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Traveling wave ion mobility-mass spectrometry (TWIM-MS) has emerged as a powerful tool for the
identification of synthetic opioids, such as fentanyl and its analogs. However, due to its novelty, only
a few fentanyl analogs have been studied using this technology and alternative drift gases, apart from the
commonly employed nitrogen gas. Here we introduce the largest compendium of measured TWCCSNZ,
™CCShe, and ™CCSco, values for fentanyl-related compounds. This compendium of mobility-derived
CCS molecular descriptors for precursor [M + HI* ions can be used to assign fentanyl identities. Here,
we report collision-cross section (CCS) values for precursor [M + H]* ions of 110 fentanyl analogs, 7
fentanyl precursors, and 31 non-fentanyl related synthetic opioids measured using three mobility gases;

nitrogen, helium, and carbon dioxide. Measured TWCCSN2 values show high agreement with previously
Recelved 17h Decermber 2024 blished collsi -section values obtained via drift-tube ion mobility (DTIM) MS, with diff
Accepted 19th March 2025 published collision cross-section values obtained via drift-tube ion mobility , Wi ifferences

ranging from —0.1 to 1.3%. Additionally, computationally derived CCS values for each fentanyl analyte

DOI: 10.1039/d4ay022639 were calculated using MobCross, with a difference range of +3-15% between theoretical and
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1. Introduction

Fentanyl is a synthetic opioid that belongs to a group of medi-
cines called opioid analgesics and has made great strides in the
medical field since its introduction into the pharmaceutical
market as a pain management drug."? It was first synthesized by
Janssen Pharmaceutica in the 1950s and it works by attaching to
p-receptors mainly in the brain, inducing feelings of euphoria
and, at higher dosages, leading to analgesia or anesthesia.’
Currently, low dosages of fentanyl and fentanyl analogs (remi-
fentanil, alfentanil, and sufentanil) are commonly administered
to provide pain relief during post-surgical procedures.* And
while fentanyl has rightfully earned its place in medical
settings, its misuse and widespread presence continue to
severely damage several communities worldwide.>” In the
United States, deaths due to drug overdoses involving fentanyl
and its analogs continue. Early in its introduction, the misuse of
medically prescribed fentanyl was the primary cause for opioid
overdoses leading to death in the U.S.*® Studies have shown that
repeated use of opioid painkillers often leads to dependence
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and abuse which increases the risk of a life-threatening over-
dose.'”" Such an increase in incidence of fentanyl overdoses led
to tighter medical restrictions on the prescribed opioid drug.
Fentanyl and fentanyl analogs used in medical settings are now
classified as Schedule II controlled substances under the
Controlled Substances Act (CSA)."”> Soon after this, a rise in
clandestinely produced fentanyl in the black market was
observed in the U.S.** In response, the drug enforcement
administration (DEA) has placed several restrictions and closely
monitors chemical reagents commonly used for the illicit
production of fentanyl and fentanyl analogs.™

In the U.S. fentanyl overdose deaths mainly involve multiple
drugs, such as cocaine and methamphetamine, which are
popular recreational drugs.>'* Most recently law officials have
reported an increase in the number of cases where illicit
counterfeit pills, marketed as oxycodone or benzodiazepine
medication, are found laced with small amounts of fentanyl
and/or fentanyl analogs.'*" Drug lacing is often carried out by
clandestine manufacturers to increase the desired effect of the
product while decreasing production costs.*>* While the
amounts of fentanyl and related drugs found in confiscated
drugs are minimal (3-11%), the potency of fentanyl is known to
be 100 times stronger than morphine and 50 times stronger
than heroin, making it extremely dangerous for consumers."”**
Lethal does for humans are often as small as 2 milligrams."”**
Making matters worse, clandestine laboratories aren't known to

This journal is © The Royal Society of Chemistry 2025
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produce pure fentanyl.**** In 2021, a study conducted by the
Fentanyl Profiling Program (FPP) of the DEA analyzed 538 fen-
tanyl and fentanyl-related samples and found fentanyl purity
ranging from 0.2% to 36.4%, with an average purity of 13.6%.>
Furthermore, 46 out of these samples contained both fentanyl
and fentanyl analogs.” This is partly due to the numerous
restrictions placed on fentanyl reagents. To circumvent regu-
lations and detection, clandestine laboratories use reagents
that are not highly regulated to produce fentanyl analogs that
are structurally similar in their backbone but have different
functional groups.****” The issue with such practices is the
drastically varying potencies of fentanyl analogs. For example,
carfentanil used to sedate large mammals, such as elephants
and bears, is 100 times more potent than fentanyl, whereas
analogs such as acetylfentanyl and butyryl fentanyl are less
potent.”® This highlights the importance of correctly charac-
terizing fentanyl analogs found in illicit drugs. In addition to
identifying fentanyl analogs, correct characterization of these
chemicals’ sheds light on the synthetic routes followed for its
production, which in turn aids drug enforcement officials in
deciding which reagents require restrictions or further
monitoring.*

Presently, 212 fentanyl analogs have been cataloged by
companies such as Cayman Chemicals. Currently, forensic
analytical protocols for illicit drug analysis require the imple-
mentation of two or more analytical techniques. The first test
forensic scientists conduct is a presumptive test, also known as
a screening test. This screening phase is conducted when an
illegal component is presumed to be present in a substance.
Some commonly used screening tests in forensic laboratories
are immunoassays and the Marquis test. These tests are typi-
cally fast and only provide chemical class-selectivity, and no
structurally specific data. Once the presence of the suspected
entity is confirmed, the sample is sent for further analysis; this
stage is known as the confirmatory phase. In accordance with
guidelines set by ASTM International E2329-Standard Practice
or the Scientific Working Group for the Analysis of Seized Drugs
(SWGDRUG) recommendations, practitioners confirm the
identity of a chemical entity using analytical methods that
provide structural specificity, known as confirmatory tests.***'
These tests are divided into two categories, category A and B,
and are implemented with the goal of providing structurally
specific molecular descriptors that will aid in compound iden-
tification. Category B tests, which include several chromato-
graphic techniques, provide chemical and physical selectivity,
while category A tests, such as IR, NMR, XRD and MS, provide
structure-specific information.’>** To comply with forensic
guidelines, practitioners must (a) implement two analytical
techniques, one of which must be from category A, and the
other from category A, B, or C, of which screening tests are
a part of, or (b) use two category B techniques in addition to one
other category B or C technique. Currently, gas-
chromatography-electron ionization-mass spectrometry (GC-
EI-MS) is the gold standard analytical tool used for the detec-
tion and characterization of fentanyl-related substances.*

There are several benefits of using GC-EI-MS, such as low
sample volume requirements, low detection limits, and high

This journal is © The Royal Society of Chemistry 2025

View Article Online

Analytical Methods

structural specificity. Furthermore, chromatographic and mass
spectral data are obtained, providing two useful structural
molecular descriptors. However, several challenges with the
implementation of GC-MS for fentanyl characterization have
arisen over the years.*” Electron ionization is a hard ionization
technique known to generate a large number of ionized frag-
ments, while providing very little or no data regarding the intact
molecular ion. While fingerprint data for analytes of interest are
valuable and often required, the lack of precursor ion data is
making it increasingly difficult for forensic scientists to assign
structural identity to fentanyl analogs that fragment similarly.
As mentioned earlier, fentanyl analogs are structurally similar
entities. Their core structure remains the same, but the
attached functional groups can differ very drastically.***” The
fragmentation patterns of these analogs differ depending on
the ionization method, but in the case of EI, several fentanyl
moieties produce EI-MS spectrums that are very similar.’®*
While several optimization efforts can be made on the GC side,
very little can be done to control the fragmentation preference
of the analog during EL** One approach to combat this is to
compare the intensities of the fragments. While this can
provide some additional confidence in the identification
processes, it is not the suggested method when comparing
spectrum data where intensities do not differ drastically.*** In
such instances practitioners might wish to implement another
category A technique, such as ESI-MS for further
confirmation.****” Electrospray ionization (ESI) is a soft-
ionization technique that produces intact molecular species
for analysis. Controlled CID of these ions can provide extremely
useful fingerprint data for fentanyl identification. Liquid chro-
matography can be used in conjunction with ESI-MS to provide
retention time and MS data for fentanyl characterization.*®*
While LC provides an additional layer of separation, some
fentanyl isomers require specially manufactured columns that
provide sufficient separation for confident identification,
making such chromatographic methods costly in addition to
being time-consuming. This situation is not ideal as current
challenges in illicit drug identification are driving practitioners
to search for analytical techniques that provide several struc-
tural molecular descriptors in a timely and cost-efficient
manner.

A relatively new analytical technique known as ion mobility-
mass spectrometry (IM-MS) has emerged as a powerful tool for
the identification of drugs in forensic and security applications.
Since its introduction, several types of IM methods have
emerged. Traditionally, the field has been dominated by drift
tube-ion mobility (DTIM), yet other methods, such as Traveling
Wave Ion Mobility (TWIM) show promise as contenders.***!
TWIM CCS measurements are performed when a charged ion
traverses a mobility cell under oscillating electric fields, in
contrast to the uniform electric field used to pull ions through
in DTIM.*>* Within the electric field, ions are separated based
on size, shape and charge. For example, larger and more
complex molecules with greater surface areas provide a larger
target for collisions compared to smaller and more compact
molecules; therefore, these larger mobility gases will generally
exhibit larger CCS values.*>** Additionally, when a charged ion,
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such as a positively charged [M + H]" fentanyl analog precursor
ion, moves through a mobility cell it can induce a temporary
dipole moment in neutral gas molecules like carbon dioxide.****
This occurs because the electric field of the charged ion polar-
izes the neutral molecule, distorting its electron cloud.>*** The
strength of this dipole-induced interaction depends on the
polarizability of the neutral molecule and its proximity to the
ion. For a molecule like CO,, which is non-polar in its neutral
state, its electrons can be distorted by the ion's electric field,
creating a weak dipole.*~® These interactions cause an ion to
experience attractive or repulsive forces depending on the
orientation of the induced dipoles, which can slow its drift
resulting in a larger CCS.>** For example, less polarizable gases
like nitrogen or helium induce weaker dipole interactions than
carbon dioxide, resulting in smaller drift times and CCS
values.*** Temperature and velocity also alter the collision
dynamics of an ion-neutral interaction.>**® Faster molecules at
higher temperatures and slower molecules at lower tempera-
tures alter the type of elastic or inelastic collisions, resulting in
varying CCS values.>*~°

Lastly, the extent of energy transfer during collisions, influ-
enced by internal degrees of freedom (such as vibrations), can
modify the measured CCS, as well.>**® These are some of the
main interactions that are considered when calculating accu-
rate drift times for ions. Furthermore, unlike LC retention
times, mobility (K,) and CCS values are physical molecular
properties and are thus highly reproducible and robust if
determined with high accuracy and precision.””"* Here, we aim
to contribute to the existing CCS compendium currently present
for fentanyl and fentanyl analogs. Most recently, Hollerbach
et al. and Aderorho et al. both obtained CCS values for fentanyl
protomers using ion mobility mass spectrometry.®®** Johnson
et al. demonstrated how the ratio of protomer intensity could
vary with solvent conditions, while Aderoho et al. demonstrated
how ion mobility separation of fentanyl isomers could be
improved using metal cation adducts.®»*® Forero et al. used
trapped ion mobility to develop a fast high-throughput method
for the screening of 185 fentanyl analogs, while also providing
CCS data for product ions.*

In this study we conduct ESI-TWIM-MS analysis, using the
Synapt G2-Si HDMS by Waters, to measure the nitrogen,
helium, and carbon dioxide CCS values of 148 synthetic opioids,
of which 110 are fentanyl analogs, 7 are fentanyl precursors,
intermediates, and impurities, and 31 are non-fentanyl
synthetic opioids. CCS measurements have traditionally been
performed using helium as the drift gas, but as IM instru-
mentation became commercialized, nitrogen has become
another popular choice due to its cost, availability and generally
better resolving power.®* According to May et al. both CCSy and
CCsy, values account for the vast majority of CCS values re-
ported in literature, with CCSy, values being slightly more
prevalent, while only 5% of the reported values account for
other gases.®® Only a handful of studies have reported working
with alternative drift gases such as carbon dioxide, which
accounts for 0.3% of the values reported.®® Furthermore, to the
best of our knowledge only ""IMy, measurements have been
performed for only a handful of fentanyl analogs which we will
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discuss here. We use these existing values to test the accuracy of
our obtained CCS values. May and co-authors also reported that
only 9% of CCS values reported were obtained using TWIMS;
thus we aim to increase this number through this publication.®
Measured "VCCSy,, ™VCCSxe, and ™VCCSo, values alongside
accurate-mass values were used to build the largest ™ CCS
database known to date for fentanyl analogs. Theoretical CCS
measurements were also performed for each experimentally
obtained precursor ion [M + H]" using MobCross, a program
that predicts ion cross-sections by utilizing both established
and derived equations, along with Monte Carlo simulations.®®
We have compiled these molecular descriptors with the expec-
tation that they will complement chromatographic, mass
spectral, and fragmentation data in supporting fentanyl analog
identification.

2. Experimental
2.1 Chemicals and reagents

Optima™ LC-MS grade methanol, acetonitrile, and water were
purchased from Fisher Scientific (Pittsburg, USA). Acetic acid
99.99% (Sigma-Aldrich, USA) and sodium hydroxide (Fisher-
Scientific, USA) were also purchased. A Major Mix IMS/TOF
Calibration ~ Kit [186008113] and leucine-enkephalin
[186008113] solution, both purchased from Waters (MA, USA),
were used for CCS calibration and as a lock mass solution.

A total of 148 synthetic opioid standards from the Fentanyl
Analogue Screening Kit (FASK) - 1 & 2 and emergent panels 3
and 4, with molecular weights ranging from 99 to 536 g mol %,
were obtained from Cayman Chemicals (Ann Arbor, MI, USA).
Please refer to Table S5F for a list of opioid standards used and
their Cayman ID numbers, molecular formula and molecular
mass. The standards were shipped in powder form (0.2 mg
sample per Eppendorf) were reconstituted in 200 pL of
Optima™ LC-MS grade methanol (Fisher Scientific) to create
stock solutions with 1 mg mL ' concentration. To ensure
homogeneity, stock solutions were vortexed at 650 rpm for 15
minutes prior to sample preparation. 1 ppm sample solutions
for positive mode analysis were prepared by adding 1 pL of stock
solution to a 999 pL of Optima™ LC-MS grade methanol con-
taining 0.1% acetic acid (v/v).

The IM sector of the instrument was calibrated using Major
Mix IMS/ToF Calibration Kit solution, which was prepared and
used as specified by the manufacturer. A 0.5 M sodium formate
solution in 1:1 (v/v) water: isopropanol was prepared using
99.9% pure sodium hydroxide purchased from Fisher Scientific
(Pittsburg, USA) and used for mass calibration of the time-of-
flight tube analyzer of the mass spectrometer. The mass cali-
brant solution contained sodium formate ions with m/z values
ranging from 50 to 1200 in positive-ion mode.

2.2 Instrumentation

Three independent ESI-TWIM-MS experiments, using high
purity nitrogen, helium, and carbon dioxide separately as ion
mobility drift gas, were conducted on a Synapt G2-Si HDMS
(Waters Corp., Milford, MA) equipped with an electrospray

This journal is © The Royal Society of Chemistry 2025
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ionization (ESI) source. A syringe pump was used to infuse
samples at a flow rate of 3 uL mL™" into the ESI source without
prior LC column separation. The ESI source temperature was
set to 80 °C and operated in positive ion mode (ESI+) with a 3 kv
voltage, 20 V cone voltage, and a 50 V source offset voltage.
Stable spray conditions were achieved by using nitrogen auxil-
iary gases with a set cone gas flow rate of 30 L h™', a desolvation
gas flow rate of 600 L h~" at 150 °C, and a nebulizer gas pressure
of 6.5 bar.

2.3 Acquisition mode

A 3-minute run sequence was created and used to obtain mass-
to-charge (m/z) and drift-time (DT) values for precursor ions [M
+ H]". Data were acquired in continuum mode at a scan rate of
500 ms for a total time of 3 minutes with the LockSpray function
enabled. During the initial 30 seconds of the run sequence, a m/
z range from 30 to 600 was scanned in resolution mode using
the TOF HD-MS acquisition mode. Following this period, the
acquisition mode was set to switch to the High Definition®
MRM (HD-MRM) acquisition mode for the remaining run
sequence time (2.5 minutes). Throughout the 2.5-minute scan
the trap voltage was increased by 10 V every 30 seconds, thus
providing MS/MS data obtained using trap voltages of 10, 20, 30,
40, and 50 V. The LockSpray reference, leucine enkephalin (200
pg uL ™, 556.2771 Da), was used for single point mass correc-
tion across all three gas experiments, and for single point
mobility correction in the nitrogen and helium mobility exper-
iment, only.

2.4 TWIM parameters

The gas flow rates for the TriWave sector in all mobility gas
experiments were as follows: trap cell (2 mL min~"), IM cell (90
mL min~"), and transfer cell (180 mL min ). It should be noted
that since the instrument's internal IM cell mass flow controller
(MFQ) is calibrated only for nitrogen, a mass flow correction
factor must be used to calculate the input flow rate for He and
CO, in the IMS to maintain the required 1 bar IM cell pressure.
Therefore, the desired relative N, flow rate (90 mL min~") and
mass flow correction factors of 1.41 and 0.74 were used to
calculate the input flow rates for He and CO,, respectively. For
a table of the gas flow rates used in each experiment, please
refer to Tables S.2-S.4 of the ESI.§ The ion mobility parameters
for the nitrogen mobility gas experiment were as follows:
default values for the trap region, a traveling wave velocity of
900 m s~ " with a height of 40 V for the IM sector, and a traveling
wave velocity of 220 m s~ with a height of 4 V for the transfer
region. For CO, and He IM parameters, see Tables S.2-S.4 of the
ESI.T The TOF mass analyzer was set to mass resolution mode
(m/Am = 40 000) with a 0.5 seconds scan time.

2.5 Travelling-wave ion mobility CCS ("CCSy,, "™ CCSye,
and "™CCSo) calibration

TWIM separates ions using oscillating DC waves in a gas filled
stacked-ring ion guide (SRIG) with radial RF confinement. And
due to the complex nature of these electric fields, CCS values
cannot be directly calculated using the Mason-Schamp
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Table 1 Reference drift tube CCS values (Qy,) for Major Mix IMS/TOF
Calibration Kit [186008113] solution used as mobility calibrants in the
present study for TWIM experiments using nitrogen as the mobility gas
(Bush et al. 2012)¢”

Calibrant [M + H] CCS Qy, [A%]
Acetaminophen (n=1) 152.0711 130.4
Caffeine (n=1) 195.0882 138.2
Sulfaguanidine (n=1) 215.0602 146.8
Sulfadimethoxine (n=1) 311.0814 168.4
Val-Tyr-Val (n=1) 380.2185 191.7
Verapamil (n=1) 455.2909 208.8
Terfenadine (mn=1) 472.3215 228.7
Polyalanine (n=1) 516.2781 211.0
Leucine-enkephalin (n=11) 556.2771 229.8
Polyalanine (n=1) 587.3153 228.0
Reserpine (n=13) 609.2812 252.3

equation. Instead, these values are generally obtained by cali-
brating the instrument with calibrant ions possessing well-
known DTIM CCS values (°"CCS) and finding an empirically
determined power-law relationship between the CCS values and
ion drift times (z4). Prior to data-acquisition, the Synapt G2-Si
was switched to mobility mode and allowed to equilibrate for
1 hour. Once IM parameters were optimized for the experiment,
the IM sector of the instrument was automatically calibrated
using ""CCS reference data listed in Tables 1 and 2, using
MassLynx V4.1 (Waters, Milford, MA, USA).

Freshly prepared MajorMixQToF solution (50 pg mL™")
containing polyalanine oligomers from n = 3 to n = 14 was used
as the calibration mix. The calibrant ions had a mass range
from 152 to 1921 Da and a ""CCS range extending from 130 to
373 A It should be noted that identical TWIMS parameters
were used for both calibration and sample analysis. The cali-
brant solution covers a wide range of CCS values but the scope
of this experiment only required calibrants with a max CCS
value of 229.8 A% to be analyzed.

Cepc /m
1000 \/; (1)

Therefore, only IMS calibrant ions within the mass range of
152 to 556 Da and the CCS range of 130 to 230 A” were used.
During calibration, the software measures and corrects the
drift-times (¢4) for ions using eqn (1), which uses an instrument

e =14 —

Table 2 Reference drift tube CCS values (Qye and Qco,) for poly-
alanine oligomers used as mobility calibrants in the present study for
TWIM experiments using helium and carbon dioxide as the mobility
gases (Bush et al. 2012)¢”

Calibrant M +H] CCS Q. [A%] CCS Qco, [A%]
Polyalanine (n = 3) 232.12183 89 210.5
Polyalanine (n = 4) 303.15894 100 224.6
Polyalanine (n = 5) 374.19605 114 237.4
Polyalanine (n = 6) 445.23316 128 249.7
Polyalanine (n =7)  516.27027 141 266.8
Polyalanine (n = 8) 587.30738 157 284.7

Anal. Methods, 2025, 17, 7692-7703 | 7695
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specific offset value known as the ‘EDC delay coefficient’ (1.45
for the Synapt G2-Si), to produce ‘corrected drift-time’ (¢.)
values. Next, using eqn (2), normalized CCS (Q.) values of the
calibrant ions are obtained by adjusting reference ®*CCS values
using reduced mass (1) and its charge state (2).

o, — Vi o

z

The normalized collision cross section (2.) values vs. cor-
rected drift time (¢.) values of the calibrant ions were then
plotted using a power regression model, which produces eqn (3)
as the power trendline format. Calibration coefficients a and ¢,
and exponent b were given in an output file. During automated
CCS measurements, the analysis software (DriftScope V 1.2)
uses the derived calibration coefficients to calculate experi-
mental ™VCCS values from measured drift times (¢4). The data
used to plot the calibration curve as well as the calibration
coefficients are shown in the ESL

Q. = alt, + o) 3)

For each independent mobility gas (N,, He, and CO,)
experiment, ion mobility separation optimization and calibra-
tion were conducted as stated above. The calibration reference
values and results for each experiment can be found in Fig. S.1
in the ESI.T Sample analysis commenced after successful IMS
calibration and mass calibration.

2.6 TWIM analysis and data processing

All measurements were performed in triplicate. Inter-day data were
obtained by performing data acquisitions per sample, with trials
conducted within span of a week span. Data acquisition was per-
formed using MassLynx (v4.1). HDMS® data processing was per-
formed using DriftScope (v2.0) to determine measured CCS values
and to obtain arrival time distribution (ATD) plots. Here, the drift
time data to CCS values were automatically converted using the
calibration coefficients automatically generated by the software.

2.7 Theoretical CCS values

In the present study, we computationally determined CCSy, for
the 110 fentanyl analogs analyzed using TWIM. First, neutral
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singlet structures for these compounds were created using
Avogadro (v1.2.0) and optimized using molecular mechanics
(MM) with the MMFF94 force field, 5000 steps, a steepest
descent algorithm, and a convergence threshold of 10 x 102,
The optimization was continually performed until the energy of
the molecule no longer changed. The MM-optimized geome-
tries generated by Avogadro were saved as .xyz files and used as
inputs for CCS calculations. CCS calculations were performed
using MobCross which uses a quaternion algorithm to measure
CCS values using Gaussian 98® coordinates from a .log output
file and Cartesian coordinate files from Cerius®.°® The program
uses a projection approximation to estimate the collision cross-
section of a gas-phase ion, derived from molecular mechanics
calculations.

3. Results and discussion
3.1 Measured CCS

The ™CCS values were measured in triplicates and were highly
reproducible, with the majority of (=90%) ™ CCS values for
precursor ions [M + H|" having interday relative standard devi-
ations (RSDs) less than 0.90%, 1.50%, and 0.50%, for N,, He,
and CO, mobility experiments, respectively. Table 3 lists TWIM-
measured Qy,, Que, and Qco, values along with associated
relative standard deviations (RSD) for 10 out of the 148 synthetic
opioids, of which 110 are fentanyl analogs, 7 are precursors,
intermediates, and impurities, and the remaining 31 are
synthetic opioids from various classes. To see the full list please
refer to Tables S.5-S.7 of the ESLf It should be noted that
CCSco, values for 4-anilinopiperidine (C;;H;¢N,), were not
successfully determined due to low peak intensity (<1 x 10°
counts).

TWCCSN2 values for singly protonated [M + H]" species ranged
from 139-220 A? with inter-day standard deviation values
=1.29%. The measured "™ Qye and ™ Q¢o, values ranged from
66-143 A% and 179-268 A%, respectively with inter-day standard
deviation values =2.90% and 0.75%. As depicted in Fig. 1, the
™(CCS values for all 148 opioids were plotted against their
mass-to-charge ratios (m/z) to illustrate the correlation between
the two molecular descriptors in various mobility gases. As
observed ™CCSy, values are systematically larger than
™ces™ values and smaller than "™WCCSo, values. This is due

Table 3 Experimentally determined "™Qy,, ™ Que, and ™Qco, values for 10 fentanyl analogs. Values in parentheses are the relative standard
deviation for the three IM measurements averaged to obtain the final CCS values

Fentanyl analog M +H] O, [A7] Qe [A7] Qco, [A7]

N-Methyl norfentanyl 247.18 158.78 (0.29) 86.68 (1.50) 199.69 (0.15)
Furanyl norfentanyl 271.144 163.41 (0.27) 92.49 (2.49) 212.52 (0.18)
Fentanyl 337.23 183.73 (0.56) 109.49 (1.34) 228.94 (0.21)
Para-methoxy acetyl fentanyl 353.22 189.23 (0.65) 113.94 (0.28) 235.61 (0.10)
Meta-methyl cyclopropyl fentanyl 363.24 193.91 (0.37) 116.12 (0.92) 237.85 (0.11)
Para-methyl butyryl fentanyl 365.26 194.48 (0.59) 114.25 (1.69) 239.01 (0.19)
Para-methoxy butyryl fentanyl 381.25 198.08 (0.56) 121.55 (0.29) 245.12 (0.10)
Para-methyl cyclopentyl fentanyl 391.27 200.32 (0.64) 122.52 (1.00) 246.26 (0.13)
N-(DOI) fentanyl 537.16 210.84 (0.37) 139.10 (2.58) 257.20 (0.52)
N-(DOBU) fentanyl 467.33 220.45 (0.94) 138.57 (0.38) 268.90 (0.16)
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Fig. 1 CCS versus m/z plots for 148 synthetic opioids analyzed using
three different mobility gases (CO,, N,, and He). 110 of these opioids
are fentanyl analogs, 7 are fentanyl related opioids (black points), and
31 are non-fentanyl related opioids (grey points).
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Fig. 2 Correlation trend between CCS values obtained using N,, He,
and CO, drift gases. CCSy (y-axis) and CCSco, (y-axis) values were
plotted against CCSy, values (x-axis).
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to differences in the polarizability of the gases, van der Waals
radii and other factors that have a significant effect on the ion-
neutral interactions.

For TWIMNZ, most CCS data points are found within the 182-
207 Q region, which represents 70% of the measured values. For
"™WIMye and ™ IMco,, 70% of the data points are found within
the 103-127 Q and 230-260 Q region, respectively. As depicted
in Fig. 1, fentanyl related compounds, such as precursors and
impurities of fentanyl or its analogs, predominantly exhibit
relatively small collision-cross sections (=171 Qy, =98 Qy,
and =222 Qo ). This is expected since such compounds are
structurally smaller (177-285 m/z). Non-fentanyl opioids appear
in the 141-207 Qy, 77-127 Qy¢, and 182-260 Qco, regions for
TWIMNZ, ™My and TWIMCOZ, respectively, and are not found in
a distinct CCS region. Fig. 2 illustrates the correlation plots for
nitrogen-based CCS values and the CCS values obtained using
the remaining two gases (He and CO,). Here we observe a rela-
tive change in CCS magnitude as the m/z of the analytes
increases. As previously discussed, nitrogen is the standard drift
gas employed in most commercialized IM instruments. There-
fore, we chose to correlate ™VCCSy, and ™ CCS¢o, values with
TWIMNZ. As illustrated, the CCS values shift negatively by 16.3
and positively by 67.5 for CO, and He drift gases, respectively
when compared to N,. This drastic change can be attributed the
distinct polarizability difference between helium (0.20 x 10~ >*
em®) and nitrogen (1.74 x 10~>* em®) which is more significant
than the difference between carbon dioxide (2.91 x 10~>* cm?)
and nitrogen. As can be seen, the slope and intercept of the
analytes differ, indicating varying interactions between the
analyte ions and drift gas. This can be also attributed to the
larger polarizability and size of CO, and N, gas molecules
compared to He.

Table 4 Comparison between measured "CCSy, values and previously published TCCSy, values. Previously published values were assigned

superscripts (a, b, or c)

™cesy, (A2)

PTcesy, (A%) % difference ("CCSy,:""CCSy)

Analyte M +H]" (m/2)

Despropionyl meta-methylfentanyl 295.23 179.5
(£)-Cis-isofentanyl 337.24 183.5
Fentanyl 337.26 183.7
Fentanyl 337.26 183.7
Fentanyl 337.26 183.7
Ortho-fluorofentanyl 355.23 184.6
Para-methyl acetyl fentanyl 337.24 186.0
Cyclopropyl fentanyl 349.24 187.1
Isobutyryl fentanyl 351.24 187.8
Butyryl fentanyl 351.27 188.2

172.7 & 0.1¢ —
179.4 £ 0.1° 0.1
183.7 + 0.1° —0.1
189.1 + 0.1° —
184.1 + 0.1° —0.2
189.1 + 0.1° —
181.4 + 0.1° 1.3
181.7 + 0.1° 1.1
187.9 + 0.1° —
184.7 + 0.1° —0.1
190.5 + 0.1° —
186.4 + 0.1° —0.2
186.2 + 0.1° 0.5
194.1 + 0.1° —
187.4 £ 0.1° 0.3
194.5 + 0.1° —
188.3 + 0.1° —0.1
194.9 + 0.1° —

“ Nitrogen drift tube CCS values from Alderorho et al., Drug Test. Anal., 2024, 16(4), 369-379. © Nitrogen drift tube CCS values from Lian et al., Anal.
Methods, 2018, 10, 749-756. © Nitrogen drift tube CCS values from Butler et al., J. Am. Soc. Mass Spectrom., 2022, 33, 1904-1913.
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3.2 Comparing the obtained TWIM data with the published
DTIM data

To validate the accuracy of our measured ™CCS values, we
compared them with previously published **CCS values. To our
knowledge, the only published mobility data for some of the
opioids analyzed in this study are from drift-tube ion mobility
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Fig. 3 Arrival time distribution spectra for 5 fentanyl analogs in
nitrogen drift gas illustrating the lack of protomers in obtained mobility
spectra for [M + H]* ions of (a) fentanyl (m/z 337), (b) ortho-methoxy
butyryl fentanyl (m/z 381), (c) senecioylfentanyl (m/z 363), (d) meta-
methoxy furanyl fentanyl (m/z 405), and (e) N-(DOET) fentanyl (m/z
43).
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(DTIM) experiments conducted using nitrogen as the mobility
gas. Therefore, only the published ""Qy values are compared to
our measured "™VQy_ values to assess the accuracy of our CCS
measurements. Thus, we would like to make it clear to the
readers that the accuracy of TWQNZ will be based on the CCS
values for the calibrant ions used. In a study conducted by
Alderorho and colleagues, drift-tube ion mobility CCS (""CCSy)
values were obtained for fentanyl and 16 fentanyl analogs, of
which 8 were also analyzed in this study.®® As noted in Table 4,
Alderorho et al. reported two DTCCS values for 7 out of these 8
compounds. These CCS values correspond to measurements for
two protonation site isomers, referred to as ‘protomers’ of fen-
tanyl analogs.®® In our TWIM method, we do not see a second
mobility peak for our analyzed [M + H]" m/z peaks. In Fig. 3, we
present five fentanyl analogs ortho-methoxy butyryl fentanyl,
senecioylfentanyl, N-(DOET) fentanyl, despropionyl ortho-fluo-
rofentanyl, and meta-methoxy furanyl fentanyl with drift times
of 4.1, 4.6, 4.5, 4.9, and 5.7 ms, respectively. These mobility
spectra were obtained by running single analyte solutions
prepared as described in the Methods section. The additional
mobility peaks observed in the spectra are not protomers but
are designated as fragments of the intact species.

Protomers exist in various structural forms in the gas phase,
and their appearance in spectra is not fully understood.®>*
However, authors like Copeland et al. and Alderorho et al
suggest that the visibility and intensity of these artifacts
primarily depend on the resolving power and solvent compo-
sition.®®** Therefore, we hypothesize that the absence of

Table 5 ™CCSco, ™CCSy,, and ™CCSy for 27 fentanyl analogs; isomer groups are shaded and the standard deviations (SD) for selected

isomers are also provided

Compound name Molecular formula Exact mass CO, CCS SD N, CCS SD He CCS SD
N-Methyl norfentanyl C,5H,,N,0 247.18 199.69 4.06 158.78 0.31 86.68 0.17
(£)-Cis-3-methyl norfentanyl C15H,,N,0 247.18 205.44 159.21 86.43
Despropionyl ortho-fluorofentanyl C19H,3FN, 299.19 219.52 2.53 172.00 1.03 100.08 0.44
Despropionyl para-fluorofentanyl C1oH,3FN, 299.19 223.10 173.46 99.46

3'-Methyl fentanyl Cy3H30N,0 351.24 233.45 0.43 189.07 0.29 113.08 0.02
2'—Methyl fentanyl C,3H30N,0 351.24 234.06 188.65 113.04

4-Methyl fentanyl C,3H;0N,0 351.24 234.37 186.47 113.95
Senecioylfentanyl C,4H50N,0 363.24 237.96 1.89 192.54 1.61 113.28 0.69
Tigloyl fentanyl C,4H3oN,0 363.24 235.29 190.26 114.26
N-(Phentermine) fentanyl C,,H;3,N,0 365.26 235.07 2.79 190.64 2.72 114.87 0.44
Para-methyl butyryl fentanyl C,H3,N,0 365.26 239.01 194.48 114.25
Ortho-methoxy butyryl fentanyl C,,H3,N,0, 381.25 239.07 4.27 194.33 2.65 119.33 1.57
Para-methoxy butyryl fentanyl C,4H;3,N,0, 381.25 245.12 198.08 121.55
Ortho-fluoro valeryl fentanyl C,4H3,FN,O 383.25 239.03 2.34 193.14 1.31 119.22 0.43
Meta-fluoro valeryl fentanyl C,4H;3,FN,O 383.25 242.34 195.75 119.84
Para-chloroisobutyryl fentanyl C,3H,4CIN,O 385.20 242.78 1.06 196.10 0.37 120.03 0.86
Para-chlorobutyryl fentanyl C,3H,4CIN,O 385.20 244.28 196.62 121.24
Meta-methyl furanyl fentanyl C,5H,sN,0, 389.22 242.42 0.23 196.71 0.02 122.07 0.60
Para-methyl furanyl fentanyl C,5H,5N,0, 389.22 242.75 196.69 122.91

N—(DOM) fentanyl Cy6H36N,053 425.28 252.76 1.79 207.43 1.43 129.64 0.92
N-(ZC-G) fentanyl C,6H36N,05 425.28 252.90 205.89 127.82

N-(2C-E) fentanyl C,6H36N,0; 425.28 255.92 208.74 129.02

N-(DOET) fentanyl C,,H3N,0; 439.30 257.90 1.65 210.96 1.22 131.78 0.25
N-(2C-P) fentanyl Cy7H;5N,0; 439.30 258.20 213.13 131.57

N-(2C-iP) fentanyl C,,H35N,0; 439.30 260.89 213.01 131.28

N—(ZC—T—7) fentanyl C,7H33N,05S 471.27 266.22 0.25 217.43 0.10 138.17 0.49
N-(2C-T-4) fentanyl C,7H35N,058 471.27 266.58 217.29 129.02
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protomers in our measurements is due to the limited resolving
power of the analytical method employed. Furthermore, for
singly protonated [M + H]" fentanyl (m/z 337.26), two mobility
peaks were observed in drift-tube studies conducted by Alder-
oho et al., and thus two ""Qy values were reported: 184.10 A”
and 189.10 A% The initial value (184.10 A%) was said to have
been derived from the major mobility peak observed in their
experiment, which is why we chose to compare it to our
measured 183.73 A? ™Qy, value, resulting in a —0.2% differ-
ence. For despropionyl meta-methylfentanyl a ®"Qy value of
179.4 A% was reported for the major mobility peak, resulting in
a 0.1% difference when compared to our measured "V Qy, value
of 179.51 A%.%® For (4)-cis-isofentanyl (m/z 337.24) we measured
a single ™ Qy value of 183.51 A% while Alderorho et al. reported
aP"Qy, value of 183.70 A> derived from the major mobility peak,
which also results in a —0.1% difference.®® Alderorho et al. also
reported CCS values for the major mobility peaks of the
following fentanyl analogs: ortho-fluorofentanyl (184.70 A?),
para-methyl acetyl fentanyl (186.40 A?), cyclopropyl fentanyl
(186.20 A?), isobutyryl fentanyl (187.40 A%), and butyryl fentanyl
(188.30 AZ), which result in differences of —0.1%, —0.2%, 0.5%,
0.3%, and —0.1%, respectively, when compared to our reported
value, as illustrated in Table 4.%%

In a separate study conducted by Lian et al., only one ""Qy,
value (181.40 A?) for fentanyl was reported, which differs by
1.3% from our measured 183.73 A> ™ Q, value.® Another study
by Butler et al. also reported two ""CCSy, for fentanyl, 181.70 A>
and 187.90 A%7° Out of these two values, they reported 181.70 A
as having been derived from the major mobility peak, and when
compared to our value it differed by 1.1%.”® The studies con-
ducted by Alderoho et al., Lian et al., and Butler et al. all used
single-field methods to measure CCS values on a 6560 IM-QTOF
instrument.®®7° Out of all the compounds analyzed by Lian et al.
and Butler et al. only one was from the fentanyl [m/z 337.22]
class while the rest were from different drug classes.®®*”° Only
Alderoho et al. analyzed several compounds belonging to the
fentanyl chemical class.®® This means that the instrument
parameters used in Alderoho et al.'s study were fine tuned for
fentanyl analogs and did not need to be broadened for varying
drug classes and masses; thus we conclude that their values are
the most accurate out of the three studies.

Due to the novelty of TWIM mass spectrometry, there are
limited ™V CCS data available for fentanyl analogs. To the best
of our knowledge a paper written by Hollerbach et al. is the
only publication reporting ™CCSy, values for 9 fentanyl
analogs using dual-gated SLIM Orbitrap technology.®* And
only 2 out of those fentanyl compounds were analyzed in this
study: fentanyl (m/z 337.26) and para-chloroisobutyryl fentanyl
(m/z 385.20). The "WCCSy, value for fentanyl [M + H]" reported
by Hollerbach et al. was 182.01 A%, which differs by 0.9% from
our reported value. Hollerbach et al. also reported a ™ CCy,
value of 194.57 A* for para-chloroisobutyryl fentanyl [M + H]',
while we report a value of 196.10 A2 resulting in a 0.8%
difference.®* The rest of the fentanyl analogs analyzed in that
study were not used in our study and therefore cannot be
commented on.

This journal is © The Royal Society of Chemistry 2025
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3.3 Mobility separation of isomers

Among the 110 fentanyl analogs analyzed, 60 exhibited isomers,
while only 11 of the 16 non-fentanyl opioids showed isomeric
forms. Notably, no isomers were observed within the fentanyl-
related compounds. The measured Q,, Qpe, and Qco, values
and associated standard deviations (SD) for 27 fentanyl isomers
are reported in Table 5. For the complete list of isomers, please
refer to Table S.8 of the ESL.t The ™CCSy, values for N-methyl
norfentanyl and (+)-cis-3-methyl norfentanyl are 158.78 A> and
159.21 A%, respectively. These values differ by 0.43 A* while
T™CCSye values, 86.68 A% and 86.43 A%, differ by only 0.25 A* and

8E+6 1 TWIM He 5
Ft Peak 1
7E+6 ~ Ft Peak 2
Cumulatwe Fit Peak]
BE+6 / 4&1
>
2 5E+64 / -
2 / \ Time-based
2 46 | \ 049
. 404 |\ Rp-p= 0.42
5 3E+6- { \
S [
3 26 /
( /
1E+6 4 /
/ \
0E+0 f e -7 e
-1E+6 T "
B 6
TWIM N,
2.0E+6 -
\ Mobility Peak
FitPeak 1
sy 380 Fitpeak 2
> 1.56+6 4 :; \ L Cumulative Fit Peak
2 /
g [ Time-based
8 VOR8] ' \ | Rp-p=0.50
3
7]
Qo \
< 5.0E+5 - / \
/ \
0.0E40 4= = — ==
——
26 28 30 32 34 36 38 40 42 44
Drift Time (ms)
TWIM CO2
1847 1 FitPeak 1
Fit Peak 2
2.7 Cumulative Fit Peak
8E+6 | N
] ' \\ Time-based
g BE+6 - f{ \3.03 1me-base
£ \ Rp-p=0.75
£ 4ev6+ \
o \
a \
3 \
< \
2E+6 /
/ \\
0E+0 - = ——— _
: ;
2 3 4

Drift Time (ms)

Fig. 4 Arrival time spectra for despropionyl para-fluorofentanyl and
despropionyl ortho-fluorofentanyl in helium drift gas (top), nitrogen
(middle), and carbon dioxide (bottom). Gaussian peak fitting was
performed to determine the peak-to-peak resolving power (R,_) for
each drift gas. The calculated R,_, values were 0.42 for He, 0.50 for N,
and 0.75 for CO,.
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™WCCSco, values, 199.69 A> and 205.44 A%, differ by 5.75 A>. The
majority of the fentanyl analog isomers follow this trend, where
the CCS% difference increases when using CO,, followed by N,
and He, as expected. Therefore, when CO, is used as the buffer
gas, several fentanyl isomers are clearly distinguishable,
whereas under He and N, conditions, their IM separation is
significantly reduced for the majority. Thus, CO, as the IM
buffer gas generally extends the drift time profile, leading to
improved separation, as seen in Fig. 4, which illustrates the
arrival time spectra for despropionyl para-fluorofentanyl and
despropionyl ortho-fluorofentanyl in helium, nitrogen, and
carbon dioxide drift gases. Yet despite the high sensitivity of the
instrument and the optimal reproducibility between CCS
measurements, as seen in Fig. 4, mobility separation of isomers
was generally poor in mixtures due to the low resolving power
==10 Q/AQ (FWHM). This is in part due to the method
developed to encompass a wide range of m/z ions. A method
that allows only certain points can increase resolving power but
this was outside the scope of this paper.

3.4 Comparison of theoretical and experimentally derived
N,, He, and CO, CCS values

Computationally derived collision cross sections (CCS) for each
fentanyl analog were calculated using MobCross, which
employs the projection approximation.®® The process involves
rotating the drawn molecule (neutral singlets in this study)
2000 times within a circle, with its radius based on the distance
from the center-of-mass. During each rotation, 5000 random
buffer gas species are placed, and interactions with the
molecular ion are recorded as hits or misses. The hit ratio is
multiplied by the circle's area (n7*) and averaged across all
projections to determine the cross-sectional area. Molecular
coordinates are converted to a center-of-mass system, and
rotations are performed about the center. Using the quaternion
algorithm accelerates the simulations, enabling faster calcu-
lations for molecules under 10 000 Da, completing in under 5
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minutes compared to longer times with Eulerian angles.
Generated theoretical (Qy,) values were plotted against the
measured values ("VQy), as shown in Fig. 5. The results
demonstrate an excellent linear correlation, with an R* value of
0.9564. The values used to construct this graph, along with the
corresponding percentage differences ACCS%, are reported in
Table S.9 of the ESI.{ Although there is an excellent correlation
between these values, our computational approach requires
further refinement, as experimental and computational values
vary significantly (+0.1-15.0 ACCS%). The majority of the
MobCross values differed by more than +£3%, with only 23
compounds exhibiting a percentage difference lower than
<+3%. Our data indicate that as the mass of the analytes
increases, the percentage difference in their measured values
also increases. This discrepancy can be attributed to the
influence of protonation states, which were not initially
accounted for in the analysis, since we used neutral singlets of
the relevant molecules. Protonation significantly alters the
collision cross-section (CCS) of an analyte; our goal was to
assess whether using a neutral structure, followed by a correc-
tion factor to account for the [M + H]" protonation state, could
yield accurate CCS values. Since various charge carriers are
employed during analysis, obtaining neutral CCS values is
essential for establishing a baseline measurement for all types
of protonation. Once this baseline is determined, a charge
carrier-specific correction factor can be applied to refine the
results. Our findings suggest that additional computational
work is necessary to achieve consistent accuracy. We recom-
mend considering both protonation states of fentanyl and
employing multiple charge carriers to determine the corre-
sponding CCS values, as protonation will also alter the equi-
librium geometry slightly which may contribute to the percent
errors observed in the data compared to the experimental data.
This approach would facilitate the development of a more
precise correction factor, leading to improved accuracy in CCS
measurements.

Theoretical vs Experimental CCS,, Values
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Fig. 5 Plot of the calculated Collision Cross Sections (CCS) in N, gas against experimental values obtained in N, gas.
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4. Conclusion

In this study, we measured the ™ CCSy,, " CCSye, and "™ CCSco,
values for precursor ions [M + H]" of 110 fentanyl analogs, 7
fentanyl-related compounds, and 31 synthetic opioids using the
Synapt G2-Si by Waters. To the best of our knowledge, here we
report the first ™WCCS database for more than 100 fentanyl
analogs analyzed in positive ion mode, using three indepen-
dently implemented drift gases (N,, He, and CO,). We present
this database with the hope that it will serve as a useful reference
for any individual wishing to characterize known or unknown
fentanyl analogs. Interday measurements showed high repro-
ducibility, with deviations as low as 0.18 RSD%. Our reported Qy,
values are highly consistent with previously published DTIM
values with differences typically around +0.1%, suggesting
a high degree of accuracy for the obtained CCS values. We also
present theoretical data that can be used to predict the CCS value
of an unknown opioid. Experimental and theoretical values
differed by 0.1-15%, and thus computational refinement is
required. Our ™CCS database can be used to improve the
accuracy and precision of analysis, thus increasing confidence in
fentanyl characterization compared to traditional analytical
approaches. We attribute the small, but measurable differences
in mobility between fentanyl analog isomers to short-range van
der Waals interaction between the ion and neutral gas mole-
cules, while the large mobility differences between analogs are
due to long-range charge induced dipole interactions caused by
differences in gas polarizability. The CCS difference between
positional isomers was too small to be distinguished by the
method employed, but isobaric separation was achievable.
Lastly, although it has been proven that TWIM CCS measure-
ment accuracy increases when molecules from the same class as
the analyte are used as calibrants, in this study we demonstrate
that the Major Mix (Waters) calibration solution is sufficient for
precise and accurate CCS measurements of synthetic opioids.
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