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Abstract

2-benzylbenzimidazoles, or “nitazenes”, are a class of novel synthetic opioids (NSOs) that
are increasingly being detected alongside fentanyl analogs and other opioids in drug overdose
cases. Nitazenes can be 20x more potent than fentanyl but are not routinely tested for during
postmortem or clinical toxicology drug screens; thus, their prevalence in drug overdose cases may
be under-reported. Traditional analytical workflows utilizing liquid chromatography-tandem mass
spectrometry (LC-MS/MS) often require additional confirmation with authentic reference
standards to identify a novel nitazene. However, additional analytical measurements with ion
mobility spectrometry (IMS) may provide a path towards reference-free identification, which
would greatly accelerate NSO identification rates in toxicology labs. Presented here are the first
IMS and collision cross section (CCS) measurements on a set of fourteen nitazene analogs using
a Structures for Lossless lon Manipulations (SLIM)-Orbitrap MS. All nitazenes exhibited two
high intensity baseline-separated IMS distributions, which fentanyls and other drug and drug-like
compounds also exhibit. Incorporating water into the electrospray ionization (ESI) solution caused
the intensities of the higher mobility IMS distributions to increase the intensities of the lower
mobility IMS distributions to decrease. Nitazenes lacking a nitro group at the R1 position
exhibited the greatest shifts in signal intensities due to water. Furthermore, IMS-MS/MS
experiments showed that the higher mobility IMS distributions of all nitazenes produced fragment
ions with m/z 72, 100, and other low intensity fragments while the lower mobility IMS distributions
only produced fragment ions with m/z 72 and 100. The IMS, solvent, and fragmentation studies
provide experimental evidence that nitazenes potentially exhibit three gas-phase protomers. The
cyclic IMS capability of SLIM was also employed to partially resolve four sets of structurally
similar nitazene isomers (e.g., protonitazene/isotonitazene,
butonitazene/isobutonitazene/secbutonitazene), showcasing the potential of using high-resolution
IMS separations in MS-based workflows for reference-free identification of emerging nitazenes
and other NSOs.

Keywords: analog, CID, electrospray ionization, nitazene, gas-phase, high resolution, ion
mobility, mass accuracy, mass spectrometry, NSO, opioid, Orbitrap, protomer, SLIM, traveling

wave



Introduction

According to the Center for Disease Control (CDC), drug-related overdoses contributed to
~108,000 deaths in the United States in 2022.! Novel synthetic opioids (NSOs), including
primarily fentanyl and fentanyl analogs, accounted for ~70% of these deaths, which is 22x higher
than ten years ago.> NSOs other than fentanyl, along with other sedatives, have been detected
throughout the United States with increasing frequency since 2017.3 In particular, nitazenes, a
class of NSOs known as the 2-benzylbenzimidazoles, are rapidly increasing their prevalence in
fentanyl overdose cases.* Nitazenes were first synthesized by the pharmaceutical company CIBA
Aktiengesellschaft in 1957, which was two years before the first synthesis of fentanyl by Paul
Janssen.® But unlike fentanyl, nitazenes were never approved for clinical use in humans.®
Nitazenes possess three structural features that distinguishes them from other NSOs: (1) a
benzimidazole core, (2) a 2-benzyl ring, and (3) a l-ethylamino group with two potential
substitutions (see Figure S1 in the Supporting Information). Many nitazene analogs, such as
etonitazene and isotonitazene, exhibit strong affinity for the mu opioid receptor and can exhibit up
to ~20x higher potencies than fentanyl and many fentanyl analogs.” Vandeputte et al. also found
that a metabolite of isotonitazene, N-desethylisotonitazene, exhibits a 2.6x greater potency than its
parent compound, which could potentially increase the chances of overdose.” The Drug
Enforcement Agency (DEA) has begun scheduling many nitazenes due to their high potential for
abuse.® But as has happened with fentanyls, the scheduling of certain nitazenes has resulted in the
development of new nitazene analogs that are either not scheduled, avoid detection using
conventional technologies, or both.® There is thus a need to develop new technologies and methods

that can detect and identify nitazenes in a general manner.

Many different technologies have been developed to detect NSOs and they can be loosely
grouped into two categories: (1) relatively simple technologies like test strips,®° and (2) advanced
technologies that employ sophisticated analytical instrumentation like Raman spectroscopy,®
mass spectrometry (MS) and/or tandem mass spectrometry (MS/MS),*?>® and ion mobility
spectrometry (IMS).1%-22 Test strips (colorimetric and immunoassay-based) are fast, cheap, and
easy to use, but they are chemically specific. Test strips may also yield false positives when testing
mixtures in which other compounds are present with NSOs or false negatives as they may not

detect all the possible analogs of a class of NSOs.®



Alternatively, the advanced technologies are nonspecific and can be used to analyze many
different NSOs simultaneously. MS is one of the most widely used advanced techniques for
detecting NSOs due to its low limits of detection, fast analysis speed, and readiness for coupling
with orthogonal separation techniques like liquid chromatography (LC).2%%* High-resolution MS
(HR-MS) and MS/MS can be used to identify specific chemical signatures of NSOs that
distinguish them from other compounds. For example, fentanyls are known to produce two high
intensity ESI-based MS/MS fragments that correspond to cleavages at two different amine sites
(e.g., m/z 105,188).2° The m/z of these MS/MS peaks can differ if a fentanyl analog possesses a
functional group added to the piperidine ring or to a moiety attached to the piperidinyl nitrogen,
such as an ethylbenzene ring. When this information is combined with the presence of other lower
intensity fragment ions, it can help determine if an unknown ion is a fentanyl analog, and
sometimes even its chemical structure. Most nitazenes also produce two primary ESI-based
fragments with m/z 100 and 72, which corresponds to triethylamine and N,N-diethylamine
fragment ions, respectively.”?® There are often other lower intensity fragment ions that can be
used to distinguish between nitazene analogs.?’ However, most nitazenes exhibit the same two
primary fragment ions (m/z 72, m/z 100), meaning that MS/MS spectra alone may not provide
enough information to differentiate nitazene isomers from each other, or possibly from other

coexisting isobaric ions (ions with the same m/z but different chemical structures).

Researchers have addressed the issue of differentiating nitazene isomers by coupling LC
to MS, and at least three independent groups have shown that LC can readily separate the positional
isomers protonitazene (propyl group) and isotonitazene (isopropyl group), as well as other nitazene
isomers.>2627  Kanamori et al. also demonstrated that gas chromatography (GC) can separate
isoprotonitazene (propyl group) and iso-isotonitazene (isopropyl group), which are also positional
isomers.?” To date there have been no published studies that used ion mobility spectrometry (IMS)
to analyze nitazenes. IMS is an analytical technique known for its ability to distinguish between
structural isomers and is increasingly being incorporated into routine MS-based screening methods
for analyzing NSOs.?® IMS separates gas-phase ions based on their size, shape, charge, and
interaction with a buffer gas in the presence of an electric field.?®3° A rotationally averaged ion-
neutral collision cross section (CCS) can be measured with IMS, and this measurement, along with
theoretical modeling, can provide information about ion gas-phase structure.3*?  Many

commercial IMS systems employ drift tubes (DT), which provide low resolution IMS separations
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with resolving powers typically ~50.2%3% More recently high-resolution IMS systems such as
cyclic IMS and trapped ion mobility spectrometry (TIMS) have become commercially available
and can provide resolving powers of over 200.2*3% However, high IMS resolving powers are
needed to separate NSOs with high structural similarity, such as structural isomers of nitazenes
(e.g., protonitazene and isotonitazene). IMS resolving powers have recently been greatly
improved through the development of high-resolution IMS systems like traveling wave-based
structures for lossless ion manipulations (SLIM), which have provided IMS resolving powers of
over 1000 and have allowed compounds with very small structural differences (e.g., less than 0.01
AZ difference) to be separated with IMS.374

Both low-resolution and high-resolution IMS have recently been used to show that specific
NSOs, like fentanyl, exhibit diagnostic gas-phase behavior that can be used to aid in their detection.
In 2019, Zaknoun and coworkers were working with an atmospheric pressure DT-IMS and a
radioactive nickel source and discovered that fentanyl and fentanyl analogs exhibit multiple IMS
distributions instead of just one,'®* whereas other opioids like heroin, morphine, codeine,
hydrocodone, and methadone only exhibit single IMS distributions.?>4*  Butler and Baker
proposed that the two IMS distributions of fentanyl they observed using electrospray ionization
and a low pressure drift tube were either gas-phase conformers (e.g., rotomers) or protomers (i.e.,
gas-phase conformations adopted due to differences in the protonation site).?° Hollerbach et al.
later performed a comprehensive set of experiments demonstrating that the intensities of the two
IMS distributions of all fentanyls change as a function of water concentration in the electrospray
solvent,?? which is known behavior of other compounds that exhibit protomers (e.g., para-
aminobenzoic acid).*? Additionally, both Hollerbach et al. and Aderorho et al. found that the two
IMS distributions produce different fragmentation spectra, which is also expected behavior of
protomers.?>* It is worth noting that the reduced mobility values obtained with atmospheric
pressure IMS systems are sensitive to impurities in the buffer gas (e.g., water) and clustering
effects (e.g., from mixtures of analytes).***® Large mobility shifts can occur if both are not
properly controlled, and this can lead to incorrect reduced mobility values (and hence CCS). Low
pressure IMS systems do not generally exhibit such mobility shifts because the buffer gas

composition is well controlled and ions are well desolvated.



The understanding that fentanyls exhibit two gas-phase protomers begs the question of
whether other NSOs, like nitazenes, also exhibit two or more IMS distributions that are possibly
protomers. Ideally this information could be used as a diagnostic indicator that NSOs are present
in a sample. However, it is known that other drug compounds besides NSOs exhibit two IMS
distributions, including antibiotics like fluoroguinolones (e.g., cefpodoxime, ciprofloxacin,
enoxacin, norfloxacin, pefloxacin, sarafloxacin) and ampicillins (e.g., bacampicillin),?® and topical
anesthetics (benzocaine).*® Since many different chemical compounds can exhibit two IMS
distributions, there is a need to employ multimodal techniques, preferably high-resolution ones, to

be able to distinguish between NSOs and other compounds in a generalizable manner.

This is where high-resolution hybrid measurements, like those from a recently developed
SLIM-Orbitrap platform,*” can play a critical role. Hollerbach et al. recently demonstrated the
potential of SLIM-Orbitrap MS for finding novel chemical signatures of fentanyls.?> The authors
proposed their technology could be extended to find unique chemical signatures of other NSOs,
and nitazenes are a logical extension from fentanyls since they are becoming increasingly prevalent
and are concerning from a public health standpoint. In this study, the first IMS measurements on
a set of fourteen nitazene analogs using a SLIM-Orbitrap platform are demonstrated and the first
published CCS measurements of these nitazenes in positive ion mode are reported. The effect of
water concentration on the signal intensities of the bimodal IMS distributions are discussed.
Additionally, the bimodal IMS distributions are shown to produce different fragmentation patterns,
suggesting that nitazenes also exhibit gas-phase protomers. Furthermore, the cyclic capability of
the high-resolution SLIM was used to partially separate four groups of nitazene isomers,
showcasing the first IMS separations of very similar nitazene isomers. A discussion is given on
how the findings on nitazenes and fentanyls can be used to identify their presence in a mixture and
how this information might be used to predict whether future NSOs can be found without requiring

authentic reference standards for final validation.

Experimental Details

Chemicals
Nitazene and thirteen nitazene analogs (collectively termed nitazenes) were purchased
from either Cayman Chemical (Ann Arbor, MI, USA) or Cerilliant (Round Rock, TX, USA); Drug



Enforcement Agency (DEA) scheduled compounds were purchased as exempt preparations at
concentrations of 100 ug/mL or 1 mg/mL in methanol. The fourteen nitazenes were: (1) nitazene,
(2) metodesnitazene, (3) protodesnitazene, (4) isotodesnitazene, (5) 5-methyl etodesnitazene, (6)
ethyleneoxynitazene, (7) N-piperidinyl metonitazene, (8) N-pyrrolidino etonitazene, (9)
etonitazene, (10) protonitazene, (11) isotonitazene, (12) butonitazene, (13) isobutonitazene, and
(14) secbutonitazene. The chemical structures of the fourteen nitazenes are provided in the
Supporting Information (Figure S2). MarvinSketch was used for drawing and displaying the
chemical structures of nitazene and all nitazene analogs (Marvin 24.1.1, 2024, ChemAxon
(http://www.chemaxon.com)). Four sets of nitazene analogs were isomers: (1) protonitazene,
isotonitazene, (2) protodesnitazene, isotodesnitazene, 5-methyl etodesnitazene, (3) butonitazene,
isobutonitazene, secbutonitazene, (4) ethyleneoxynitazene, N-piperidinyl metonitazene, N-
pyrrolidino etonitazene. Five tetraalkylammonium salts (TAAs: butyl-, pentyl-, hexyl-, heptyl-,
octyl- denoted as C4 — C8, respectively) were purchased from Sigma-Aldrich (St. Louis, MO,
USA) and prepared at 1 M equimolar concentration for use as internal CCS calibrants. Mixtures
of nitazene and nitazene analogs were prepared at 1 uM equimolar concentration in ACS-grade
methanol or 1:1 methanol:water (ultrapure water from a MilliQ water dispensing system).

Instrumentation

All HR-IM-MS/MS experiments were performed using a previously described dual-gated
SLIM-Orbitrap platform operating in positive ion mode.*” Briefly, the SLIM-Orbitrap is
composed of an 11-meter path length SLIM coupled to a Q-Exactive Plus Orbitrap MS (Thermo-
Fisher, Waltham, MA, USA). The dual-gated scanning technique®® is used to couple the SLIM to
the Orbitrap, which allows the system to simultaneously perform IM separations over 11 meters,
mass analysis using the Orbitrap’s highest mass resolution setting (140k), and higher-energy
collision-induced dissociation (HCD). Nitrogen was used as the buffer gas for the SLIM (2.2-2.3
Torr) and the Orbitrap HCD cell (pressure automatically adjusted based on instrument conditions).
All HCD experiments were performed using normalized collision energies (NCE = 30 eV). The
Orbitrap was calibrated using Pierce LTQ Velos ESI positive ion calibration solution (Thermo-
Fisher, Waltham, MA, USA) immediately prior to all experiments. All solutions were directly
infused at 0.75 puL/min using an HF-etched fused-silica nanoelectrospray emitter (20 um o.d.) and
a syringe pump (Harvard Apparatus, Holliston, MA, USA).%°



Signal processing and data analysis

Data were acquired as .RAW files by the Orbitrap, converted to .mzXML files using the
'MSConvert' tool from ProteoWizard,>® and then imported into Matlab (Mathworks, Natick, MA,
USA) for data processing and plotting. All extracted IM spectra were taken over m/z windows of

+0.005 amu. Mass errors (Ammu) were calculated using XCalibur software.

Results and Discussion

High-resolution IMS-MS of nitazene and nitazene analogs in positive ion mode
Extracted ion mobilograms (XIMs) of the seven different groups of nitazene isomers were
generated using a = 0.005 m/z window, and the results are shown in Figure 1. The XIMs represent
m/z 338 (metodesnitazene), m/z 353 (nitazene), m/z 366 (protodesnitazene/isotodesnitazene/5-
methyl etodesnitazene), m/z 395 (ethyleneoxynitazene/N-piperidinyl metonitazene/N-pyrrolidino
etonitazene), 397  (etonitazene), 411  (protonitazene/isotonitazene), and 425
(butonitazene/isobutonitazene/secbutonitazene). All nitazenes existed as the protonated forms.
The XIMs showed that all nitazenes exhibited two primary IM distributions. This includes the
three non-isobaric nitazenes (m/z 338, 353, 397) that were present in the mixtiure as well as the
four groups of isobaric nitazenes (m/z 366, 395, 411, 425). Furthermore, the intensities of the first
IM distribution compared to the second IM distribution differed depending on the nitazene. The
first IM distributions of m/z 338 (Figure 1A — red plot) and m/z 366 (Figure 1C — blue plot)
exhibited lower intensities than the second IM distributions. However, the first IM distributions
of m/z 353, 395, 397, 411, and 425 exhibited higher intensities than the second IM distributions.
Note that metodesnitazene (m/z 338) and the three nitazenes with m/z 366 do not possess nitro
groups at the R1 position, whereas the other five nitazene groups do possess a nitro group at the
R1 position. It is possible this nitro group contributes to the solution-phase or gas-phase structure
adopted by the nitazenes. m/z 338 also exhibited a third IM distribution that was low intensity and
lower mobility than the other two IM distributions. No third distribution was observed for m/z
366, so this third peak was a unique feature for metodesnitazene out of the fourteen nitazenes
evaluated in this study. However, it is possible that experiments using higher concentrations of

nitazenes would improve the signal intensities of any undetected peaks for the other nitazenes.
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Figure 1: Extracted SLIM ion mobilograms of a 1 uM equimolar mixture of fourteen nitazenes in
methanol from an 11-meter SLIM separation. (A) m/z 338 - metodesnitazene, (B) m/z 353 -
nitazene, (C) m/z 366 - protodesnitazene / isotodesnitazene / 5-methyl etodesnitazene, (D) m/z 395
- ethyleneoxynitazene / N-piperidinyl metonitazene / N-pyrrolidino etonitazene, (E) m/z 397 -
etonitazene, (F) m/z 411 - protonitazene / isotonitazene, (G) m/z 425 - butonitazene /
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isobutonitazene / secbutonitazene. Positive ion mode. SLIM pressure = 2.28 Torr nitrogen. In-
SLIM accumulation time = 20 ms. TW = 112 m/s sine waves at 17.5 Vop. Guard = +10 V.
Dual-gate = 1.0 ms width, 0.5 ms / step. Scans per At = 10. Orbitrap mass resolution setting =
140k.

The XIMs corresponding to the groups of isomers (m/z 366, 395, 411, 425) contained more
peaks than the XIMs of the non-isobaric nitazenes. The XIM of m/z 366 (Figure 1C - blue plot)
was expected to show three distinct ion distributions corresponding to three isomers
(protodesnitazene/isotodesnitazene/5-methyl  etodesnitazene). However, only two IM
distributions were observed. Since this experiment was performed on a mixture of the three
isomers and not individual compounds, it is expected that the three nitazene isomers each exhibited
two IM distributions, but the first and second IM distributions of all three nitazenes completely
overlapped in the 11-meter SLIM separation. This was not entirely unexpected since the structural
differences between these three isomers are small. The only structural difference between
protodesnitazene and isotodesnitazene is the presence of an N-propoxy group (R-O-CH2CH2CH3)
or isopropoxy (R-O-CH(CHzs)2) group, respectively, in the R4 position (see Supporting
Information Figure S1 and Figure S2). It is expected that this structural difference would only
contribute to a small change in CCS. On the other hand, 5-methyl etodesnitazene possesses a more
prominent structural difference in that an N-ethoxy group (R-O-CH.CHj3) is present at the R4
position, but an additional methyl group is present at the R1 position. A methyl group shift to the
R1 position might be expected to contribute to a greater CCS change than changing from a propoxy
group to an isopropoxy group at R4. However, among the three nitazene isomers with m/z 366,
the presence of methyl groups in different positions in the nitazene structure did not induce large

enough CCS shifts to observe the expected six ion distributions in the 11-meter SLIM separation.

The 11-meter SLIM separation also did not differentiate the two nitazene isomers with m/z
411 (Figure 1F — aquamarine plot), which corresponded to protonitazene and isotonitazene.
Protonitazene and isotonitazene also possess the same small structural differences of an N-propoxy
group and an isopropoxy group at the R4 position, respectively. However, protonitazene and
isotonitazene both have nitro groups at the R1 position, whereas the three nitazenes with m/z 366
either possess a methyl group or no functional group at the R1 position. The presence of a nitro
group for m/z 411 compounds appears to have contributed to the observation that the higher
mobility IM distribution exhibited greater intensity than the lower IM distribution. But since all
nitazenes in this study exhibited two IMS distributions, the presence of a nitro-group substituent
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at the R1 position must not be necessary for nitazenes to exhibit two IM distributions. Rather, the
nitro group at the R1 position only seems to affect the intensity ratio of the two IM distributions.
This information also suggests that the two IM distributions exhibited by nitazenes do not require
protonation at the nitro group, otherwise one of the IM distributions would be absent. The lack of
protonation at the nitro group may not be entirely surprising as other nitro-containing compounds,

like explosives, are not known to exhibit protonation at the nitro group.*

While the 11-meter SLIM separations for m/z 366 and m/z 411 did not indicate that more
than one compound was present (even though more than one compound was indeed present for
both m/z groups), the nitazene isomer groups with m/z 395 (Figure 1D — orange plot) and m/z 425
(Figure 1G — pink plot) exhibited enough of an IMS separation to indicate that more than one
compound was present. For example, the XIM of m/z 395 showed five high intensity IM
distributions instead of just two. Two of the IM distributions possessed higher intensities and
higher mobilities (i.e., shorter arrival times) than the other three IM distributions, which suggests
more than one nitazene was present. While the two higher mobility IM distributions (Figure 1D -
peaks 1 and 2) were baseline resolved, only one of the lower mobility IM distributions (Figure 1D
- peak 5) was baseline resolved from the other two. The other two lower IM distributions (Figure
1D - peaks 3 and 4) were only partially resolved. However, the benefit of analyzing a class of
compounds that exhibits two IM distributions is that only one of the groups of IM distributions
(either high mobility or low mobility) needs to show an indication that more than one compound
exists, not both. While two IM distributions were present in the high mobility group, there were
three IM distributions in the low mobility group. Logically this means that three compounds with
m/z 395 must be present, and indeed there were three compounds comprising m/z 395
(ethyleneoxynitazene/N-piperidinyl metonitazene/N-pyrrolidino etonitazene). The question of
which IM distribution corresponded to which nitazene can be addressed by performing mobility-
selected MS/MS (as opposed to analyzing samples containing the individual nitazenes), which is
discussed later. However, it is much more desirable to confirm the identify of an unknown nitazene
based solely on experimental data without requiring reference material (i.e., reference-free), since

emerging NSOs will probably not have readily available standards to compare to.

The same logic can be applied to the group of three nitazenes with m/z 425 (Figure 1G —
pink plot). This XIM also shows two IM distributions with higher intensities and higher mobilities
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(i.e., shorter arrival times) than the lower IM distributions, but there were only two lower IM
distributions (Figure 1G — peaks 3 and 4) instead of three. While this XIM doesn’t clearly indicate
that three nitazenes were present, it was apparent that the second higher mobility IM distribution
(Figure 1G — peak 2) was wider than the first higher mobility IM distribution (Figure 1G - peak 1)
by ~2 ms. The broadness of this peak suggests that more than one nitazene could be present, but
an 11-meter SLIM separation was not enough to resolve them. SLIM separations employing
longer path lengths would be needed to at least partially resolve these compounds, and the results
of such experiments are presented later.

To date, there have not been any published reports of the CCS of nitazenes, and thus CCS
values from this study using an 11-meter SLIM separation are reported. The mixtures of nitazenes
also contained five TAA cations (m/z 242, 298, 354, 410, 466) which were used as internal
calibrants. An IMS calibration plot of reduced CCS was first generated for the fourteen nitazenes
and is shown in the Supporting Information along with a 95% confidence band (Figure S3) and a
table containing the ™"WCCSn, values of the nitazenes are given in Table S1. This table also
contains other analytical metrics from the HR-IMS-MS experiments, including exact mass
measurements from the Orbitrap, mass error relative to predicted molecular formula, Orbitrap
mass resolution of the monoisotopic mass (Appm), peak center from SLIM separation, fwhm of
the peaks from the SLIM separation, and ™"WCCSn-based resolving power. The CCS-based
resolving power of each IM distribution was calculated using equation (1):

_ e @)
Rp = accs
where CCS and ACCS are the peak center and full width at half maximum (fwhm), respectively,

in the CCS domain. Note that the table includes experimentally measured values for both 1M

distributions of the nitazenes. The average Rp®“S obtained for the protonated nitazenes was 167.

Note that the total analysis time for the nitazene mixture was ~14 minutes when only
acquiring one mass spectrum per dual-gated time step and using 500 us time steps. However,
these first 11-meter SLIM experiments were performed using an average of ten IMS separations
per dual-gated time step, meaning the entire experiment took ~140 minutes. A snapshot of the raw
data from this experiment from XCalibur is shown in the Supporting Information (Figure S4). This
slow analysis speed currently prevents coupling online LC with the SLIM-Orbitrap. However, it
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is possible to gain the benefits of LC separations (e.g., reduced competitive ionization) by

performing LC fractionation and analyzing the fractions individually with the SLIM-Orbitrap.

Influence of water on IM distributions

Since all fourteen nitazenes exhibited at least two IM distributions, an explorative study
was performed to determine the cause of these two peaks, such as them being rotational conformers
(rotomers), protonation site specific conformers (protomers), or another type of gas-phase
conformer. In a previous study involving fentanyl and fentanyl analogs, Hollerbach et al.
examined how the concentration of water in the ESI solvent affected the IMS distributions and
noticed large differences in the intensity ratios of the two IM distributions that all fentanyls
exhibited. The same logic was used in this study and prepared the fourteen nitazenes (and five

TAAS) in a mixture of 1:1 methanol:water. The concentrations were equimolar at 1 uM.

XIMs of the same groups of nitazenes in 1:1 methanol:water acquired after an 11-meter
SLIM-Orbitrap separation are shown in Figure 2. The largest changes in signal intensities occurred
for the nitazenes corresponding to m/z 338 and m/z 366 (Figure 2A and Figure 2C). The XIMs of
these nitazene groups showed that water caused the highest mobility IM distribution to become
more intense than the lower mobility 1M distribution(s), whereas the lower mobility distributions
exhibited greater intensity when no water was present (see Figure 1). This change was much more
prominent than for the other five XIMs, which showed that water caused the signal intensities of
the lower IM distributions to decrease slightly compared to the signal intensities of the higher
mobility distributions. It was also observed that the two groups of nitazenes whose two IM
distributions exhibited large signal intensity changes due to the presence of water all lacked a nitro
group at the R1 position (see Figure S2 — m/z 366). The other groups of nitazenes that did not
exhibit such large signal intensity changes all possessed a nitro group at the R1 position. This
finding suggests that nitro groups in nitazenes play a crucial role in the emergence of IM
distributions and could potentially be used to compliment an exact mass measurement (leading to

chemical formula) to determine whether an unknown nitazene contains a nitro group.
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Figure 2: Extracted SLIM ion mobilograms of a 1 uM equimolar mixture of fourteen nitazenes in
1:1 water:methanol from an 11-meter SLIM separation. (A) m/z 338 - metodesnitazene, (B) m/z
353 - nitazene, (C) m/z 366 - protodesnitazene / isotodesnitazene / 5-methyl etodesnitazene, (D)
m/z 395 - ethyleneoxynitazene / N-piperidinyl metonitazene / N-pyrrolidino etonitazene, (E) m/z
397 - etonitazene, (F) m/z 411 - protonitazene / isotonitazene, (G) m/z 425 - butonitazene /
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isobutonitazene / secbutonitazene. Positive ion mode. SLIM pressure = 2.28 Torr nitrogen. In-
SLIM accumulation time = 20 ms. TW = 112 m/s sine waves at 17.5 Vop. Guard = +10 V.
Dual-gate = 1.0 ms width, 0.5 ms / step. Scans per At = 10. Orbitrap mass resolution setting =
140k.

It is not entirely unexpected that the intensities of the two IM distributions of nitazenes
depends on the presence of water in the ESI solvent, though the extent to which a nitro group
affects the signal intensities of the two IM distributions was surprising. Hollerbach et al. recently
demonstrated that fentanyls (fentanyl + fentanyl analogs) also exhibit two gas-phase protomers
whose two IM distributions depend on the water concentration in the ESI solvent. However,
previously observations showed that water caused the second IM distributions of fentanyls to
exhibit higher signal intensities compared to the first. This is the opposite of what this study found
for nitazenes, which is that water caused the first IM distributions of nitazenes to exhibit higher
signal intensities. Nitazenes and fentanyls are structurally different and thus it is not unexpected
that they exhibit different behaviors in the presence of water. In separate but related work, Warnke
et al. demonstrated that benzocaine also exhibits two IM separable distributions, and that water
causes the higher mobility distribution to exhibit higher intensity than the lower mobility
distribution.*® The solvent study presented here shows that nitazenes exhibit behavior closer to
benzocaine than fentanyl. Warnke et al. also used density functional theory (DFT) and IR-
vibrational spectroscopy to confirm that the two IM distributions of benzocaine were caused by
protonation at the amino and carbonyl sites, and therefore the two IM distributions are gas-phase
protomers whose protonation sites strongly depend on the electric properties of the solvent
medium. Since the lower mobility distributions of all the nitazenes analyzed in this study also
exhibited lower signal intensities when water was present in the ESI solvent, this is experimental
evidence that supports that nitazenes also exhibit gas-phase protomers, similar to benzocaine and
fentanyl. These observations should be considered when using IMS to analyze solutions that
potentially contain both opioid classes because having the ability to readily observe two IM
distributions is useful for differentiating fentanyls and nitazenes from other compounds that might
coexist in solution. It is proposed to use less water in the ESI solvent when analyzing nitazenes to

ensure that both IM distributions can be observed.

MS/MS of mobility-selected nitazene distributions
To further study the nature of the multiple IM distributions exhibited by all fourteen

nitazenes, MS/MS was performed on the individual IM distributions. The dual-gate of SLIM was
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used to mobility-select an IM distribution from an HR-IMS separation, and the Orbitrap was used
to mass-select a narrow m/z window (£ 0.5 m/z) for HR-MS/MS in the HCD cell (NCE = 30 eV).

Mobility and mass-selected HR-MS/MS spectra of the first and second IM distributions of
nitazenes with m/z 338, m/z 353, m/z 366, m/z 397, and m/z 411 are given in Figure 3. The MS/MS
spectra of the first and second IM distributions are shown on the top and bottom plots, respectively.
These five m/z groups (eight nitazenes in total) were plotted together because their IMS spectra
only displayed two IM distributions even though multiple nitazene isomers were present. The first
and second IM distributions of all five nitazene groups also displayed different MS/MS spectra.
The first IM distributions produced two high intensity fragment ions with m/z 72 and m/z 100, one
low intensity fragment ion between m/z 100-150, and one or more low intensity fragment ions
between m/z 260-300. However, the second IM distributions of all nitazenes in these groups only
produced fragment ions with m/z 72 and m/z 100. The shared fragment ions from both IMS
distributions all possessed the same exact mass, but this study does not have evidence to support
the existence of fragment ion isomers. The difference in fragmentation spectra of the two IM
distributions of all nitazenes could be indicative of protomers, which are known to exhibit multiple
IM distributions that produce different fragmentation patterns. Fentanyls, benzocaine, and para-
aminobenzoic acid are known (or expected) to exhibit two IM distributions that produce different
fragmentation patterns and change intensities depending on the amount of water in the ESI
solvent.?2%  Since nitazenes exhibit similar behavior, it seems likely that they also exhibit gas-
phase protomers. A logical next step is to perform density functional theory (DFT) calculations

and place a proton at different basic residues to see if the 3D gas-phase chemical structures differ.
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Figure 3: MS/MS spectra of the (top) higher mobility IM distributions and (bottom) lower
mobility IM distributions of (A) m/z 338 - metodesnitazene, (B) m/z 353 - nitazene, (C) /z 366 -
protodesnitazene / isotodesnitazene / 5-methyl etodesnitazene, (D) m/z 397 - etonitazene, (E) m/z
411 - protonitazene / isotonitazene. Positive ion mode. SLIM pressure = 2.27 Torr nitrogen. In-
SLIM accumulation time = 20 ms. TW = 112 m/s sine waves at 17.5 Vop. Guard = +10 Vgc.
Dual-gate = 1.0 ms width, 1.0 ms / step. Scans per At = 10. Orbitrap mass resolution setting =
140k. HCD normalized collision energy = 30 eV. Concentration = 1 uM in methanol.

It would be useful to determine which potential protonation sites are the most likely before
performing DFT calculations. It is proposed that this can be done by a process of elimination
based on the data in this study. First, the experimental results of the groups of nitazenes were used
to determine where protonation likely does not occur. The nitro group was ruled out because four
of the nitazenes in this study did not possess a nitro group, yet they still produced two IM
distributions. The ether oxygen was also ruled out as a protonation site because one of the
nitazenes in this study did not contain an ether group at the R4 position (nitazene itself), yet it also
exhibited two IM distributions. Therefore, there are logically only three places where protonation
can occur: (1) the N1 position on the benzimidazole ring, (2) the N3 position on the benzimidazole

ring, and (3) the nitrogen on the triethylamine. The eight nitazenes in the five m/z groups shown
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in Figure 3 all possessed triethylamine functional groups at the R2/R3 positions, and it may seem
reasonable to place a proton on this trisubstituted amine group. However, the presence of fragment
ions with m/z 72 and m/z 100 would not be formed from protonation at the triethylamine group.
Rather, protonating the triethylamine and cleaving the bond between the nitrogen and carbon
connected to the benzimidazole ring would produce a neutral loss of m/z 73. Indeed, neutral losses
of 73 were observed in the first IM distributions of all five nitazene groups, albeit with low signal
intensities. Fragment ions corresponding to a neutral losses of 73 are m/z 265 (for m/z 338), m/z
280 (for m/z 353), m/z 293 (for m/z 366), m/z 224 (for m/z 397), and m/z 338 (for m/z 411).
However, if protonation occurs at the N1 position on the benzimidazole ring, a bond cleavage at
the carbon-nitrogen bond of the triethylamine would produce a fragment ion with m/z 72 (N,N-
diethylamine cation), and a bond cleavage at the carbon-nitrogen of the benzimidazole ring would
produce a fragment ion with m/z 100 (triethylamine cation). Both fragment ions are readily
observed in all instances, and since the eight nitazenes in this group possessed a triethylamine, m/z

72 and m/z 100 are expected to be shared fragments.

It is not entirely clear why both the high and low mobility IM distributions produce m/z 72
and m/z 100 fragment ions. The first IM distributions also show low intensity fragment ions
corresponding to a carbon-carbon bond cleavage between the benzimidazole ring and the benzyl
ring. These fragment ions are m/z 121 (for m/z 338), m/z 91 (for m/z 353), m/z 135 and m/z 149
(for m/z 366), m/z 135 (for m/z 397), and m/z 149 (for m/z 411). If protonation occurs at one of the
benzimidazole nitrogens, any mechanism that supports the cleavage of the carbon-carbon bond
between the benzimidazole and benzyl ring could be assigned one of the IM distributions. It is
currently not clear which nitrogen would most likely produce this bond cleavage, but logically the
formation of only m/z 72 and m/z 100 seems supported by protonating N1 on the benzimidazole
ring. Based on these findings and logic, it is proposed that the two IM distributions of nitazenes
are comprised of at least two gas-phase protomers and not some other gas-phase conformations.
Furthermore, it is proposed that the protonation site of the second IM distributions of nitazenes is
at the N1 position on the benzimidazole ring. This is because the second IM distributions of all
nitazenes only produced fragments with m/z 72 and m/z 100. Therefore, it is hypothesized that the
protonation site of the first IM distributions of nitazenes is on the N3 position of the benzimidazole
ring. However, note that a third gas-phase protomer could exist via protonation at the triethylamine

nitrogen, which would result in a neutral loss of m/z 73. Since these neutral losses only occurred
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for the first IM distributions, it is possible that the two protomers exhibit similar CCSs that could
not be separated with an 11-meter SLIM. This hypothesis would be greatly supported by structural

prediction work and rigorous electron pushing mechanisms for fragmentation.

Additionally, precursor m/z 366 also showed the presence of m/z 135 and m/z 149 fragment
ions. This makes sense because three nitazene isomers possessed m/z 366, and therefore at least
one of the fragment ions corresponded to one of the nitazenes and represents an instance where
the MS can differentiate between two or more compounds while an 11-meter SLIM separation
cannot. Comparing to the chemical structures in Figure S2 and using the knowledge of where the
bonds cleave, the m/z 135 fragment ion originated from 5-methyl etodesnitazene while m/z 149
originated from protodesnitazene and isotodesnitazene. Fragment ion m/z 107 had a chemical
formula of C7H7O (0.549 Appm), and since the three nitazene isomers with m/z 366 only have an
ether oxygen, this fragment must correspond to a benzyl ring with ether oxygen but a loss of the
alkyl functional groups from the ether. This is also supported by the fact that nitazene does not
have an ether at the R4 position and does not produce a fragment ion with m/z 107. These data
show that the MS/MS spectra of nitazenes can be used to inform if multiple isomeric nitazenes are
present. This knowledge can then be used to decide whether performing extended IMS separations

to further validate the presence of multiple isomers would be useful.
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= 1.0 ms width, 1.0 ms / step. Scans per At = 10. Orbitrap mass resolution setting = 140k. HCD
normalized collision energy = 30 eV. Concentration = 1 uM in methanol.

While the MS/MS of the eight nitazenes in Figure 3 indicate that they possess triethylamine
groups, nitazenes that do not possess a triethylamine functional group will not necessarily produce
a neutral loss of 73 or fragment ions of m/z 72 and m/z 100. Instead, the neutral loss and fragment
ions would be dependent on which functional group is present. Such differences can be seen in
the MS/MS spectra of the three nitazene isomers comprising m/z 395, which are shown in Figure
4. Two of these nitazene isomers (N-piperidinyl metonitazene/N-pyrrolidino etonitazene) possess
ethyl-ring structures instead of a triethylamine group, while the third nitazene isomer
(ethyleneoxynitazene) does possess a triethylamine. Note that two MS/MS spectra were generated
from the front and rear of IM distribution 1 (Figure 4B — top MS/MS spectrum, Figure 4C — top
MS/MS spectrum) while the other four MS/MS spectra were generated from the other four
mobility resolved IM distributions (Figure 4B — bottom MS/MS spectrum, Figure 4C — bottom
MS/MS spectrum, Figure 4D — top and bottom MS/MS spectra). The group of MS/MS spectra
from m/z 395 showed three high intensity fragments: m/z 112, m/z 100, and m/z 98. These fragment
ions were present in both the high mobility IM distributions (Figure 4A - peaks 1,2,3) and low
mobility IM distributions (Figure 4A — peaks 4,5,6). Based on previous knowledge, the m/z 100
fragment ion can be assigned to any nitazene possessing a triethylamine (assuming different
functional groups produce fragment ions with different m/z). Ethyleneoxynitazene is the only
compound in this group of nitazene isomers to possess a triethylamine, and peaks 2 and 4 are the
only peaks that exhibit m/z 100. However, the presence of ethyl-ring structures from the other two
nitazenes results in different fragment ions. N-piperidinyl metonitazene possesses an ethyl-
piperidine ring, and cleavage at the ethyl carbon-piperidine nitrogen bond produces a fragment
with m/z 112. Peak 1 and peak 5 both exhibit this fragment ion and therefore must represent N-
piperidinyl metonitazene. By process of elimination, this means that peaks 3 and 6 are N-
pyrrolidino etonitazene. However, peaks 3 and 6 also uniquely exhibit a fragment ion with m/z
98, which is formed by cleaving the bond between the ethyl carbon and pyrrolidine nitrogen. These
data showed that even though the high mobility IM distributions of two nitazene isomers overlap,
it was possible to identify that three nitazene isomers possessing m/z 395 were present by observing

that three corresponding low mobility IM distributions, and that the highest mobility IM
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distribution (peak 1,2) showed two different high intensity fragment ions. This demonstrates the

power of using multimodal HR techniques for identifying nitazenes, even structural isomers.

However, identifying the correct number of nitazenes (and their chemical structures)
becomes more complicated if the nitazene isomers exhibit identical MS/MS spectra, such as for
butonitazene, isobutonitazene, and secbutonitazene. The MS/MS spectra of these three nitazene
isomers (m/z 425) is shown in the Supporting Information (Figure S5). The two high mobility IM
distributions produced fragment ions with m/z 72, m/z 100, m/z 352 (a low intensity neutral loss of
73), and m/z 107 while the two low mobility IM distributions only produced fragment ions with
m/z 72 and m/z 100. As stated earlier, the broadness of peaks 2 and 4 suggests that more than one
nitazene is present, but the 11-meter SLIM separation was insufficient to differentiate them. To
determine the arrival time order of butonitazene, isobutonitazene, and secbutonitazene, the three
compounds were analyzed individually. The XIMs of the three experiments and their sum are
given in the Supporting Information (Figure S6). Secbutonitazene possessed the highest mobility,
followed by isobutonitazene, and lastly n-butonitazene. Since emerging NSOs will likely not have
readily available reference standards against which to compare experimental data, it is undesirable
to analyze individual samples to determine arrival time (or other analytical metrics). This is where

the cyclic capability of an IMS system like SLIM can provide crucial information.

Extended SLIM separations of structurally similar nitazene isomers

The SLIM-Orbitrap spectra discussed thus far could be used to differentiate between nine
nitazenes, two groups of which contained three structural isomers each. Several isomers that were
not differentiated by their exact mass or MS/MS spectra were successfully differentiated with the
SLIM, and several isomers that were not separated with the SLIM were distinguished by their
MS/MS spectra using the Orbitrap. However, the group of nitazene isomers containing
butonitazene, isobutonitazene, and secbutonitazene were only partially differentiated with the
SLIM and not differentiated at all with the Orbitrap. To determine if these three butyl-nitazene
isomers and the other groups of nitazene isomers could be differentiated (m/z 366, m/z 395, m/z
411, m/z 425), the cyclic capabilities of the SLIM were used to perform extended IMS separations

while simultaneously performing high resolution mass analysis with the Orbitrap.
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Figure 5: Extracted SLIM ion mobilograms of (A) m/z 366 - protodesnitazene / isotodesnitazene
/ 5-methyl etodesnitazene, (B) m/z 395 - ethyleneoxynitazene / N-piperidinyl metonitazene / N-
pyrrolidino etonitazene, (C) m/z 411 - protonitazene / isotonitazene, and (D) m/z 425 -
butonitazene / isobutonitazene / secbutonitazene acquired using 44/55-meters, 44-meters, 33-
meters, and 44-meters of SLIM ion path length, respectively. Positive ion mode. SLIM pressure
=2.28 Torr nitrogen. In-SLIM accumulation time =20 ms. TW = 112 m/s sine waves at 17.5 Vo.
p. Guard = +10 V.. Dual-gate = 1.0 ms width, 0.5 ms / step. Scans per At = 10. Orbitrap mass

resolution setting = 140k.
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Four XIMs of the extended SLIM-Orbitrap IMS separations of the four nitazene isomer
groups are shown in Figure 5. Separations were performed using 44-meters or 55-meters of IMS
path length (4 or 5 total passes through the SLIM). After an extended IMS separation, the XIM of
m/z 366 showed that the two previously observed high and low distributions each split into two
partially resolved IM distributions. Note that intensities of the higher mobility distribution in the
XIM of m/z 366 were higher than the lower IM distributions, which is opposite of what was
observed when using 11-meters of IMS path length. This appears to be the result of ion lapping
where the higher mobility IM distribution(s) traversed 55-meters while the lower mobility IM
distributions traversed 44-meters. This means peaks 3 and 4 in Figure 5A represent an extended
IMS separation of peak 2 in Figure 1C and Figure 2C, respectively, and peaks 1 and 2 in Figure
5A represent an extended IMS separation of peak 1 in Figure 1C and Figure 2C, respectively.
Despite the ion lapping effect, the extra IMS separation resulted in partially resolved peaks where
previously no indication was present. Peaks 3 and 1 in Figure 5A also appeared narrower than
peaks 4 and 2. This suggests that another nitazene isomer was present under peaks 4 and 2. While
it appears that more than 55-meters of SLIM separation path length will be needed to resolve all
three nitazene isomers with m/z 366, this data suggests that full resolution will be possible with
sufficient separation path length. Note that the 55-meter separation was the longest separation
achievable using the current maximum Orbitrap injection time of 3 seconds per scan. It should be
possible to achieve longer SLIM separations if the maximum Orbitrap injection time can be
increased, or possibly if a new SLIM scan function is implemented to overcome the need to use

the dual-gated ion injection method. A report on the latter will be presented in a subsequent study.

Alternatively, a 44-meter IMS separation resulted in near baseline-separation between
peaks 3 and 4 of m/z 395, whereas they were previously only partially resolved in an 11-meter
separation.  Surprisingly, no additional separation between N-piperidinyl metonitazene and
ethyleneoxynitazene (Figure 5B - peak 1) was observed with a 44-meter separation, indicating that
further IMS separation is needed to resolve these two nitazene isomers. A 33-meter SLIM
separation on protonitazene and isotonitazene (m/z 411) was also performed. The XIM of this
extended IMS separation showed that the high mobility IM distribution began to separate into two
partially resolved peaks (Figure 5C). The lower IM distribution only displayed one peak, and it
was difficult to tell if additional separation would cause more than one peak to emerge. Based on
the experiments where isobutonitazene exhibited a higher mobility than n-butonitazene, peak 1
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was assigned to isotonitazene (isopropyl group) and peak 2 to protonitazene (n-propyl group).
Both protonitazene and isotonitazene are known to be in circulation and are highly potent,® so
being able to detect both in a mixture when using IMS is important. While this study only shows
a partial separation between protonitazene and isotonitazene, it is believed even further extended

IMS separations will fully resolve them.

Lastly, extended IMS separations on butonitazene, isobutonitazene, and secbutonitazene
(m/z 425) were performed. The XIM of m/z 425 is shown in Figure 5D. As can be seen, the 44-
meter IMS path length showed that peak 2 began to separate into two distinct IM distributions.
Since these three peaks exhibit the same exact mass and MS/MS spectra, this added IMS separation
is highly useful for indicating that multiple butyl nitazenes are present. As stated earlier, it is only
necessary to have either the high or low mobility distributions exhibit an indication that nitazene
isomers are present, not both. A good example of the high mobility IM distributions separating
into three peaks while the low mobility IM distributions only display two peaks is given by m/z
425, and a good example of the low mobility IM distributions separating into three peaks while
the high mobility IM distributions only display two peaks is given by m/z 395. However, the data
show the utility of performing multimodal HR experiments on mixtures of nitazenes to separate
structurally similar isomers. Unfortunately, even the SLIM-Orbitrap experiments utilizing
extended IMS path lengths do not provide enough information to determine the arrival time order
of butonitazene/isobutonitazene/secbutonitazene or protonitazene/isotonitazene without running
individual samples. However, the data may be enough to determine which nitazene isomers are
present, such as protonitazene and isotonitazene. The arrival time order of these two nitazenes
could therefore be determined by employing computational modeling software to calculate their
CCS, and this will inform on arrival time order.

Experimental evidence that nitazenes exhibit gas-phase protomers

Experiments were also performed to determine if nitazenes exhibit diagnostic gas-phase
behavior, such as the formation of protomers, based on previous observations of similar behavior
by fentanyl analogs.?? The fourteen different nitazenes were all found to exhibit at least two IM
separable distributions that produce different fragmentation spectra and change intensities when
water is included or excluded from the ESI solvent. There does not appear to be any study where

protonation sites are suggested for nitazenes (or that nitazenes exhibit two IM separable
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distributions) and so this study tentatively proposes them. It was experimentally determined that
the nitro groups and ether oxygens were not sites of protonation because four nitazenes did not
possess a nitro group but still exhibited two IM distributions, and nitazene itself does not possess
an ether group yet it still exhibited two IM distributions. This leaves three plausible protonation
sites: (1) N1 on the benzimidazole ring, (2) N3 on the benzimidazole ring, and (3) the triethylamine

nitrogen.

Since the MS/MS spectra of the second IM distributions of all nitazenes studied here only
exhibited fragment ions corresponding to bond cleavages at the N1 benzimidazole nitrogen (e.g.,
fragments with m/z 100, m/z 98, m/z 112) or the ethyl-nitrogen (e.g., m/z 72) and no other detectable
fragments, it is proposed that the lower mobility IM distribution of nitazenes is a protomer with
protonation occurring at the N1 position on the benzimidazole ring. The higher mobility IM
distributions of all nitazenes exhibited more fragments than the lower mobility IM distributions,
including fragments from the same two bond cleavages, an additional fragment formed by cleaving
between the C2 benzimidazole carbon and the benzyl ring, and a neutral loss of the triethylamine
group. It seems that a neutral loss of 73 would most likely occur by protonating the triethylamine
nitrogen and cleaving the carbon-nitrogen bond to form an N,N-diethylamine neutral. However,
it does not appear that this would explain how fragmentation between the C2 benzimidazole carbon
and benzyl ring occurs. Alternatively, this cleavage could be possible if the N3 nitrogen on the
benzimidazole ring was protonated, followed by an electron pushing rearrangement. It is therefore
proposed that the higher mobility IM distributions of nitazenes actually consist of two protomers:
one with protonation occurring at the N3 position on the benzimidazole ring, and one with
protonation occurring on the triethylamine nitrogen. It is recognized that this might not be an
exhaustive list since more peaks emerged under different conditions, such as higher water
concentrations in the ESI solvent. The presence of additional conformers (e.g., rotamers) could
explain why other peaks emerged, or potentially why the extended SLIM separations showed peak
tailing. It might be possible to separate the two possible protomers in the high mobility 1M
distributions by performing IMS separations using hundreds of meters of IMS separation path
length. Such studies would provide interesting fundamental insights into the gas-phase behavior
of nitazenes and could possibly be extended to other classes of drugs that might emerge as the

opioid epidemic continues.
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Conclusions

HR-IMS-MS/MS spectra of fourteen novel synthetic opioid nitazenes were acquired with
a SLIM-Orbitrap platform. The spectra showed that each nitazene exhibited at least two 1M
separable distributions that produced different fragmentation patterns and changed intensities
depending on the water concentration in the ESI solvent. The nitazenes lacking a nitro group
exhibited the greatest shift in intensity. ™WCCSn. values for the fourteen nitazenes are also
reported for positive ion mode. Furthermore, IMS separations over long IMS path lengths (>33
meters) showed at least partial separation between nitazene isomers that differed only in an alkyl
group change (e.g., propyl / isopropyl or butyl/isobutyl/secbutyl) at the same functional group
location. These experiments provide experimental evidence that nitazenes potentially exhibit three
gas-phase protomers, with one of the protomers exhibiting a lower mobility than the other two
protomers, which were indistinguishable by their mobility but were suggested by the fragmentation

spectra.

While the HR-IMS-MS/MS data were sufficient to successfully differentiate nine of the
nitazenes, including two groups of three isomers each, the data were insufficient to tell the arrival
time order of the other groups of isomers. In the future, it would be highly desirable to use
theoretical modeling methods (e.g., based on machine-learning or quantum chemistry) to predict
the CCS values of these groups of nitazene isomers, which is how the arrival time order was
determined in this study. The coupling of HR-IMS-MS/MS data with computational methods
could potentially allow for nitazene identifications to be made in a reference-free approach. This
methodology could also be applied to the analysis of other NSOs to expedite the determination of

their chemical structure.

Associated Content

Supporting Information

Chemical structure of 2-benzylbenzimidazole (nitazene) backbone; chemical structures of
fourteen nitazenes; snapshot of XCalibur display of nitazene separation using SLIM-Orbitrap;
calibration curve with 95% confidence band; table of SLIM-Orbitrap measurements of a mixture
of fourteen nitazenes and five tetraalkylammonium cations; XIM and MS/MS spectra of m/z 425;

XIMs of individual butonitazene, isobutonitazene, and secbutonitazene samples.
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