and no isomeric
separation could be achieved. The option to record ion
mobility proﬁles with a high number of data points over the
peak is beneﬁcial for the peak property calculation. Most
importantly, isobaric interferences can be overcome. Utilizing
cIMS to address the isobaric quadrupole isolation limitations
was already shown by Cho et al. in a comparable approach
adding fragmentation for further structural elucidation.41 Here,
we could show a novel complementary two-step (slicing and
reinjection with an optimized pass number) approach for
isomeric and isobaric preselection.
Structural Description of Core Structures. The
isomeric diversity of heavily alkylated constituents hinders a
more targeted approach. Collision-induced dissociation (CID)
is known for dealkylation of petroleum constituents.11,57
Without the selection of a precursor, so-called all-ion
fragmentation can be used as a valuable approach for the
structural description of the dominant aromatic core
structures.57,58 Structural description of the aromatic core is
crucial for a variety of applications, such as the design of
reﬁning processes or in understanding ﬂow/deposition and
aggregation properties of asphaltenes, a high aromatic fraction
of petroleum.47,52
Here, the concept of all-ion fragmentation is deployed as
follows: The whole ion mixture is fragmented by collisioninduced dissociation (CID) applying a voltage of 75 V to the
trap gas cell. Subsequently, the fragments are separated with
one pass in the cyclic ion mobility device. Due to its selectivity
toward aromatic constituents, atmospheric pressure photoionization (APPI) was used. Figure S4a displays the average
mass spectrum and a considerable shift in the mass distribution
compared to the nonfragmented intact distribution can be
observed. The CID will not lead to complete dealkylation, and
an asymmetric Gaussian distribution between m/z 120 and
400 can be found. In Figure S4b, selected extracted ion
mobility spectra for CH- and CHS-class constituents are
depicted. All distributions are monomodal. Two targets were
chosen: C20H12+, most likely a ﬁve-ring polycyclic aromatic
hydrocarbon (PAH), such as benzopyrene or perylene, and
C16H10S+, most likely a thiophene derivative with three
annulated six-membered aromatic rings (sulfur-containing
polycyclic aromatic heterocyclesPASH).
The number and diversity of isomers are drastically reduced
due to the dissociation, and the observed arrival time widths
are signiﬁcantly lower. This allows additional passes to be
performed within the cIMS. For this experiment, both targets’
arrival time region is segmented with a several-millisecond5877
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peak shape, utilizing a Savitzky−Golay smoothed curve as
input in Figure 5c. Based on the ﬁtted peaks, the weighted
mass spectra were calculated and are displayed in Figure 5d.
The calculation of the diﬀerence between the apex positions of
the two smoothed m/z peaks resulted in 3.2 mDa close to the
exact split of C3/SH4 with 3.37 mDa. For VGO B and C, splits
of 3.0 and 3.4 mDa were found, respectively (Figure S7).
The separation procedure relies on the structural diﬀerence
of the isomeric diversity of the CH- and CHS-class species. In
the presented example, the arrival time distributions were
found to always expose a bimodal behavior. Nonetheless, in
previous studies, the analysis of complex petroleum samples
was limited to selective ESI, and isobaric interferences were
conﬁrmed by ultrahigh-resolution mass spectrometry, i.e., FTICR MS.11,45 APPI is less selective and generates ions over a
broader chemical space. A resolving power greater than
150 000 FWHM is required at m/z 400 to resolve the sulfur
split, which is not yet possible in routine operation for
commercial TOF instrumentation. Here, by utilizing the IMS
dimension, this limitation was overcome with virtually no time
loss for liquid chromatography coupling.

■

Figure 4. Atmospheric pressure photoionization of VGO Anominal
mass 276 isolated with the quadrupole at a 1 Da width. (a)
Abundance proﬁle for the stepwise optimization from one to three
passes for the extracted arrival time distribution of m/z 276.09−
276.10. (b) Survey visualization of drift bins versus m/z of the
stepwise increase.

CONCLUSIONS
In the present study, we explored the capabilities of cyclic ion
mobility spectrometry with high-resolution mass spectrometric
detection for the isomeric and isobaric chemical description of
complex organic mixtures. The unique instrumental architecture of the cIMS platform allowed a building block
experimental design.
A simple increase of the pass number on the broadband
spectrum was not feasible due to the huge isomeric diversity.
This limitation was partially overcome by quadrupole isolation
(QcIMS), and a single Dalton isolation width enabled 3 and 4
passes prior to the wrap-around eﬀect. Surprisingly, even after
multiple passes, an isomeric continuum was revealed, owing to
the high isomeric complexity of petroleum molecules. The
QcIMS experiments can be combined with so-called ion
mobility slicing. This slicing and further partitioning revealed
the option to exclude certain isobaric interferences to be used
in future fragmentation experiments.
A targeted approach was conducted based on the all-ion
CID fragmented ions. This procedure allowed us to
successfully distinguish structural groups of molecular core
isomers from two exemplarily shown targets belonging to PAH
and PASH compounds.
The sulfur split could be overcome by the combination of
the IMS and MS resolving power, and an automated workﬂow
was presented. To the best of the authors’ knowledge,
addressing the sulfur split in petroleomics by IMS and
TOFMS has not been shown before to this extent.
Future studies will focus on the more automated
experimental design, particularly for the hyphenation of an
additional chromatographic separation, such as gas or liquid
chromatography. Based on the acquisition speed, chromatographic hyphenation for semi-targeted analysis is feasible59
even for more complex experimental designs, such as QcIMS.
With the high reproducible mobility measurement of a wide
variety of petroleum sample materials, the construction of a
mobility versus m/z (formula) library is anticipated. Novel
concepts allowing the CCS calibration of sophisticated cIMS
experimental designs with a narrow mobility range will be
deployed, giving more precise structural suggestions. Even in
silico structural calculations of theoretical CCS values can be

six-ring PAH. The six-ring PAH could structurally belong to
highly condensed isomers, such as benzo(ghi)perylene. This
would agree with experimentally observed shorter drift times
compared to the C1-alkylated PASH species. Thus, the
combination of the two separation approaches, ion mobility
and mass spectrometry could successfully address the sulfur
split. The approach was conducted for the three VGO samples
diﬀering in sulfur content: VGO A 4.8 wt %, VGO B 0.23 wt
%, and VGO C 2.0 wt %, separation could be achieved for all
of the samples (Figure S5). Diﬀerent ratios of CH- versus
CHS-isomeric distribution were observed. Even though the
ratio does not directly correlate with the bulk sulfur content, it
has to be noted that a single CHS target was evaluated as a
proof-of-concept and the contribution of the CH species could
also vary.
In Figure S6, we present that the theoretical workﬂow is
divided into ﬁve steps. (I) An average mass spectrum over the
ion mobility dimension is created, and (II) distorted m/z peaks
are identiﬁed. These peaks are recognized based on the
signiﬁcantly increased FWHM. Subsequently, the ion mobility
proﬁles for these signals are extracted (III). If a nonmonomodal distribution is given, this distribution is
deconvoluted with an asymmetric Gaussian distribution
based on the number of maxima (IV). The deconvoluted
distributions are used for the calculation of deconvoluted mass
spectra. This is done by the calculation of an average mass
spectrum over the ion mobility dimension weighted to the
abundance according to the deconvolution factors/loadings
(V). The mass spectra can then be used for the improved
molecular formula attribution. This procedure allows for
semiautomatic processing with minimal manual interaction.
Figure 5 applies this workﬂow toward the experimental data of
VGO A. In Figure 5a, the distorted m/z signal with the
increased FWHM can be clearly seen at m/z 276.095. The
extracted ion mobility proﬁles after three pass separation
(Figure 5b) revealed the two distributions ﬁtted to a Gaussian
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Figure 5. Combining the ion mobility and mass spectrometric resolving power exemplarily for the 3.4 mDa sulfur split according to the scheme in
Figure S6. (a) Average mass spectra after the optimized pass number identifying the FWHM distorted m/z peaks, (b) arrival time distribution for
the extracted mass range of the distorted m/z peak, (c) deconvoluted and smoothed arrival time distribution, (d) deconvoluted mass spectra based
on the weighted average of the ﬁtted curves from (c). The m/z diﬀerence between the apex peak position accounts for 3.2 mDa close to the exact
split of C3/SH4.

foreseen based on the experimental CCS values. The authors
are conﬁdent that cIMS is a unique instrument for in-depth
isomeric characterization even of highly complex organic
mixtures, and various application areas will be challenged in
future application work.
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