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Abstract

Antibiotic resistance has become a primary concern in medicine because of the overuse and misuse
of classical pharmaceuticals. Recently, non-biological complex drugs (NBCDs) have gained interest for
their complex pharmacological profile. Bituminosulfonates, which have lately been tentatively
allocated toward NBCDs, are pharmacologically well-studied and show low potential in resistance
development. However, molecular composition knowledge is limited. With this work, we present a
comprehensive approach to investigate the manufacturing process of complex pharmaceuticals like
bituminosulfonates on a molecular level via Fourier-transform ion cyclotron resonance mass
spectrometry. The application of various hyphenations and ionization techniques comprehensively
covers the entire mass and polarity range of the matrix, and the high sensitivity enables the
identification of significant and minor chemical alterations caused by the multistep manufacturing
process. The distillation of the shale crude oil eliminates highly aromatic PAH and PASH constituents.
ESI(-) revealed strong PAH- and PASH-sulfonate formation after reacting the shale oil distillate with
sulfuric acid. Increasing alkylation reduced the sulfonation yield, instead causing oligomerization side
reactions, as observed by APPI analysis. Further, multidimensional gas chromatography coupled with
high-resolution mass spectrometry verified core structural motifs. With this work, we demonstrate
the high potential of FT-ICR MS in NBCD process analysis. The results also give valuable information

for future pharmacological investigations focusing on specific compound classes or properties.
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1. Introduction

In the past decades, antibiotic resistance has become a primary concern in medicine. ¥ Over- and
misuse of pharmaceuticals has led to the emergence of resistant bacteria.! This development poses a
significant threat to public health, and the development of new antibiotics has slowed down, further
exacerbating the problem. Classical antibiotic pharmaceuticals, such as penicillin? and aminoglycoside
formulations?, are simple mixtures with well-defined active pharmaceutical ingredients (APIs).
Established analytical workflows for these polar compounds featuring primarily high-performance
liquid chromatography (HPLC) with UV spectroscopic or triple quadrupole mass spectrometric

detection (QqQ-MS).*”’

However, recently, medicinal products called “non-biological complex drugs” (NBCDs) have gained
medicinal, regulatory, and economic interest for their complex pharmacological profile and their low
potential for resistance development.®'° They are defined as medicinal products where the API is
neither a homo-molecular structure nor a biological medicine.’® Crommelin et al.® added to the nature
of NBCDs that they “cannot be isolated and fully quantitated, characterized, and described by
physicochemical analytical means” referring to the analytical methods in the Pharmacopeia.
Therefore, NBCDs are defined by their manufacturing process and bulk parameters whereas the
composition, quality, and in vivo performance of NBCDs are highly dependent on the manufacturing
process of both the API as well as the formulation.!! Classic examples with broad coverage of induced
health effects are liposomes'?, iron-carbohydrate drugs®3, or glatiramoids!*. Also, bituminosulfonate
formulations have been tentatively allocated toward NBCDs™, featuring broad and valuable antibiotic
effects, among other properties. Furthermore, bituminosulfonates were found to show a low

t.16718 These APIs are derived from kerogen-containing rocks,

potential for resistance developmen
which are subjected to a dry distillation process to obtain sulfur-rich shale 0il.>!° The key to receiving
the final APl is a vacuum distillation followed by a sulfonation. Depending on the exact production
pathway, sodium hydroxide or ammonia are used for neutralization, receiving sodium
bituminosulfonates (SBS) or ammonium bituminosulfonates (ABS), respectively. The use and efficacy
as a therapeutic agent have been documented since 1882.%° Interestingly, a low potential for

antimicrobial resistances in bacterial cells has been found?®?! and the exact pharmaceutical

mechanisms are currently being investigated.'®

516,20

While the pharmaceutical effects are well documented for SBS*! and AB , molecular composition

knowledge is limited.™ Although, chemical speciation along the different processing steps is crucial

for understanding transformation processes and ensuring high-quality standards. Previous studies

23,24

were able to identify alkylated thiophenes and benzothiophenes in the precursor distillates and



sulfonated alkylbenzenes, -thiophenes, and other sulfonated arenes in the APIs.’>?> Challengingly,
analytical methodologies for targeting aromatic sulfonates are rarely found in literature?®%, and
regulatory solutions for in-depth speciation are entirely missing. Standard spectroscopic techniques
are not able to cope with the tremendous complexity, and could only be suitable for high-throughput
quality control and bulk analysis.?®?° Molecular information can be gained by high-performance

chromatography combined with mass spectrometry.?3°

However, the development of
chromatographic protocols can be tedious®' and error-prone. Unlike chromatography, most
atmospheric pressure ionization techniques are directly applicable with minimal to no sample
preparation.3! Thus, direct mass spectrometry with atmospheric pressure ionization has become
increasingly popular in pharmaceutical research lately.3? High-field Fourier-transform ion cyclotron
resonance mass spectrometry (FT-ICR MS) has been successfully deployed for in-depth molecular
speciation of dissolved organic matter®, fossil fuels3*, proteins, as well as other complex organic
mixtures®. Lowest mass measurement error (root-mean-square error, RMSE, below 40 ppb), highest
)36

dynamic range of any mass analyzer, and automatic gain control (AGC)*®* minimizing scan-to-scan

variations in ion number, enable identification of species that differ in less of the mass of an electron.?’

This study aims to present the analytical potential of ultrahigh-resolution mass spectrometry for the
molecular-level description of NBCDs. Bituminosulfonate formulations and their multistep production
process are complex examples of the importance of real-world antibiotics. Recently, we have
successfully shown the potential of comprehensive gas chromatography (GCxGC) with high-resolution
time-of-flight mass spectrometry (HR-ToF MS) for unraveling the lighter SBS fraction, featuring lower
molecular weight constituents.’®> However, gas chromatography reaches its instrumental limits for
higher molecular weight NBCDs, such as ABS.3! Direct injection mass spectrometry may overcome
these limitations and enables immediate complex mixture analysis. However, as the molecular
formulae attribution relies on resolving isobaric constituents without chromatography, particularly
heteroelements can be problematic.3®3° Here, we show that the increased sulfur content with over 10
wt-%, given by the formulation, frequently causes mass splits below 1 mDa caused by the combination
with additional heteroatoms. Moreover, the different processing steps are used for in-depth
discussion on chemical changes during the manufacturing process utilizing chemical fingerprint
visualization, e.g., modified Van-Krevelen (S/C) and double-bond-equivalent versus carbon number
(DBE vs. #C) diagrams, as well as fold-change (FC) analysis. Combining electrospray analysis in negative
(ESI(-)) and positive mode (ESI(+)), as well as atmospheric pressure photoionization (APPI), allows to
cover a wide chemical space, ensuring untargeted explorative MS analysis in a pharmaceutical

context.



2. Material and Method
2.1 Material

Ammonium bituminosulfonates (ABS, e.g., Ichthammol® (EC#: 232-439-0), Ichthyol® (EC#: 232-439-
0)) and the non-sulfonated starting materials “vacuum distillate (shale oil), middle” (VDM, ECH#: 269-
646-0) as well as “shale crude oil” (SCO, ECH#: 269-646-0) and the bituminous schist (BS) source rock
with maritime origin analyzed within this study originate from the same production process and were
provided by Ichthyol-Gesellschaft Cordes, Hermanni & Co. (GmbH & Co.) KG, Hamburg, Germany. The
schematic description of the manufacturing process relevant for this manuscript is given in Figure 1.

A detailed scheme of the complete manufacturing process is given in Figure S1.
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Figure 1. Flow chart of the manufacturing process of ammonium bituminosulfonate (ABS). Mixed ABS (MABS)
refers to the product manufactured from a combination of the vacuum distillate light and the vacuum distillate

middle (VDM), while heavy ABS (HABS) is manufactured exclusively from VDM.

2.2. Method

Thermogravimetry Fourier-transform ion cyclotron resonance mass spectrometry with atmospheric

pressure photoionization (TG APPI FT-ICR MS)

Prior to analysis, the BS was homogenized with a 6750 Freezer/Mill (SPEX Certiprep Inc., Metuchen,

NJ, USA). The homogenized BS were then measured by thermogravimetry (TG) coupled to APPI FT-ICR



MS. The detailed setup can be found elsewhere.**** Thermal analysis was performed with a
thermobalance (TG 209, Netzsch Geratebau, Selb Germany) hyphenated to a modified GC-APCI Il ion
source (Bruker Daltonics, Bremen Germany). In addition, BS was also analyzed with a second
thermobalance (STA 449F3, Netzsch Geratebau, Selb Germany) using a ceramics crucible with pinhole

for more accurate mass loss information.

The temperature programs are shown in Table S1. Evolved gases were transferred into the mass
spectrometric ion source via an interface and a transfer line, which were operated at 280 °C. Time-
resolved mass spectrometric detection was carried out with a Bruker Apex Il ultra FT-ICR MS (Bruker
Daltonics, Bremen, Germany) equipped with a 7 T superconducting magnet recording from m/z 100
to 1000 with a 2 s transient (4 Megaword, 10 pscans) and a resulting resolving power of 260 000 at
m/z 400. Comprehensive time-resolved processing and internal quadratic pre-calibration on
homologue rows were performed with Data Analysis 5.1 (Bruker Daltonics, Bremen, Germany). The
time-resolved data were exported by Visual Basic scripting with S/N 9. Further data treatment was
done in CERES, a self-written program based on in-house MATLAB scripting (MATLAB R2020b) for
further processing by feature detection and sum formula calculation. Additionally, every single mass
spectrum was recalibrated to correct for frequency shifts resulting from varying ion loads in the FT-
ICR MS cell.** #C 2-100, #H 2-200, #N 0-1, #0 0-4, #S 0-4, H/C 0.4-2.4, DBE 0-30 and sum formula error

of 1 ppm were set as sum formula attribution restrictions.
Direct infusion ESI(+/-) and APPI FT-ICR MS

For negative/positive-ion micro-ESI, samples were dissolved in 1:1 toluene:methanol (v/v) at a
concentration of 50 pg/mL. Samples were directly infused into a custom-built micro-ESI source at 0.55
puL/min and ionized with a needle voltage of -2.8 kV for negative-ion and 3.2 kV for positive-ion.
Analyses were performed by adding tetramethyl ammonium hydroxide (TMAH, 0.005% v/v) to the
sample solutions to promote deprotonation (negative-ion), and formic acid 1% v/v to promote
protonation (positive-ion). For APPI(+), samples were diluted in 1:1 toluene:methanol (v/v) to a
concentration of 25 pg/mL and directly infused at 50 pL/min into an APPI lon Max source (Thermo-
Fisher Scientific, Inc., San Jose, CA, U.S.A.), operated with a vaporizer temperature of 320 °C. For APPI,
N, sheath gas was used at 50 psi and N auxiliary gas at 32 mL/min. Gas-phase neutrals were
photoionized by a 10/10.6 eV ultraviolet krypton lamp (Syagen Technology, Inc., Tustin, CA, U.S.A.).
lons were analyzed with a custom-built 21T FT-ICR mass spectrometer.* For analyses, 1.5x10° charges
were accumulated in an external multipole ion trap, and subsequently transferred to the ICR cell, as a
function of m/z, by a decreasing auxiliary radio frequency. Excitation and detection were carried out

on the same pair of the dynamically harmonized ICR electrodes, maintained at 6 V trapping potential.



Time-domain transients of 3.2 seconds were collected with Predator Software, and at least, 100 time-
domain transients were averaged for all the samples. Mass spectra were phase-corrected and
internally calibrated with sulfur- and oxygen-containing homologous series using the “walking”
calibration method* followed by mass list export with S/N 6, resulting in a resolving power of R >
3 000 000 @ m/z 400 for all ionization techniques. Finally, the mass lists were further processed with
a home-build software named CERES (MATLAB R2020b) for sum formula assignment. The sum formula
attribution restrictions were set to #C 2-100, #H 2-200, #N 0-1, #O 0-10, #S 0-6, H/C 0.4-2.4, DBE 0-25
for ESI(-) and to #C 2-100, #H 2-200, #N 0-3, #0 0-10, #S 0-6, #Na 0-1, H/C 0.4-2.4, DBE 0-25 for ESI(+)
and APPI. The sum formula error limit was set to 150 ppband sum formulae could generally be
obtained with a root-mean square error below 30 ppb for ESI(-) and APPI measurements and below

50 ppb for ESI(+) analyses.

Comprehensive two-dimensional gas chromatography coupled to electron ionization high-

resolution time-of-flight mass spectrometry (GCxGC El HRToF-MS)

The GCxGC measurements were carried out on a Pegasus® GC-HRT 4D (LECO, St. Joseph, USA)*>3%, In
summary, a 60 m BP1 (0.25 mm internal diameter, 0.25 um film thickness, SGE) column was used in
the 1t and 1.5 m BPX50 (0.1 mm internal diameter, 0.1 pm film thickness, SGE) in the 2" dimension.
Before the measurement, the APls were mixed with Tetramethylammonium hydroxide (1:2 w/v) and
diluted 1:10 with a mixture of water/methanol (1:1 v/v). 0.5 pL of the solution was injected at 350 °C
with a split of 1:10. The oven program started at 40 °C with a heat rate of 10 °C/min up to 120 °C and
decreased to 1 °C/min until the oven reached the end temperature of 320 °C. For the shale oil and
distillates 1 pL of the samples were injected at 350 °C with a split of 1:200. The oven program starts
at 70 °C, keeps the temperature for 5 min, heats up at 1°C/min up to 320 °C, and keeps the
temperature for 10 min. For both methods, the offset of the modulator was set to 15 °C and of the
second oven to 30 °C. The ions were acquired between m/z 15 and 500 with an acquisition rate of 100
Hz. Perfluorotributylamine was used for internal mass calibration. A mass resolution of at least > 25 k
for m/z218.9856 with a mass error below 1 ppm was achieved. Acquired mass spectra were calibrated

and processed with the ChromaTOF HRT software (v5.10, LECO, St. Joseph, USA).



3. Results and Discussion
3.1 Thermal analysis of the Source Rock

To mimic the first step of the API production, an aliquot of the homogenized BS was investigated by
straight TG analysis. Further chemical insights of the evolved gas phase were achieved by TG APPI FT-
ICR MS analyzes. As the BS is smoldered at 450 °C on an industrial scale, aside from a common linear
gradient temperature protocol (TP1), a temperature program with constant step at 450 °C for 30 min
(TP2) has been measured. Analysis deploying a linear gradient and a crucible with pinhole (common
for studying distillation behavior) shows a distinct mass loss step between 340 and 520 °C with a
maximum at 430 °C and a mass loss of about 10 % (Figure 2). This process fits typical pyrolysis
temperatures and can be attributed to the smoldering-induced pyrolysis of the BS. Further, the
observations match the stable temperature of the dry distillation on a large industrial scale as well as
the mass loss found for TP2. For TP2, mimicking the real-world process, after approximately 15-20 min
no mass loss was observed any more. This finding suggests a pronounced pyrolysis of the organic

material in the APl educt BS and even exceeds the manufacturers’ specifications.

Mass spectrometric investigation of the evolved gas from TP2 revealed significant amounts of sulfur-
containing compounds (SCCs) attributing 80 % of the overall mass spectrometric abundance (Figure
S2). The overall chemical characteristic is dominated by alkylated homologue series of aromatic core
structural moieties and reassembles common petroleum distinctive features. In contrast to our

previous thermal analysis mass spectrometry work on petroleum matrices®®?

, compounds with a
higher number of sulfur are dominant in this matrix, with the CHS; and CHS; classes being the most
abundant. According to literature, SCCs like thiophenes and benzothiophenes are emitted within a
temperature range of about 360 to 540 °C with short-chain alkyl thiophenes and benzothiophenes
being emitted at around 460 °C and long-chain alkyl thiophenes being emitted at temperatures above
500 °C.*” Evolved gas analysis with high-resolution mass spectrometry can successfully track and
resolve this chemical complexity (Figure S3 and Figure S4). The time-resolved mass spectrometric
analysis shows two evolving events (Figure S3), which can be separated into a desorption step (T <
300 °C) and a pyrolysis step (T > 300 °C). In accordance with literature, the m/z ratio increases with
increasing temperature, resulting in compounds with higher aromaticity and longer alkyl side chains.
During the pyrolysis, a broad mass range is detected covering the full desorption range, while
simultaneously showing a shift toward slightly higher masses as well as higher intensities in the higher
mass ranges. Comparing these mass spectrometric data to the time-resolved differential mass loss

(Figure 2) it was found that the most abundant mass loss was detected toward the end of the pyrolysis

phase, while the mass spectrometric data indicate a more constant mass loss. It is expected that during



the pyrolysis phase, inorganic gases like sulfur dioxide and carbon dioxide are also emitted among the
detected organic substances. Also, Guo et al.*® have shown the potential of sulfur-containing marine
natural products for drug discovery and drug development. As the investigated BS was found to have
a marine origin and similar SCC moieties, this further highlights the pharmacological potential of this
matrix. Even though the production process of the API involves a pharmacologically uncommon
thermal processing step, high-resolution mass spectrometric analysis can address this production step
by thermal analysis coupling. However, a gas phase ionization technique, such as APPI, was needed
and routine electrospray ionization would not be applicable. Sampling of the evolved gas mixture also
allowed us to trace more polar heteroatom-containing polyaromatic species, which we have seen
before in studies on fossil samples.*®*? Thus, thermogravimetry with mass spectrometric evolved gas
analysis aids in process understanding and sets the basis for further investigations on the respective

shale crude oil, distillate, and sulfonated API products.
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Figure 2. Differential mass loss curves for the thermogravimetric analysis of the Bituminous schists source rock
from France with two temperature programs (TP1/TP2, see Table S1) with a linear gradient up to 600 °C and

with a constant step at 450 °C, mimicking the oven smoldering temperature in the production process.



3.2 Characterization of the Shale Crude Oil and its resulting Vacuum Distillate

Mass spectrometric insights into the evolved gas mixture released during thermal analysis highlight a
high contribution of SCCs, such as polycyclic aromatic sulfur heterocycles (PASHs). Species with up to
three sulfur atoms have been attributed. Hence, the spectral complexity is strongly affected by the
sulfur split (Cs versus SH4, 3.4 mDa), commonly reported in Petroleomics for fossil matrices. With lower
abundance, other compound classes containing nitrogen and oxygen functionalities have also been
observed (Figure S2), resulting in a high isobaric complexity. However, thermal analysis with a slow
pyrolysis temperature profile may simplify the detected complexity of the evolved gas mixture at a
given time. On the contrary, typical direct infusion “dilute and shoot” analysis must cope with the full
isobaric complexity of the SCO resulting from the source rock pyrolysis and its manufacturing product
VDM. Consequently, an ultrahigh-field 21 T FT-ICR MS facility (21 T FT-ICR MS platform at the National
High Magnetic Field Laboratory, NHMFL) was utilized to ensure the highest available mass

spectrometric performance.®
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Direct infusion analysis of the condensed shale oil as well as the first production step deploying
vacuum distillation could successfully address the tremendous isobaric complexity, TGA FT-MS has
already illustrated. Hereby, 7,207 and 4,635 molecular formulae could be attributed for the SCO and
distillate, reflecting the significant decrease in complexity, respectively. Ultrahigh-resolution mass
spectrometric analysis revealed baseline-resolved sub-mDa mass splits with the most challenging
given by a combination of sulfur, oxygen, and nitrogen heteroatoms (Am/z 0.69 mDa for CgN vs. HsOsS,
Figure S5). This mostly low intense mass split requires high sensitivity, a mass resolving power of at
least 580 000 at m/z 400 and ppb level mass accuracy for baseline resolving and confidently attributing
the two components. This clearly points out the need of FT-ICR MS performance for in-depth
molecular description. Calculating the intensity-weighted relative elemental composition of the
matrices directly gives first insights into the high heteroatom content (Figure S8). Depicting the
assigned sum formulae into compound classes enables the identification of compound class-specific
distillation-related tendencies (Figure 3). Therefore, constituents with the same number of
heteroatoms, e.g., pure hydrocarbons are summarized in the CH class, while compounds that include
organically bound sulfur atoms are grouped in the S classes. According to the analysis of the source
rock over 80% of the overall abundance was assigned toward SCCs for both, the SCO and vacuum
distillate VDM. More than 60% of these compounds belong to the S; and S, class resulting in a
significantly higher sulfur content than that found in the other shale oils.** However, the general
molecular distribution reassembles petroleum characteristics and follows the Boduszynski continuum

with superimposed homologue alkylation rows spanning from m/z 150 to 650 in the SCO.*°

By distillation, all compound classes showed significant decreases in assigned sum formulae of at least
20%, pointing out a significant reduction of the chemical complexity by the initial GMP regulated
processing step of the SCO toward the APl matrices. The distillate process affected mostly classes with
multiple sulfur-atoms, whereas a relative enrichment of S- and SO-classes could be found. As shown
in Figure 3A, S;-containing compounds (e.g., S1 and 0;S;) are relatively enriched in the distillate,
whereas constituents with higher sulfur contents are clearly depleted. We hypothesize that this
finding is due to characteristic shifts in vapor pressure and boiling point with adding heteroatoms to

the polyaromatic skeleton.

Complementary to the FT-ICR MS analysis, group-type analysis of the GCxGC EI-HRToF-MS results
allowed for structural elucidation on these SCCs. The choice of column compositions ensures
separation according to size and alkylation along the first chromatographic dimension, while
separation according to aromaticity takes place along the second chromatographic dimension (Figures
S6 and S7). El leads to further structural information due to ionization technique-based fragmentation.

Combining the chromatographic and mass spectrometric information enables the empiric definition



of elution windows for distinct sum formulae, allowing a less time-consuming data evaluation (Figure
S7). Hereby, thiophenes and benzothiophenes are most abundant before and after distillation.
Additionally, sulfoxides and thioles have been identified, among other species. These sulfur-based
functionalities were found to play an essential role in drug discovery and development addressing
different pharmaceutical issues depending on the sulfur moiety.*®>! Therefore, the rich content in
organic-bound sulfur sets high potential of the SCO and VDM for further processing from a

pharmaceutical point of view.

Generally, the distillation process causes a decrease in average m/z and DBE for all compound classes
(Figure S8) in the VDM. FT-MS analysis exposed that constituents containing no sulfur, such as CH, N;
and O; class compounds, have been found with the same relative abundance before and after the
distillation process. The CH class revealed lighter compounds with a significantly lower average m/z
(Figure S9A) than the other compound classes. Considering the medium DBE prior distillation (DBE 10,
3-ring aromatics), a stable relative contribution can be explained after thermal separation. For the
more polar compounds, such as N; and O; class species, low average m/z and relatively high mean
DBE values prior to distillation could be found. We hypothesize that the lower mass has a stronger
effect on the distillation behavior than the hydrogen deficiency (DBE), causing an overall stable
relative proportion of these classes before and after distillation. This finding is in good agreement with

the Boduszynski concept.>?™>*

Group-type GCxGC analysis of the ten most abundant functionalities (Figure S9C) revealed that besides
aromatic constituents also aliphatic and non-aromatic compounds are present in the SCO and VDM.
The majority of these compounds are fully saturated and therefore unsuitable for sulfonation.?’
However, these compounds have already been cut off to a large extent in a lighter distillation cut, not
studied herein and investigated elsewhere.'® For the VDM investigated in this study complementary
GCxGC analysis pointed out a low contribution of species with m/z below 150, mainly with DBE below
4 complementing the FT-ICR MS findings and simultaneously shows the applicability of FT-ICR MS as

analytical conception for tracing the processing steps of medium and heavy-weight compounds.

Both, the FT-ICR MS and the GCxGC results show a clear gain in abunance for mono- and binuclear
PASHs (e.g., thiophenes and benzothiophenes), as well as for two- and three-ring PAHs (e.g.,
naphthalenes and phenanthrenes). In contrast, higher aromatic compounds (DBE > 10) were
drastically reduced by distillation, resulting in hardly any detection of core structural motifs larger than
three-ring aromatics (Figure 4). For both, SCO and VDM, a uniform DBE distribution has been found
for the CH class with a maximum at DBE 8 (biphenyls, Figure S10A/E). In contrast, characteristic DBE

values were identified for the Sy classes (SCCs), belonging to thiophene-based core structures (Figure



$10). This finding resulted by the thermodynamic stability in oil-formation, maturation, and
exploration and is commonly reported in fossil matrices of various origins.>> Furthermore, these
compounds are less alkylated after distillation, reducing the risk of steric hindrance in subsequent
steps of the process. Thiophanic, thiolic or thioether-based SCCs, which are not suitable for sulfonation

reactions?’, were found to be significantly less present.

As shown, FT-ICR MS is applicable for the in-depth chemical description of these fossil and relatively
low polar matrices as well as their compositional changes caused by the physicochemical processing.
However, to obtain the API, the shale oil-based starting material is chemically altered by reacting with
concentrated acids and bases. The combination of different ionization techniques becomes necessary

to describe these highly polar matrices and the mechanisms causing the chemical modifications.
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Figure 4. Double bond equivalent vs. carbon number (DBE vs. #C) plots of APPI FT-ICR MS analyzes of the shale
crude oil and its resulting vacuum distillate illustrating the CH class (A), the CHS; class (B), the CHS; class (C) and
the CHS; class (D). Color-coding corresponds to the fold change (FC) based on the absolute abundance ratio of
the compounds. Positive values account for an enrichment after distillation, while negative values point out
depleted compounds after distillation. For orientation, a horizontal line was added at DBE 10. A clear distillation

effect can be observed for all classes, causing lower DBE and m/z for the condensate.



3.3 Chemical Description of the Ammonium Bituminosulfonates

To obtain the API, the shale oil-based raw material first reacts with concentrated sulfuric acid causing
a sulfonation reaction®® before the mixture is neutralized with ammonia. Sulfonation (+S0s, + m/z 80)
causes a substantial increase in polarity by adding one or several polar functionalities to the low polar
aromatic cores®®, making ESI particularly suitable as an ionization method.?” However, information
about the sulfonation yield is limited. Furthermore, the temperature is monitored during the acidic
and basic treatment, but not actively controlled. Therefore, also side reactions, such as
oligomerization and oxidation, may occur, making complementary APPI particularly necessary for
targeting low and non-polar species (Figure S17 and Figure S18). Since both, the mixed ammonium
bituminosulfonate (MABS, Ichthammol®) and the heavy ammonium bituminosulfonate (HABS,
Ichthyol®) are used as APIs, their detailed chemical characterization is crucial. The high isobaric
complexity of the vacuum distillate precursor matrix as well as the vast variety of potential reaction
pathways given by the acidic and basic treatment indicate the need to deploy different ionization
approaches (APPI, ESI) for direct infusion FT-ICR MS analysis to comprehensively describe the isobaric

complexity of these APls, exemplarily given for an APPI FT-ICR MS analysis of HABS in Figure S11.

The intensity-weighted elemental compositions of SCO, VDM, MABS and HABS show relatively strong
alterations in the elemental composition and are displayed in Figure S8 for each direct infusion
ionization technique. Comparing the number of assigned sum formulae prior and after the acidic and
basic treatment (Figure S12A) highlights strong chemical alteration as expected, since the number of
assigned sum formulae increases by a factor of three for the APPI analyzes after the chemical
treatment. Simultaneously, as shown in Figure S12B, each ionization technique used in for this work,
found a reasonable number of assigned sum formulae uniquely being assigned by the certain
ionization technique, further proving the need for this comprehensive approach. The most intense
compounds identified by APPI in the mixed (MABS) and heavy sulfonate (HABS) were found within the
same mass range as the compounds identified in the vacuum distillate (VDM), ranging up to m/z 300.
However, the general mass distribution of MABS and HABS also shows substantial abundances up to
m/z 700, resulting in higher average molecular masses (Figure S13A) and mean DBE values (Figure
S13B) than in the precursor distillate and, thus, significant chemical alterations, shown in Figure 5A/B.
Further, the chemical reaction process changes the carbon number and DBE distribution, resulting in
a bimodal carbon number distribution (Figure S13A-C) and higher DBE values (Figure S13M-O) for the
bituminosulfonates. Compounds belonging to the second part of the bimodal distribution with high
carbon number and DBE are not observed for the distillate. Thus, we hypothesize, that these heavier
and more aromatic compounds are caused by oligomerization side reactions, e.g., due to cationic

polymerization. The exothermic reaction with sulfuric acid drastically increases the reaction vessel



temperature making the generation of these side reaction products plausible. Unexpectedly, nitrogen-
containing compounds neither altered in their number nor in their chemical composition, making
them neutral process trace constituents. Notably, sulfur- and oxygen-containing compounds altered
significantly, shifting toward higher sulfur and oxygen contents. The distillate shows a mono-modal
sulfur distribution and steadily declining oxygen distribution with increasing oxygen number (Figure
5C/D). After reaction with sulfuric acid the bituminosulfonate products exhibit an increase in sulfur
content (average #S increase of 0.69 from VDM to MABS and 0.63 from VDM to HABS) and in oxygen
number (average #0O increase of 0.91 from VDM to MABS and 0.75 from VDM to HABS).

The oxygen number distribution is showing a distinct maximum at three oxygen atoms per molecule.
Molecular attribution and compound class grouping, given by the superior performance of the FT-ICR
MS, allows to trace global reaction schemes.*? In the here presented case, reaction with sulfuric acid
should dominantly result in sulfonation (+n(SOs)). For this purpose, Figure 5C/D combines the sulfur
and oxygen distribution in a three-dimensional representation. A homogenously declining hyper
surface for increasing sulfur and oxygen is found for the distillate, whereas for both
bituminosulfonates, two distinct maxima are observable. On the one hand, compounds low in oxygen
(#O < 3) may be attributed to non-sulfonated compounds, predominantly consisting of highly alkylated
unsaturated monomeric and oligomeric constituents, such as PASHs, thioethers, or sulfoxides. On the
other hand, compounds consisting of at least one sulfur and three oxygen atoms are predominantly
assigned toward PAH- and PASH-sulfonates, confirming the desired sulfonation reaction. Products
originating from the middle distillate have larger core structural motifs compared to products
originating from the lighter distillation cut (e.g., sodium bituminosulfonate (SBS)), studied
elsewhere.’® We hypothesize that this molecular change, utilizing molecular weight and aromatic core
size, will lead to more robust surfactant properties (increasing tenside character) following the typical
apolar tail versus polar head chemistry. In the production process, the oil phase separation is
incomplete or entirely missing after the sulfonation of the middle distillate in contrast to good phase
separation after the sulfonation of the light distillate. This macroscopic observation from process
engineering aids our surfactant hypothesis. Consequently, FT-ICR MS can describe complex reaction

schemes and bulk properties previously revealed e.g., for surfactant interfacial layer properties.>’

As stated above, full sulfonation would cause an average shift of n(SOs). Since compounds with S.00s;
were only found with negligible quantities in the distillate (Figure 3A) these constituents are
considered as sulfonated species within the bituminosulfonates. As a result, we can estimate a
sulfonation yield of approximately 36% in MABS and 27% in HABS based on the APPI FT-MS data based
on the relative abundances. However, the average observed elemental shift of So¢600.53 also supports

the hypothesis of complex side reactions. Another common side reaction in the exothermic process



with sulfuric acid is oxidation. This effect is also observed by the compound class distribution (Figure
5A/B) featuring increased contribution of Oy, 5O« and SOs3, the latter rationalized by a combination
of sulfonation and oxidation. Since various sulfur-containing functionalities (e.g., sulfones, sulfoxides,
thioethers) have been identified as pharmacologically valuable in the treatment of various

48,51

symptoms**~*, we recommend the consideration of the non-sulfonated and partially oxidized SCCs for

future pharmacological studies besides the desired sulfonated constituents.
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Figure 5. Compound class distribution for the direct infusion FT-ICR MS measurements of the mixed (MABS) and
heavy ammonium bituminosulfonate (HABS) based on (A) relative summed intensity for APPI and (B) relative
summed intensity for ESI(-). Due to low intensities, several compound classes were magnified 100-fold. (C) and
(D) illustrate the number of assigned sum formulae in APPI resolved by their sulfur and oxygen content,

comparing MABS to vacuum distillate middle (VDM) (C) and HABS to VDM (D), respectively.

Complementary to the APPI results enabling a broad coverage of the chemical space, ESI selectively
addressed the polar constituents. Thus, almost exclusively sulfonates have been observed in ESI(-),
attributing over 90% of the overall abundance to compound classes featuring SO; moieties (Figure 5B).
GCxGC group-type analysis (Figure S13C) revealed distinct DBE-specific structural moieties for each
compound class (e.g., thiophene- and benzothiophenesulfonates (DBE 3 and DBE 6, respectively) for
CHOsS;). Therefore, the abundances of isomers found by GCxGC El HRToF MS analysis can be summed

up to obtain data sets which are comparable to the direct infusion FT-ICR MS data>! allowing for an



alignment of these data sets according to their assigned sum formulae. This further allows to
tentatively transfer the structural elucidation achieved by GCxGC analysis to the direct infusion ESI(-)
dataset. As a result, about 22% of the overall abundance of HABS detected in ESI(-) can be attributed
toward sulfonated thiophenic and benzothiophenic core structural motifs. For MABS, the amount of
sulfonated thiophenic and benzothiophenic backbones even makes up for one third of the total
abundance. Aside, considerable amounts of other one- to three-ring PAH- and PASH-sulfonates were
detected. The most abundant CH sulfonates (SOs class) were characterized as benzene-, indane- and
naphthalene-sulfonates, while bithiophene and thienobenzothiophene sulfonates are the most
abundant core structural motifs for sulfonated S, compounds (S30s class). Both techniques revealed
higher sulfonation yields for MABS while HABS showed stronger tendencies toward oligomerization
as well as slightly higher m/z ratios for each compound class (Figure S13A). This can be explained due
to the fact, that HABS is exclusively produced from the VDM, while both, the vacuum distillate light
(VDL) and the VDM are used for the MABS production. VDL consists of compounds with lower
aromaticity and a lower degree of alkylation compared to VDM. Therefore, these compounds are more
suitable for the sulfonation reaction, while the higher degree of alkylation in VDM favors steric

hindrance, suppressing the sulfonation reaction, resulting in a lower sulfonation yield for HABS.

These core structural motifs correspond to some of the most abundant aromatic cores within the
distillate, affirming these precursor compounds’ sulfonation. However, indenic (DBE6) and
phenylthiophenic (DBE7) cores as well as non-identified CHS; DBE4 species are significantly less
frequently sulfonated in the product, although they exhibited abundances in the distillate comparable
to those of the core structural motifs mentioned above. A similar finding was observed after
sulfonation of the light distillate investigated elsewhere.'® This finding points out the ability of the FT-
ICR MS in conjunction with structural elucidation by GCxGC to find molecular preferences in the
complex sulfonation reaction. Another critical aspect in sulfonation is the availability of free positions
at the aromatic core targeted in the reaction. Sulfonation is impossible for aromatic compounds with
alkylation at each position of the carbon backbone. Moreover, long alkylation chains may sterically
hinder the sulfonation reaction. Hence, the alkylation pattern is a piece of intrinsically important
information for generating the APl in the studied production process. This assumption is supported by
finding of generally lower alkylated compounds for the sulfonates, indicating higher sulfonation yields
for less alkylated constituents. Finally, GCxGC group-type analysis exclusively revealed non-sulfonated
aliphatic and cyclic constituents, such as alkanes, cycloalkanes, and thiophanes. These compounds
remain unchanged during the acidic and alkaline treatment, confirming sulfonation reaction is solely

possible at activated bonds (mt electron contribution).?”®



To summarize, we present an adapted visualization plotting the S/C ratio against m/z (Figure 6 and
Figure S19A). This concept enables the investigation of entire samples on a molecular level and tracing
the described reaction pathways. Thereby, compounds with similar sulfur number group into tilted
ellipses (Figure S19B). Homologous series along these tilted ellipses represent homologous series
differing in their degree of alkylation (ACH) (Figure S19D). Horizontal lines represent hydrogen
deficiencies between molecules, ultimately representing changes in unsaturation/aromaticity (Figure
S19E). It is furthermore possible to distinguish between sulfonated and non-sulfonated compounds
within the ellipses, since the sulfonic functional group leads to a higher m/z for the sulfonated
compounds than for the non-sulfonated compounds with the same S/C ratio due to the oxygen atoms
(Figure S19C). The effect caused by the sulfonation reaction is shown in Figure S19F points out a switch
between the ellipses due to the increasing sulfur content as well as the increasing m/z value. Fold
change (FC)-based color-coding enables molecular-level discrimination of two samples (Figure 6). Non-
sulfonated monomeric constituents deplete after the sulfonation reaction, which can be found in the
diagram by a negative FC for the lower part of each S ellipse (Figure 6A/B). In agreement, sulfonated
compounds increase given the positive FC values for the upper part of each S, ellipse. Generation of
a noteworthy number of oligomeric SCCs causes an m/z shift larger than the mass of the sulfonate
group. Comparison of the mixed and heavy sulfonate (Figure 6C) allows to observe higher sulfonation
yield for the mixed product (negative FC for m/z < 400) and substantial oligomerization of the heavy
product (positive FC for m/z > 400). These more pronounced oligomeric side reactions in the heavy
product generated species with up to six organically bound sulfur atoms, rarely found in any other
complex mixture analysis. The unique isotopic fine structure (IFS, Figure S16) with characteristic
narrow mDa mass splits is directly accessible in rapid “dilute and shoot” analysis given the FT-ICR MS
analyzer. As a result, this fingerprint comparison not only allows to characterize the samples on a
molecular level, but also allows the direct identification of educt-product-relations and product-

product discriminations along the multi-step production process.
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Figure 6. Modified Van Krevelen diagram of APPI-based results showing the m/z ratio on the abscissa and the

S/C ratio on the ordinate. (A) shows the comparison of distillate (VDM) and mixed bituminosulfonate (MABS),

(B) compares VDM and heavy bituminosulfonate (HABS) and (C) points out differences between MABS and

HABS. The color coding describes the logarithmic fold changes (FC) between the samples. Negative values in (A)

and (B) point out depleted compounds after sulfonation, while positive values highlight enriched compounds. In

(C), negative values illustrate compounds that are enriched in MABS compared to HABS, while positive values

point out depletion. Exemplarily, the number of organically bound sulfur atoms was assigned to the tilted ellipses

in (A). These assignments are transferable to (B) and (C). Detailed interpretation guidance can be found in Figure

S18.



4. Conclusion

In this study, we have successfully proven the applicability of ultrahigh-resolution mass spectrometry
for chemically tracing the multistep manufacturing process of complex active pharmaceutical
ingredients. Specifically, ammonium bituminosulfonate APIs and their production process
intermediates have been described on the molecular level. The combination of results from different
state-of-the-art analysis approaches enabled us to a) trace the entire production process, starting with
solid bituminous schist via apolar liquid distillates to polar sulfonated APIs, b) identify structural
moieties within the aromatic and heteroatom-rich mixture by data correlation with GCxGC HR-ToF-
MS, and c) develop an understanding of transformation processes stepwise comparing the complex

matrices.

Thermal analysis mass spectrometry of the source rock, mimicking reaction conditions of the large-
scale industrial reactor, revealed high sulfur contribution in the evolved shale oil fraction. However, it
could be shown that straightforward injection “dilute and shoot” analysis, avoiding cumbersome
sample preparation protocols, resulted in in-depth insights into the complex chemistry of the sulfur-
rich matrices in the following reaction steps. The superior resolving power and ppb-level mass
accuracy of FT-ICR MS analyzer allowed to distinguish mass signals with a mass difference of the mass

of an electron (sub-mDa) and attribute elemental compositions with high confidence.

For the main processing step, the reaction of the complex shale oil distillate with sulfuric acid, high-
resolution mass spectrometric profiling with two complementary ionization techniques (ESI/APPI),
resulted in valuable information on the desired sulfonation (+50s) as well as side-reactions, such as
oligomerization (drastic increase in m/z) and oxidation (+Oy). Sulfur-containing functionalities
described in literature as pharmacologically active could be identified. Moreover, hypotheses and
estimates on the structure-dependent sulfonation yield, strongly linked to steric hindrance by the

degree of alkylation, could be concluded.

The study proves that ultrahigh-resolution mass spectrometry delivers valuable molecular information
on complex APIs. The presented approach allows differentiation between manufacturing process-
related chemical alterations as well as different products originating from the same source rock.
Hence, a high potential for source-related chemical profiling is given. We believe that this approach is
essential for the detailed chemical characterization of complex pharmaceuticals in general, as
chemical insights may help improve manufacturing processes and pharmacological efficacy. Routine
methodologies established for classical pharmacological analysis would not have been suitable to
cope with the high complexity. However, the in-depth chemical information enables the development

of routine analysis methods for quality assurance without the need of reaching full structural



elucidation routinely. Consequently, future studies will focus on further developing chromatographic
or tandem mass spectrometric analysis protocols in the complex APl framework. Moreover, we
recommend utilizing this chemical information in future work to test for the pharmacological
properties of specific compound classes. Combining chemical and pharmacological information will

help adjusting the manufacturing process to promote specific therapeutic properties.
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