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Rapid and efficient identification of the precise isomeric form of new psychoactive substances (NPS) by
forensic casework laboratories is a relevant challenge in the forensic field. Differences in legal status occur
for ring-isomeric species of the same class, thus leading to different penalties and judicial control. Portable
systems such as near-infrared (NIR) spectroscopy recently emerged as suitable techniques for the on-scene
identification of common drugs of abuse such as cocaine, MDMA and amphetamine. This way, the overall
forensic process becomes more efficient as relevant information on substance identity becomes available
directly at the scene of crime. Currently, no NIR-based applications exist for the rapid, on-scene detection of
NPS isomers. Herein, we present the differentiation of cathinone and phenethylamine-type NPS analogues
based on their NIR spectrum recorded in 2 seconds on a portable 1350 - 2600 nm spectrometer. A prior
developed data analysis model was found suitable for the identification of the methylmethcathinone
(MMC) isomers 2-MMC, 3-MMC and 4-MMC. In 51 mixtures and 22 seized casework samples, the correct
isomeric form was detected in all cases except for a few mixtures with an active ingredient content of 10 wt
%. These results show the feasibility of on-site NPS detection as presumptive test performed directly at the
scene of crime with a small size NIR-spectrometer. Additionally, in the illicit drug analysis laboratory the
combination of NIR and GC-MS analysis might be suitable for robust identification of NPS isomers and
analogues.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

On-scene illicit-drug detection by portable instrumentation is an
important topic in forensics. A result directly available at the scene-
of-crime can steer the investigation process and provide important
information for decisions such as search warrants, arrests, and re-
quests for laboratory analysis. Additionally, early information on
substance identity increases the safety of investigators. Ultimately, a
result admittable as court evidence generated on-site will sig-
nificantly reduce the costs and will increase the speed of the forensic
process as transport, administration and analysis in dedicated la-
boratory facilities can be avoided. Currently, forensic laboratories
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often apply a colorimetric test to gain a rapid first indication for the
possible presence of narcotics. These chemical tests yield a specific
color with traditional illicit-drugs, such as an orange-brown color
when the Marquis reagent reacts with amphetamine [1]. The ap-
plicability of colorimetric spot tests is however restricted due to
their limited selectivity and availability only for a confined set of
traditional illicit drugs such as cocaine, heroin, MDMA and amphe-
tamine [1,2].

Portable spectroscopic techniques are suitable to detect a wide
range of different substances by a single instrument as long as the
substances yield significantly different spectral signals. In the last
decade, multiple spectroscopic platforms emerged for presumptive
on-scene drug testing, such as Raman and Near-Infrared (NIR)
spectroscopy [3-7]. Raman spectroscopy is reported as a technique
capable of both common drug and NPS detection [8-10]. NIR is a
particularly promising technique due to its potential for miniatur-
ization [11,12], portability [13,14], implementation in a decentralized
analytical platform [15-17], and its limited hindrance by fluorescent
samples that are challenging when applying Raman spectroscopy
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[3,4]. The applications of NIR spectroscopy within and outside of the
forensic field were recently reviewed by Giussani et al. [11]| Multiple
recent studies specifically reported on the applicability of NIR
spectroscopy for presumptive drug testing as a possible replacement
for colorimetric spot tests due both to its more generic spectral
nature and the elimination of chemicals and consumables required
for testing [15,18-21]. It is noteworthy that various (portable) NIR
spectrometers differ in resolution and the wavelength range in
which they operate and wise sensor selection is required for specific
forensic applications [7,22]. In earlier work, our group showed that
NIR spectrometers operating above 1000 nm and up to 2600 nm are
optimal for drugs of abuse detection due to specific spectral features
within this range for a broad set of psychoactive compounds of in-
terest [20,22].

However, the influx of over 1000 different new psychoactive
substances (NPS) in the last decade significantly impacted the drugs
of abuse market and the analytical requirements of forensic drug
testing laboratories worldwide [23]. NPS emerge as uncontrolled
analogues of illicit drugs that have similar psychoactive properties.
The pharmacological properties and toxicity of these novel sub-
stances are often unknown and this leads to severe health issues and
deaths among consumers [24]. Additionally, forensic laboratories
face challenges in NPS analysis due to closely related molecular
structures (e.g. ring-isomers, positional isomers) that lead to almost
similar analytical characteristics (e.g. similarities in retention time
and mass spectrum). This is further complicated by differences in
legal control that may lead to different penalties for isomeric ana-
logues. For example, in The Netherlands 4-methylmethcathinone (4-
MMC, mephedrone) is a list 1 ‘hard drug’ controlled substance since
2012, its isomer 3-methylmethcathinone (3-MMC) is since 2021
controlled as a list 2 ‘soft drug’ leading to a lower maximum penalty
for possession or trade, and 2-methylmethcathinone (2-MMC) cur-
rently is an unregulated substance [25]. Failure to confidently
identify the correct isomeric form may thus have severe judicial
consequences such as erroneous convictions.

The increased chemical diversity and complexity encountered in
case work currently still requires dedicated laboratory-based ana-
lytical techniques for confirmatory NPS identification. Spectroscopy-
based detection techniques are particularly suitable for ring-iso-
meric differentiation due to highly discriminating spectral signals
for the ortho-, meta- and para-isomers. Two main spectroscopy-
based techniques used in the field of NPS ring-isomer differentiation
are gas chromatography - infrared spectroscopy (GC-IR) [26-30]
and GC - vacuum ultraviolet spectroscopy (GC-VUV) [31-35]. An-
other technique successfully applied for NPS isomeric differentiation
is infrared ion spectroscopy (IRIS) [36,37]. Conventional mass spec-
trometry (MS) based approaches are more challenging for isomeric
differentiation due to similarities in both nominal mass and frag-
mentation pattern of NPS ring isomers. Since GC-MS has been the
golden standard technique for illicit drug identification in forensic
practice, most forensic laboratories have extensive experience uti-
lizing this technique. Additionally, this may regularly be the only
technique available within smaller high-volume casework labora-
tories. To evade the investment in new instrument hardware, various
approaches using traditional GC-MS methods with slight modifica-
tions were introduced. These include softer ionization techniques
[35,38-40], chemical derivatization [28,41,42] and the application of
chemometric approaches on mass spectra analyzed by conventional
GC-MS instruments [40,43-46]. The paramount benefit of the latter
is that no additional investment in laboratory infrastructure, analy-
tical instrumentation and employee expertise is required. However,
the lack of both extensive validation and routine software platforms
to perform these advanced calculations currently still limits its us-
ability in forensic casework laboratories. Bottomline, forensic la-
boratories currently need to invest in sophisticated instrumentation
or data analysis techniques to maintain the required robustness of
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chemical identification of a continuously expanding number of
psychoactive compounds encountered in street samples.

Although some studies have reported on the use of NIR spec-
troscopy for NPS detection, none of these specifically focused on the
differentiation of closely related NPS analogues [18,47-49]. There-
fore, the central research question of this study is whether chal-
lenging NPS isomers can sufficiently be differentiated by means of
rapid NIR spectroscopic analysis on a portable spectrometer. Mix-
tures and casework samples were analyzed on a portable NIR
spectrometer (sensor size 2x2 x 0.5 cm) operating in the relatively
broad 1300-2600 nm wavelength range. Our results show that the
NPS isomers yield sufficient spectral features to allow differentiation
of even challenging closely related analogues and isomers. An ana-
lytical scheme incorporating both portable NIR (to elucidate the
ring-isomeric form e.g. ortho, meta or para substituted) and GC-MS
(to identify the NPS class e.g. MMC) may thus allow for unequivocal
identification. This way, additional analysis using advanced analy-
tical techniques or data analysis can be avoided.

2. Materials and methods
2.1. Chemicals and casework samples

Reference substances of 2-fluoroamphetamine HCl (2-FA); 3-
fluoroamphetamine HCI (3-FA); 3-fluoromethamphetamine HCI (3-
FMA); 4-fluoromethamphetamine HCl (4-FMA); 2-methylethcathi-
none HCl (2-MEC); 3-methylethcathinone HCl (3-MEC); 4-methy-
lethcathinone HCI (4-MEC); 2,3-methylenedioxy-methamphetamine
HCl (2,3-MDMA); 2,3-methylenedioxy-amphetamine HCl (2,3-
MDA); 3,4-methylenedioxy-ethylcathinone HCl (3,4-ethylone) and
2,3-methylenedioxy-methcathinone HCl (2,3-methylone) were ob-
tained from Cayman Chemical Company (Ann Arbor, MI, USA). 4-
Fluoroamphetamine HCl (4-FA); 2-fluoromethamphetamine HCl (2-
FMA); 2-methylmethcathinone HCl (2-MMC); 3-methylmethcathi-
none HCl (3-MMC); 4-methylmethcathinone HCI (4-MMC); 3,4-
methylenedioxy-amphetamine HCl (3,4-MDA); 3,4-methylenedioxy-
methamphetamine HCl (3,4-MDMA); 3,4-methylenedioxy-meth-
cathinone HCl (3,4-methylone) and 3,4-methylenedioxy-ethylam-
phetamine HCl (3,4-MDEA) were obtained from the Amsterdam
Police Laboratory and originated from high purity casework samples
as confirmed by the laboratory’s validated analytical methods.

Mixtures of 2-MMC, 3-MMC, 4-MMC and 4-MEC with the tablet
filler microcrystalline cellulose were prepared from high purity
casework samples obtained from the Amsterdam Police.
Microcrystalline cellulose Avicel® PH-101 was purchased from Merck
(Darmstadt, Germany). Binary mixtures of each drugs with Avicel
were prepared from 10 wt% to 100 wt% in steps of 10 wt% (as HCl
salts) by weighing proportional amounts of each substance up to a
total of 100 - 120 mg. Including a 0 wt% (pure microcrystalline
cellulose) sample, this led to a set of 41 samples. Additionally, a set
of 10 mixtures of two drug isomers was prepared at the given ratios
in wt%: 2-MMC: 3-MMC (50:50); 2-MMC: 3-MMC (75:25); 2-MMC:
4-MEC (50:50); 2-MMC: 4-MEC (75:25); 2-MMC: 4-MMC (50:50); 3-
MMC: 4-MEC (50:50); 3-MMC: 4-MEC (75:25); 3-MMC: 4-MMC,
(50:50); 3-MMC: 4-MMC (75:25); 4-MMC: 4-MEC (50:50). All mix-
tures were prepared by grinding the powders in a mortar.

A total of 22 casework samples seized between 2020 and 2022
were provided by the Amsterdam Police. These samples were all
identified as containing either an MMC or MEC isomer by the ISO
17025 accredited routine GC-MS based methods of this laboratory.
Additionally, the correct isomeric form was identified by Fourier
transform infrared spectroscopy (FTIR) and a dedicated GC-MS-
based isomeric test following derivatization as reported in earlier
work [42].
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2.2. Instrumentation and data analysis model

All reference substances, mixtures and casework samples were
stored and analyzed in 4-mL borosilicate glass vials with a 15 mm
diameter (VWR, Amsterdam, The Netherlands). Reference sub-
stances and the set of casework samples were also analyzed in
plastic LDPE reclosable bags by placing the plastic bag containing the
material directly on top of the sensor. Samples were analyzed on the
Powder Puck analytical platform that includes a NeoSpectra sensor
(Si-WARE, Cairo, Egypt) operating in the 1300 - 2600 nm range with
a 16 nm resolution (at 1500 nm). A single analysis takes approxi-
mately 2 s. The second derivatives of the spectral signals were
processed by the calibration-friendly multi-stage linear discriminant
analysis (LDA) - net analyte signal (NAS) identification model de-
scribed elsewhere [20]. In this study, a dedicated model was used by
recording reference spectra of NPS in 15-fold and storing them in
dedicated spectral libraries. These libraries are the only prerequisite
to calibrate a new model. After processing scanned sample data, a
model result and a similarity score were obtained for every analyzed
spectrum. The model result consists of both compound name(s) and
predicted concentration(s) of the identified substances. The simi-
larity score is the overall fit score of the measured spectrum against
the best combination of spectra in the library. For example, the 40 wt
% 3-MMC - 60 wt% microcrystalline cellulose mixture was predicted
as: ‘3-MMC (38%) + Cellulose (57%)" with a similarity score of 0.95.
Similarity scores< 0.70 are considered inconclusive. Similarity
scores between 0.70 and 0.80 are used for indicative purposes only
and are considered as (false) negative for the purpose of this study.
Samples were all analyzed in triplicate by placing the glass vials or
plastic bags containing the material on top of the NIR sensor. Vials
were shaken and bags were repositioned between the individual
measurements. Three different library designs were used
throughout this study. In library option 1, reference spectra of 2-
MMC, 3-MMC, 4-MMC, 2-MEC, 3-MEC, 4-MEC, microcrystalline
cellulose, and low-density polyethylene (LDPE) plastic were used for
spectral identification and a decision rule was implemented to ex-
clude combinations of multiple drug substances in mixture detec-
tion. In library option 2, the same reference spectra were
supplemented with the spectrum of hydrated 4-MMC (see Section
3.4) and the consideration of multiple drug substances in a mixture
was included. In library option 3, the same full spectral set as in
option 2 was used, but with the restriction of identifying only one
drug substance in the mixture. Results on all three library options
are reported in the Supplemental Information for all analyses in this
study. The results of the most relevant library option are shown in
black, others are shown in gray.

3. Results
3.1. Differences in NIR spectra of closely related analogues

Reference NIR spectra of the isomeric sets 2-MMC, 3-MMC, and
4-MMC as well as 2-MEC, 3-MEC, and 4-MEC are shown in Fig. 1. As
expected, the overall shape of the spectra is much more similar for
these closely related substances compared to common drugs of
abuse [20,22]. However, differences can already be spotted in the
normalized raw spectra upon more detailed visual inspection. Dis-
tinguishing features are visible especially in the 1600 - 1800 nm,
2200 - 2600 nm wavelength range and the relative intensity and
location of the shoulder peak at ~2150 nm. It must be noted that the
NIR data is further preprocessed as part of the identification model.
Derivative spectra is commonly calculated to emphasize spectra
features such as peak differences. In the chemometric data analysis
performed in this study, a second derivative spectrum is processed
by the model. Fig. S1 in the Supplemental Information shows the
second derivative spectra of 5 replicate scans of the isomeric
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cathinone sets in Fig. 1. These plots clearly show compound-specific
diagnostic spectral features for all individual cathinone substances.
Interestingly, no clear correlation is visible between the methylated
and ethylated isomeric pairs (e.g. 2-MMC and 2-MEC) as is the case
for most spectroscopic techniques such as VUV [31,32], FTIR [26] and
IRIS [36]. This can possibly be explained by the more generic nature
of the bands in the NIR spectrum originating from various overtones
and combination-bands of molecular vibrations. Overall, these re-
sults show the potential of NIR to differentiate both NPS ring isomers
and alkyl chain analogues.

Similar to the cathinone isomers, differences in NIR spectrum can
be found for the amphetamine-type NPS analogues of conventional
ecstasy (i.e. 3,4-MDMA). Fig. 2 presents the NIR spectra of seven
drugs that are closely related to 3,4-MDMA with the NIR spectrum of
3,4-MDMA itself as overlay. The minor differences in molecular
structure of these analogues towards 3,4-MDMA are depicted by the
orange shade in the structures shown in Fig. 2. In line with the
cathinones, both the 1600 - 1800 nm and 2200 - 2600 nm wave-
length range yield diagnostic differences in the NIR spectrum. Si-
milarly, the second derivative spectra (Fig. S2) clearly shows
distinguishing spectral features for all individual analogues de-
monstrating the potential of NIR analysis for their differentiation. It
must be noted that the presented spectra originate from the anhy-
drous hydrochloride salts of the drug. Especially for 3,4-MDMA HCl
is it known that multiple polymorphous crystalline forms with a
different degree of hydration exist [50,51]. The crystalline form
commonly encountered in The Netherlands is the hydrated form that
shows a notable spectral peak at 2020 nm [22,52,53]. Fig. S3 in the
Supplemental Information shows the same MDMA-analogue spectra
as Fig. 2, but now overlayed with the spectrum of hydrated 3,4-
MDMA HCIl. The corresponding second derivative spectra can be
found in Fig. S4. The large differences between the hydrated and
anhydrous crystalline form illustrate that care needs to be taken in
the development of NIR-based models and libraries for substances
that exist in various crystalline forms (e.g. salt forms, hydration
polymorphisms).

3.2. NIR-based identification of cathinones in diluted samples

Methylmethcathinone-isomers were selected as the candidate
set in the mixture study due to their relatively high occurrence in
forensic casework [54] and their remarkable judicial status in The
Netherlands where each isomer is subject to a different legal con-
dition [25]. The compound 4-MEC (a list I controlled substance) was
added to the set in order to assess potential mix-up between the
ethylated (i.e. 4-MEC) and methylated (i.e. 4-MMC) analogues by the
model.

The 41 binary mixtures of 2-MMC, 3-MMC, 4-MMC and 4-MEC in
microcrystalline cellulose (tablet filler), ranging from 0wt% to
100 wt¥% in steps of 10 wt% as described in 2.1 were all analyzed in
triplicate on the NIR spectrometer. Spectra were subsequently pro-
cessed by the chemometric models described in 2.2 using a library
that consists of spectra of all MMC and MEC isomers (six in total),
and microcrystalline cellulose. The obtained individual identification
results for all samples are shown in Table S1 in the Supplemental
Information. From all 120 scans of drug-containing samples, 119
scans were correctly identified as containing the exact isomer as
present in the mixture. For all samples originating from mixtures
with a drug-content of 20 wt% up to 80 wt%, both the correct cath-
inone isomer and the presence of microcrystalline cellulose was
predicted. (e.g. for the first replicate of the 20 wt% 4-MMC sample
the result ‘4-MMC (23%) + Cellulose (73%)’ with a similarity score of
0.96 was obtained.) The only erroneous result originated from a
sample with a 10 wt% 4-MEC content. Herein, one of the three re-
plicate scans was mistakenly identified as ‘2-MEC (11%) + Cellulose
(86%) with a 0.98 similarity score. The same spectra were also
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Fig. 1. Normalized NIR spectra of two sets of cathinone isomers. Panel A: 2-MMC (blue), 3-MMC (green), 4-MMC (red); panel B: 2-MEC (blue), 3-MEC (green), and 4-MEC (red).
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Fig. 3. Plots of the predicted concentration of cathinone by the NIR-based model versus the actual drug content of the binary mixtures with microcrystalline cellulose. Black dots
are correctly identified samples. The orange dot is the single misidentification of 10 wt% 4-MEC as 2-MEC. The trendline is based on the correctly identified samples only.

processed on library options 2 and 3, that focus on drug-mixture
detection (see 3.3) and the appearance of different hydrated forms
(see 3.4). Similar results were obtained for these library options
(Table S1, results in gray) with only slight differences for the low-
level drug samples.

Besides an identity, the chemometric model also predicts a
concentration from the best fit to ascribe the spectral signal. This
concentration should be taken as an indication since the model is
only trained on pure reference spectra. Fig. 3 shows the predicted
concentrations of 2-MMC, 3-MMC, 4-MMC and 4-MEC in their re-
spective cellulose mixtures plotted against the actual concentra-
tions. The predicted model concentrations are in good accordance
with the true mixture concentrations. Note that only a very small
volume fraction of the mixture is actually sampled at the focus area
of the NIR sensor. It is highly likely this volume fraction does not
represent the true mixture concentration. This explains the differ-
ences between precited and actual concentrations as shown in Fig. 3.
The orange dot in Fig. 3 depicts the single misidentification of 10 wt%
4-MEC. It is evident from this plot and the results in Table S1 that
erroneous results are generated at lower actual concentrations
(10 wt%). This insight may be useful to further tune the performance
of the model with respect to false positives and false negatives by
e.g. implementing a cut-off threshold on the predicted concentration
[14]. Since seized forensic casework samples typically contain active
ingredient levels well above 20 wt%, such a threshold may reduce
false positive results without increasing the number of false nega-
tives due to the rarity of low level samples. However, in other ap-
plications and settings, low levels might occur more frequently. It is
not expected for instance that the presented NIR methodology will
work effectively when these drugs are added at moderate levels to
food stulffs.

Overall, these results indicate that differentiation of ring-iso-
meric cathinones by NIR spectra is well possible. This requires a
spectral library that accurately represents the actual composition of

the samples in order to correctly perform the mixture deconvo-
lution.

3.3. NIR-based identification of cathinones in drug-isomer mixtures

Due to the spectral similarities, a more challenging test for the
possibilities of NIR-based mixture detection is the analysis of sam-
ples that consist of mixtures of the isomers. As a proof of principle, a
set of 10 binary mixtures of 2-MMC, 3-MMC, 4-MMC and 4-MEC in
50:50 and 25:75 wt% ratios was prepared, analyzed and processed
by the software. Fig. 4 shows the obtained spectra for the 3-MMC: 4-
MMC mixtures. The zoom on e.g. the 2100 - 2400 nm range (panel B)
showed that despite the minor overall differences, the spectra of the
mixtures are recognizable as combinations of the pure substances.
This effect is even more pronounced in the second derivative spectra
(panel C). One of the model decision rules in the processing software
involves combinations of drug substances. That is, only a single drug
substance can be used to predict the composition of an unknown
powder. The reason for this is morefold: the rare occurrence of drug-
mixtures in casework, the fact that for generic drugs the presence of
a single controlled active ingredient will already lead to an illicit
status of the sample and to prevent erroneous results by the model
attributing unknown residual signals to (a mixture of) various drug
substances. Nonetheless, for the purpose of this specific experiment
with deliberately prepared drug mixtures, the possibility to detect
multiple drug substances in a single sample was enabled through
library option 2. Table S2 in the Supplemental Information gives the
individual results of all replicate scans. For clarity and to gain insight
in the model performance, the results on all three library options are
presented for all samples in this study. However, due to the inability
of library options 1 and 3 to detect drug-mixtures, these results are
less relevant for this set. Overall, the presence of both cathinones in
the mixtures was correctly identified in 29 out of the 30 spectra with
similarity scores >0.92. For one out of the three replicate scans of
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2400 nm range.

sample 2-MMC (75 wt%): 3-MMC (25 wt%)' only the presence of
most abundant 2-MMC was detected while the presence of 3-MMC
was not reported. It is unknown if this error is caused by spectral
limitations or due to inhomogeneity of the sample. These results
nevertheless show that NIR-based detection of NPS mixtures is well
possible. Care must be however be taken by allowing the combina-
tion of two drugs in a sample. This may slightly increase erroneous
results as can be seen by the ‘library option 2’ results on the other
sample sets. For example, 30 wt% 4-MMC in cellulose was mis-
predicted as a mixture of 4-MMC (23%), 2-MMC (15%) and Cellulose
(60%) using this library (Table S1).

3.4. Identification of cathinone isomers in casework samples

The performance of the NIR-based identification model was
further assessed on 22 seized forensic casework samples for which
the presence of a cathinone isomer was established by GC-MS
analysis. This set of samples contained both crystalline powders -the
most common form of appearance of cathinone samples- and tablets
in various colors and shapes. The results of all individual analyses
(scanned in glass vials) can be found in Table S3, library option 1, in
the Supplemental Information. Summarized, the correct substance
and isomeric form were identified in all 2-MMC, 3-MMC and 4-MEC
containing samples with typical similarity scores above 0.90. Spectra
of these casework samples in comparison with the present isomer
are shown in Fig. 5. These convenient results show that identifica-
tion of the precise isomeric form in relatively pure seized casework
samples is possible using a rapid and non-destructive NIR-analysis.
Only for 4-MMC, in 2 out of the 6 casework samples the model was
inconclusive on the presence of a cathinone-isomer. The spectra of
these samples significantly deviated from the 4-MMC reference
spectra as depicted by the asterisk in the 4-MMC panel in Fig. 5. The
strong signal around 2000 nm indicates the presence of crystalline
water. It is therefore hypothesized that both an anhydrous and hy-
drated polymorphous crystalline structure of 4-MMC HCI exist in
casework samples, similarly as for MDMA HCl [50,51,53]. This hy-
pothesis was tested by heating the perceived hydrated 4-MMC HCI
casework sample MMOO6 at 150 °C for 3 h in an attempt to remove
the coordinated water from the crystalline structure. Fig. 6 presents
the NIR-spectra of both reference 4-MMC, the original sample
MMO006 and the spectrum after drying. The spectral signals around
1400 nm and 2000 nm, both attributed to water, disappeared after
heating. When processed on the identification model, the dried
MMO0O06 sample was identified as 4-MMC with similarity scores

between 0.86 and 0.90. Fig. S5 also confirms the presence of water of
crystallization and its removal after heating visible in the infrared
spectra. The water of crystallization is visible as a peak at
~3500cm™".

This insight in the existence of a hydrated 4-MMC HCI polymorph
yielding a significantly different NIR-spectrum than the anhydrous
analogue, demonstrates the importance of library design in NIR-
based spectral modelling. In line with different salt and base forms
of common drugs that yield different NIR-spectra, attention also
need to be given to the possible existence of hydrated polymorphs
and their inclusion in the spectral library. As a proof of principle, the
spectrum of the hydrated 4-MMC HCl sample MMO006 was added to
the cathinone library and all spectra from the casework samples
were reprocessed on this library (library option 3). This way, the
formerly inconclusive sample MMO018 was also identified as 4-MMC
HCI hydrate with both a predicted 99% purity and a 0.99 similarity
score for all three replicates. Interestingly, with the additional 4-
MMC spectrum added to the library, all other samples remained
correctly identified. No false positives were thus introduced by this
approach. All individual identification results on the cathinone
spectral library including both 4-MMC forms can be found in Table
S3, for library option 3, in the Supplemental Information.

3.5. Cathinone casework samples analyzed through plastic bags

Earlier work showed the possibilities for NIR-detection of regular
drugs-of-abuse samples directly through LDPE plastic bags [20]. As
forensic drugs samples are commonly seized in plastic bags, analysis
of the materials directly through the packaging is both convenient
and safe for the operator. All casework samples described in 3.4 as
well as pure reference materials were additionally analyzed through
an LDPE plastic reclosable bag as a proof of principle. The results for
all three replicate scans of all samples can be found in Table S4 in the
Supplemental Information. When processed by library option 3
(single drug compound, both 4-MMC types included in library) the
best results were obtained. In all cases, the obtained spectrum was
identified as a mixture of a cathinone drug and LDPE-plastic. In 72
out of the 78 scans, the correct isomer was detected (in combination
with plastic). The remaining 6 scans were inconclusive because the
similarity score was below the 0.80 threshold. For 5 out of 6 of these
scans, the best match (score between 0.70 and 0.80) still indicated 4-
MMC as the correct isomer. In the remaining scan, the best match
(score 0.78) was for 4-MEC in combination with LDPE plastic. These
results show that NIR-based detection of drugs in plastic bags is
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Fig. 5. NIR spectra of seized casework samples (colored plots) with the reference spectra of the present cathinone isomer in black. The asterisk marks sample MMO0O06 that was

identified as a hydrated crystalline form of 4-MMC HCl.

possible, even for these closely related cathinones. It must however
be noted that less pure samples such as crushed tablets were clearly
more challenging than relatively pure crystalline samples. Since the
plastic sheet absorbs a significant part of the NIR radiation, less
energy remains available to be absorbed by other substances such as
drugs. This challenges the analysis of drug samples contained in
plastic bags. For crushed tablets in plastic bags, both the lower si-
milarity scores and high percentage of unexplained signal (i.e. the
sum of predicted percentages of the detected substances is well
below 100%) show the limitations of this approach. It is also note-
worthy that microcrystalline cellulose was not detected in the
samples in plastic bags, although its presence was confirmed (and is
expected) in tablet samples.
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4. Conclusions

Despite minor differences in molecular structure, analysis on a
portable NIR spectrometer operating in the 1350 - 2600 nm wave-
length range was suitable for NPS isomeric differentiation. Although
spectral differences for NPS analogues and isomers are smaller
compared to conventional drugs-of-abuse, sufficient spectral differ-
ences exist to facilitate and support correct identification. The pre-
viously developed data-analysis approach based on LDA (Linear
Discriminant Analysis) and NAS (Net Analyte Signal) for spectral
identification of mixtures was found suitable for cathinone isomeric
differentiation. Sets of cathinone-containing mixtures and actual
casework samples were analyzed leading to a 100% correct identi-
fication of the precise isomeric form in seconds for samples con-
sisting of compounds present in the spectral reference library and
containing more than 10wt% of the psychoactive substance of
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Fig. 6. NIR spectra of the 4-MMC HCl reference, sample MMO006, and sample MMOO6 after 3 h of heating at 150 °C.
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interest. Additionally, the results show that NIR-based identification
of the correct isomer is possible for high-purity samples analyzed
directly though their plastic packaging.

Mixtures of two cathinone isomers or analogues were also cor-
rectly predicted by the identification model. This shows that minor
spectral differences suffice to detect and deconvolute NPS. The op-
tion to include the detection of multiple drug substances as a mix-
ture in a single sample comes at the costs of increasing the risk of
misidentification. This is due to the myriad of combinations possible
to explain the spectral features. NPS mixture detection is therefore
only suggested in specific situations. E.g. when prior knowledge on
the probability to encounter mixtures is available in advance, or as
an additional check for the presence of drug isomer mixtures in a
laboratory-based analytical scheme. This limits the possibilities for
robust on-scene isomeric identification by NIR alone.

Rapid identification of both the substance and its isomeric form
is important for routine forensic drug laboratories as the legal status
(controlled vs. uncontrolled) may differ among isomeric forms.
Currently, routine casework laboratories perform GC-MS analysis in
automated sequences for efficient analysis. Routine GC-MS
screening methods are unable to confidently identify the isomeric
form due to similarities in mass spectra. Therefore, these labora-
tories need to perform inefficient additional analysis on expensive
dedicated instrumentation such as GC-IR or GC-VUV for confirma-
tion. This study shows that a rapid (2s) NIR-analysis is able to
identify the ring-isomeric form in high-purity samples as demon-
strated for the MMC-analogues. Since routine casework laboratories
start their workflow with weighing and sub-sampling the material
for GC-MS analysis, it is little effort to additionally scan the sample
on a portable NIR-sensor located at the workplace. Currently, most
casework laboratories also perform an indicative colorimetric test to
obtain a rapid first indication of the material’s identity and for ad-
ditional conformation in their analytical scheme. The emergence of
NPS for which no colorimetric test is available already fueled the
implementation of spectroscopic tests (Raman, infrared) for this
purpose. Since rapid and reliable NIR-based drug detection is pos-
sible for a vast amount of drugs [20,53], replacement of the colori-
metric tests by NIR is envisioned. This way, the obtained NIR-data
can not only be used for (preliminary) identification of the main
drug but also to predict the isomeric form in case an NPS is detected.
The class of this NPS (e.g. MMC or MEC) is than later on in the
process confirmed by GC-MS. It must be noted that we do not intent
to propose confirmatory NPS identification based on NIR-data alone.
The sole purpose of the NIR analysis is to further differentiate among
the ortho-, meta- or para-isomer of the class analyzed by GC-MS
since this technique has limited selectivity for cathinone ring-iso-
meric differentiation [31,40,43].

As a possible future development, NIR-analysis can also be per-
formed on-scene by police officers directly after they encounter the
substance. The small size, portable nature and easy connection to
cloud-based data systems allow for the generation of a (preliminary)
identification result directly at the scene-of-crime (e.g. visible on the
screen of the police officer’s smartphone). Decent validation and a
wise selection of identification thresholds may lead to three dif-
ferent outcomes from on-scene instruments: I) drug identified (high
purity), no laboratory confirmation needed; II) no drug detected;
and III) inconclusive, possible drug (mixture) detected, laboratory
analysis needed. Given the minor spectral differences between
analogues and the challenges in complex mixtures, it is foreseen that
for NPS additional laboratory analysis is required, although sub-
sequent data-analysis of the previously recorded NIR-spectrum on a
dedicated NPS model may already provide a first indication for the
laboratory staff to aid efficient analysis. The use of different re-
ference libraries and decision threshold and rules, demonstrate how
the knowledge and experience of the forensic illicit drug expert can
be used to optimize the performance of NIR-based on-site, instant
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identification of suspect samples. As the illicit drug market is dy-
namic, with the regular introduction of new psychoactive com-
pounds, additives and formulations, this expert knowledge needs to
be exploited continuously to keep the models up-to-date and the
results of the on-site analysis trustworthy.
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