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ABSTRACT: Infrared ion spectroscopy (IRIS), a mass-spectrom-
etry-based technique exploiting resonant infrared multiple photon
dissociation (IRMPD), has been applied for the identification of
novel psychoactive substances (NPS). Identification of the precise
isomeric forms of NPS is of significant forensic relevance since legal
controls are dependent on even minor molecular differences such as
a single ring-substituent position. Using three isomers of
fluoroamphetamine and two ring-isomers of both MDA and
MDMA, we demonstrate the ability of IRIS to distinguish closely
related NPS. Computationally predicted infrared (IR) spectra are
shown to correspond with experimental spectra and could explain
the molecular origins of their distinctive IR absorption bands. IRIS
was then used to investigate a confiscated street sample containing
two unknown substances. One substance could easily be identified by comparison to the IR spectra of reference standards. For the
other substance, however, this approach proved inconclusive due to incomplete mass spectral databases as well as a lack of available
reference compounds, two common analytical limitations resulting from the rapid development of NPS. Most excitingly, the second
unknown substance could nevertheless be identified by using computationally predicted IR spectra of several potential candidate
structures instead of their experimental reference spectra.

For several years, the global synthetic drug market has been
rapidly expanding to include many new drug substances

having chemical structures closely related to traditional drugs
such as amphetamine and methylenedioxymethamphetamine
(MDMA). These so-called novel psychoactive substances
(NPS) often only differ from their traditional drug analogues
through a single functional group substitution or minor
structural rearrangement. While such minor variations in
molecular structure can change their legal status, NPS
commonly continue to interact on the same receptors as
their traditional drug counterparts and induce similar psycho-
active effects. However, their short-, medium-, and long-term
health effects are usually not investigated. Hence, NPS
consumersoften vulnerable populations such as young-
stersare exposed to “legal” drugs having unknown and
potentially serious effects on health, including death.1 The
United Nations Office on Drugs and Crime reported in 2019 a
clear trend of “innovation” with the emergence of 892 new
NPS between 2009 and 2018.2,3

Legal control of NPS drugs differs from country to country.
Dating back from the United Nations convention on drugs,
many countries, including the United States, Canada, and
China and most of the European Union, use an approach with
fixed lists of prohibited substances.3,4 These lists are
continuously reviewed and updated for new substances;

however, such updates are typically time-consuming as several
judicial and public health risk assessment procedures need to
be conducted. This leads to the situation where judicial control
is often lagging behind NPS development, and cases in which
one positional isomeric form of a drug is controlled, while the
others are not, are frequently encountered. For example, in
The Netherlands, 4-fluoroamphetamine (4-FA) and 3,4-
methylenedioxymethamphetamine (3,4-MDMA) are con-
trolled substances, while their positional isomers, 2- and 3-
fluoroamphetamine (2-FA, 3-FA) and 2,3-methylenedioxyme-
thamphetamine (2,3-MDMA), are currently uncontrolled.5

This produces serious analytical challenges for forensic
laboratories as these isomeric compounds have very similar
detector responses when analyzed by common analytical
technologies including GC-MS(MS), LC-UV, and LC-MS-
(MS).
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Currently, common approaches for isomeric drug identi-
fications are mostly based on GC-FTIR, NMR, multivariate
statistics on mass spectra, or chemical derivatization prior to
chromatographic strategies.6−10 Also, GC-vacuum ultraviolet
detection (GC-VUV) has been recently demonstrated for
isomer differentiation.11−14 However, chromatography-hy-
phenated spectroscopic techniques such as VUV and FTIR
are limited in terms of their sensitivity, and chemical
derivatization reduces the robustness and ease-of-use. Addi-
tionally, reference compoundsor spectral libraries thereof
are required for the identification of unknowns by chromatog-
raphy, mass spectrometry, and VUV. The applicability of these
techniques is problematic when reference material is
unavailable due to the novelty of the substance or legal
complexity of international import between countries having
varying legislation. When chromatography and mass spectrom-
etry are insufficient for NPS identification, NMR is often used
for their analysis.15−17 NMR is generally a feasible approach for
confiscated samples that are “pure” and when the drug is in
high concentration. However, impurities and additives
including unreacted reagents, byproducts, tablet fillers,
colorants, and adulterants are often troublesome. Furthermore,
NMR has insufficient sensitivity for trace analysis of drugs and
their metabolites in forensic samples such as hair, clothing,
wastewater, urine, and blood.18 Thus, the development of new
approaches that can deal with the limited availability of
reference samples, sample impurities or mixtures, and trace
analysis would be highly beneficial for the forensic field.
Infrared ion spectroscopy (IRIS) is a powerful technique for

molecular structure elucidation in mass spectrometry, and its
applications in small molecule identification have recently been
reviewed.19,20 IRIS exploits the sensitivity and mass selectivity
of mass spectrometry in combination with the structural
selectivity of infrared (IR) spectroscopy.21 In IRIS, molecular
ions are m/z isolated and held directly inside the ion trapping
region of a mass spectrometer (for example, a quadrupole ion
trap22 or FT-ICR MS, etc.). A tunable infrared laser is used to
induce infrared wavenumber-specific photofragmentation by
infrared multiple photon dissociation (IRMPD).19,23 In
contrast to conventional absorption IR spectroscopy, IRIS
benefits from precursor mass selection prior to the IR
measurements, eliminating extensive sample preparation
protocols and lengthy chromatographic separations. Further-
more, as an MS-based technique, IRIS operates at MS
sensitivity and is thus suitable for the identification of analytes

at very low concentrations (>nM).19,24 Finally, molecular
vibrations are in most cases reliably predictable for molecular
structures using routine quantum chemistry protocols.19,24−26

In many cases, this bypasses the requirement for reference
standard materials as experimental results can instead be
compared to computational reference spectra for (tentative)
molecular structure assignment of unknowns. Alternative
approaches of ion spectroscopy used for identification are IR
tagging- and UV-cold ion spectroscopy;27−30 however, the
technical simplicity of IRIS makes it the method of choice for
many practical applications.
In the present work, we demonstrate IRIS as a valuable tool

for the identification of NPS. First, we show the determination
of ring-substituent positions (ortho-, meta-, and para-) of
fluoroamphetamines and give an in-depth analysis of both their
experimental and theoretical IR spectra. Additionally, we
demonstrate that IRIS can readily distinguish several MDMA-
type isomeric NPS. We show, for the first time, IRIS as a tool
for identification of NPS in a confiscated street sample where
both GC-MS and FTIR proved previously inconclusive. This
sample contained two unidentified substances, of which one is
identified by IRIS in comparison to the IR spectra of reference
standards. For the second unknown substance, however, no
reference standards were available, and its successful
identification is based on comparison with in silico predicted
IR spectra of potential structural candidates.

■ EXPERIMENTAL SECTION

Materials. Methanol (UHPLC grade) and water (LC-MS
grade) were obtained from Merck (Darmstadt, Germany).
Formic acid (LC-MS grade) was purchased from VWR
(Leuven, Belgium). The standards 2-fluoroamphetamine (2-
FA); 3-fluoroamphetamine (3-FA); 4-fluoroamphetamine (4-
FA); 2,3-methylenedioxymethamphetamine (2,3-MDMA);
2,3-methylenedioxyamphetamine (2,3-MDA); and 2-methyl-
methcathinone (2-MMC) were obtained as >98% purity HCl
salts from Cayman Chemical Company (Ann Arbor, MI).
Reference standards 3,4-methylenedioxy-methamphetamine
(3,4-MDMA); 3,4-methylenedioxy-amphetamine (3,4-MDA);
3-methylmethcathinone (3-MMC); and 4-methylmethcathi-
none (4-MMC), as well as the case sample, were provided by
the Amsterdam Police Laboratory. The case sample originated
from a seizure of a suspected drug material by the Amsterdam
Police. All molecular structures and legal status of selected
synthetic drugs in The Netherlands are shown in Figure 1.

Figure 1. Molecular structures of the synthetic drugs studied in this work. The underlined (red) compounds are controlled substances in The
Netherlands.
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From all reference materials, individual 10 μM solutions in
MeOH:water (1:1) with 0.1% (v/v) formic acid were
prepared. Case samples were dissolved inand diluted to 5
μg/mL bythe same solvents as the reference standards.
Infrared Ion Spectroscopy. IRIS measurements were

performed using a modified Bruker (Bremen, Germany)
AmaZon ion trap mass spectrometer. The modifications to
the mass spectrometer and full details of the experimental
setup are reported elsewhere.22 In short, two windows were
placed above the ring electrode in the vacuum housing of the
ion trap, and 3 mm holes were drilled in both the top and
bottom of the ring electrode to guide the laser beam through
the ion trap. Two mirror mounts were installed below the ring
electrode to guide the laser beam out of the vacuum housing.
The infrared laser light, generated by the FELIX free-electron
laser,31,32 can interact with the trapped and mass-selected ion
cloud inside the mass spectrometer to enable wavenumber-
specific IRMPD experiments. Extensive hardware and software
modifications are further implemented to fully integrate the
operation of the mass spectrometer with the wavelength tuning
of the laser.
Sample solutions were infused at a ∼3 μL/min flow rate and

ionized by +ESI. Following m/z isolation in the ion trapping
region, the ions were irradiated by the IR laser in order to
induce resonant photofragmentation when the IR frequency
matches that of a molecular vibration, generating frequency-
specific fragments for MS detection. For the experiments
described here, FELIX was operated with a pulse energy of
approximately 100 mJ in the frequency range from 1850 cm−1

to 600 cm−1 and scanned with a 3 cm−1 step size. For each
selected wavenumber, MS data from 5 measurements of
consecutive trap-cycles were recorded and averaged. IR spectra
were constructed from detected MS intensities of both
precursor and fragment ions using the ratio of the total
(sum) fragment ion intensity and the total (fragment and
precursor) ion intensity as the IR photodissociation yield. Full
details on spectrum reconstruction from MS signals have been
reported previously.24,32 For the measured compounds,
selected precursor ions and corresponding fragment ions are
presented in Table S1. The IR frequency was calibrated online
during measurements using a grating spectrometer, and the IR
photodissociation yield was linearly corrected for frequency-
dependent variations in the IR pulse energy.
Computational Methods. Molecular structures of drugs

and their positional isomers were optimized at the B3LYP/6-

31++G(d,p) level of theory using the Gaussian 16 software
package.33 Harmonic vibrational frequencies were computed
for each optimized molecular geometry and were scaled by
0.975 and broadened using a Gaussian line shape with a full-
width at half-maximum (fwhm) of 25 cm−1 to facilitate
comparison with the experimental spectra. All calculations
were carried out at the Cartesius cluster of SurfSARA in
Amsterdam.

GC-MS and FTIR Experiments on Confiscated Case
Samples. For reference GC-MS experiments at the police
laboratory, the same method as described in previous work was
used.11 GC-MS spectral match scores were returned by the
software on a scale from 0 to 1000 where the latter indicates a
perfect match. FTIR experiments were performed on a
PerkinElmer (Waltham, MA) Spectrum Two instrument with
ATR option using a scan range from 400 to 1400 cm−1. FTIR
match scores range from 0.000 to 1.000.

■ RESULTS AND DISCUSSION

Infrared Ion Spectroscopy for the Determination of
Ring-Substituent Positions of Fluoroamphetamines.We
first demonstrate the applicability of IRIS for the determi-
nation of ring-substituent positions in isomeric drug molecules
using 2-, 3-, and 4-FA reference standards (all m/z 154 for [M
+ H]+). IRIS spectra for protonated 2-, 3-, and 4-FA are
presented in Figure 2. While some of the prominent IR
features (numbered 1 and 2 in Figure 2A−C) are located at
common frequencies for all three isomers, the spectra also
show vibrational bands (numbered 3−8 in Figure 2A−C) that
are unique to each isomer. As these molecules only differ in the
position of one ring substituent, these unique isomer-specific
vibrations must be related to this aspect of their molecular
structures. To better understand the correlation between IR
spectral differences and variations in molecular structure (in
this case ring-substituent position), IR spectra were computed
for each of the three protonated fluoroamphetamine isomers.
Experimental and theoretical spectra were overlaid to evaluate
the predictive abilities of theoretical spectra for the
experimental spectra of these (and potentially other) NPS
structures, as presented in Figure S1. The overall agreement
between the experimental and calculated spectra is good if one
takes into account that the weak vibrational bands are missing
in the experimental spectra. At these weak absorptions, more
laser power is required to reach the IR dissociation
threshold.22,32,34,35 Although this is the first study on NPS,

Figure 2. IR spectra for the protonated fluoroamphetamine isomers 2-FA (A), 3-FA (B), and 4-FA (C). Prominent spectral features are labeled in
red. The corresponding normal mode vibrations are displayed in Figure S2.
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the quality of agreement between experimental and computa-
tional spectra is in line with earlier findings on other classes of
molecules.19,24,25,28,36−38

The bands numbered 3−5 and 6−8 both show specific
molecular ring vibrations that are dependent on the position of
the fluorine atom on the aromatic ring (computed vibrations
are shown in Figure S2C−E for 3−5 and Figure S2F−H for
6−8). Most notably, the 3−5 bands (in red) all originate from
vibrations caused by the stretching of carbon−carbon bonds in
the aromatic ring and shift to higher frequencies when the
fluorine atom changes from ortho- to meta- to para-position.39

The nonspecific bands numbered 1 and 2 were found to
correspond to amine scissoring and amine bending vibrations
(Figure S2A,B) and are observed in all three spectra as a
similar amine moiety is present within these three structures.
However, an intensity difference is present for absorption band
2, which has a much lower intensity for 2-FA than for 3- and 4-
FA. The computations show that this is a result of the
contributions from unresolved ring vibrations adding to the
intensity of the absorption band 2 for both 3- and 4-FA
(Figure S2I,J).
MDMA-Type Isomer Differentiation with Infrared Ion

Spectroscopy. Another, different, class of isomeric com-
pounds that have a bicyclic ring structure connected at
different positions, the MDMA- and MDA-type drugs, were
also investigated. The 3,4-isomers of both MDMA (known as
“ecstasy”) and MDA are frequently occurring stimulants that
are controlled substances in The Netherlands. However, their
2,3-isomers are both NPS that are not controlled and are
nearly indistinguishable from their corresponding 3,4-isomers
on the basis of GC-MS, being the method of choice in most
forensic laboratories.11 Using IRIS, however, clearly distinctive
IR spectra for each isomer could be generated which enables
simple identification of these NPS from their controlled
counterparts, as presented in Figure 3 (see Figure S3 for a
comparison to computationally predicted IR spectra).
Confiscated Street Sample: Reference and Reference-

Free Identification of NPS. In order to explore the
practicality of using IRIS for the identification of NPS from
real-world samples (that are often mixtures), we analyzed a
confiscated street sample containing several unknown sub-
stances. The selected sample was a powder seized by the
Amsterdam Police in December 2018, and preliminary analysis
revealed that this sample consisted of a mixture of caffeine and
at least two different NPS (shown in Figure S4), whose
molecular structures could not be identified by GC-MS or
FTIR. GC-MS library searches were inconclusive for the two
unidentified chromatographic peaks at retention times 5.02
and 5.51 min. Also, FTIR analysis could not identify these
compounds due to overlapping IR signals as a result of the
mixing of components in the sample (Figure S5).
For the chromatographic peak at 5.02 min with molecular

ion m/z 177, the GC-MS spectra provided a starting point with
spectral matches (scores ∼900) for three methylmethcathi-
none isomers. In general, match scores above 900 are accepted
for identification when no other library components show a
similar score. However, all cathinone-type ring-isomers yield
GC-MS match scores above 900, thus being inconclusive.11

For its identification, IR spectra were obtained of the
unidentified substance (m/z 178 for [M + H]+), as well as
the 2-MMC, 3-MMC, and 4-MMC (mephedrone) reference
standards. Note that precursor ion selection in IRIS provides
the required selectivity to acquire a compound-specific IR

spectrum of m/z 178 from the sample mixture. Figure 4
presents the obtained spectra of both sample and reference
compounds. The black line in each panel is the IR spectrum of
the unknown m/z 178 in the street sample, whereas the blue,
green, and red shadings represent the IR spectra of 2-MMC, 3-
MMC, and 4-MMC reference standards, respectively. Clearly,
the IR spectrum of the unidentified m/z 178 in the street
sample matches with the IR spectrum of 3-MMC. It can
therefore be concluded that the street sample contains 3-MMC
(apart from caffeine and one more unidentified substance).
The second major unidentified chromatographic peak at 5.51
min (shown in Figure S4) gave inconclusive GC-MS library
matches (scores between 885 and 934) for three chloroethca-
thinone (CEC) isomers and a single chlorodimethcathinone
(CdMC) structure. It is important to note that, due to the
rapid development of NPS, two possible isomers (2- and 3-) of
CdMC are currently not yet available in standard mass spectral
libraries, and these alternative structures can obviously not be
excluded on the basis of their absence in the database.
Additionally, no reference standards are currently available for
any of the CEC or CdMC compounds. Therefore, quantum-
chemical computations (geometry optimizations and vibra-
tional frequency calculations) were performed on all six

Figure 3. IR spectra recorded for both sets of protonated MDMA and
MDA isomers. (A) Overlay of 2,3-MDA and 3,4-MDA. (B) Overlay
of 2,3-MDMA and 3,4-MDMA.
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potential candidates, the isomeric CEC and CdMC molecular
structures (shown in Figure S6), to obtain predicted reference
IR spectra for the identification of the unknown compound
(m/z 212 in +ESI, [M + H]+). Figure 5 presents the
experimental IR spectrum of m/z 212 (black line), overlaid in
each panel with one of the predicted reference spectra (blue
fill). First, the position of the chlorine atom on the aromatic
ring can easily be established as para- by matching the
computed band at 1100 cm−1 (highlighted in orange), which is
only present for the para-substituted forms. Thereafter, the
distinction between ethyl or dimethyl for the two remaining

cathinones (Figure 5C,F) could be made by the absorption
band at 1560 cm−1 (highlighted in green), which is present in
the calculated spectrum of 4-CEC but is absent in the m/z 212
experimental spectrum as well as in the computed spectrum for
4-CdMC. This computed absorption band for 4-CEC
originates from an NH2 scissoring vibration (depicted in
Figure S7) of its amine moiety and is specific for the ethylated-
isomer 4-CEC, as 4-CdMC comprises a tertiary amine that
(obviously) cannot bind two hydrogen atoms. Although minor
contributions from 4-CEC cannot be excluded, we can identify
m/z 212 as protonated 4-CdMC.

Figure 4. IR spectra for the methylmethcathinone isomer reference standards (blue, green, red) overlaid in each panel with the spectrum of the
unknown m/z 178 compound in the street sample (black line). Molecular structures of each of the reference compounds are shown.

Figure 5. Experimental IR spectrum for the unknown m/z 212 ion in the case sample (black line), overlaid with computed IR spectra for all six
CEC and CdMC isomers (blue shading).
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From these combined results, we conclude that the
confiscated street sample most likely consists of a mixture of
three primary substances; 3-MMC, 4-CdMC, and caffeine.

■ CONCLUSIONS
IRIS has been demonstrated to be a powerful analytical tool for
drugs-of-abuse and NPS identification. It provides an
orthogonal combination of mass spectral and spectroscopic
features and was used to identify the molecular structure of
isomeric NPS compounds, including ortho-, meta-, or para-
positioned ring substituents. Using this technique, we analyzed
a real forensic confiscated street sample that contained two
substances which could not be identified by routine GC-MS
and FT-IR analysis. The first substance was simply identified
using IRIS as 3-MMC by comparison with IRIS spectra from
reference standards. For the second unknown substance, a
reference standard free approach was successful for its
identification as 4-CdMC, which was achieved by comparison
with computed IR reference spectra for several potential
candidates. As the sensitivity of IRIS is that of regular MS/MS
measurements, we foresee that IRIS can be used for future
research in trace analysis of drugs, NPS, and their metabolites
on materials or body fluids such as hair, clothing, wastewater,
fingerprints, plasma, and urine.
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