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ARTICLE INFO ABSTRACT

Keywords: The consumption of psychoactive substances is a worldwide problem and the sheer number of their seizures is
MDMA alarming. These substances also include the synthetic drug 3,4-methylenedioxy-N-methylamphetamine (MDMA),
Ecstasy

also known as ecstasy, which is very often abused and widespread around the world. The number of ecstasy
tablet seizures testifies to their popularity, especially on the dance music scene. One chiral center can be found in
the MDMA molecule and therefore it may occur as two enantiomers, which are characterized by different
physiological activity. Therefore, knowledge of the enantiomeric excess in the seized tablets is highly desirable.
Within the work, dimensional and weight analysis were performed supported by photographic documentation. In
addition, Raman and infrared (IR) spectroscopy were used to verify the content of the active substance in the
tablets. Subsequently, the electronic circular dichroism (ECD) was used to construct a calibration curve for the
determination of the enantiomeric excess of MDMA in the seized tablets. The obtained results show that most of

Enantiomeric excess
Electronic circular dichroism
Raman spectroscopy

the seized tablets contained MDMA as a racemate.

Introduction

3,4-Methylenedioxy-N-methylamphetamine (MDMA, ecstasy) is a
synthetic drug belonging to the phenylethylamine group, specifically to
the “ecstasy-type” drugs [1,2]. Phenylethylamine is a natural hormone
occurring in the human body with effects on the central nervous system.
Taking MDMA is characterized by euphoria, increased sensory aware-
ness, mild central stimulation and a weak hallucinogen effect similar to
amphetamine. The German company Merck patented MDMA in 1912
[3,4]. After its considerable distribution among users and its negative
effect, the United Nations added it to Schedule I of the Single Convention
on Narcotic Drugs in 1971 [1,2,5].

MDMA is a chiral molecule (Fig. 1) with one center of chirality and
therefore two enantiomers of this substance exist. These enantiomers
differ in their binding mechanisms to metabolic enzymes and are char-
acterized by different physiological activity, pharmacokinetics and also
neurotoxicity [6]. The (+)-(S)-enantiomer is more efficient in the release
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of monoamines, has a longer duration of action and also higher neuro-
toxicity than the (—)-(R)-enantiomer. On the other hand, the
(R)-enantiomer has a 4-fold higher affinity for 5-HT receptors than the
(S)-enantiomer. Since hallucinogens also interact with this type of re-
ceptor, the (R)-enantiomer is probably responsible for the hallucino-
genic effects of MDMA [7-13]. However, due to the very different effects
of the individual enantiomers, animal studies have been performed in
recent years to investigate the biological activity of the individual en-
antiomers. The obtained results show that the (R)-enantiomer seems to
have better properties to become a safe medication for the treatment of
post-traumatic stress disorder (PTSD) [14-17], because this enantiomer
could be less toxic and less addictive than the (S)-enantiomer or race-
mate [18-22].

MDMA is found most often in the form of salts (hydrochloride or
phosphate), sometimes also as a free base. MDMA is very frequently
taken among users in the form of tablets with the characteristic logo, less
commonly as white powder or crystals. In 2018, approximately
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Fig. 1. Structure of (—)-(R)-MDMA (left) and (+)-(S)-MDMA (right).

13.2 million tablets containing MDMA were seized during 36,000 police
raids in the EU, Turkey and Norway. The average content of the active
substance in the tablets was in the range of 132-181 mg [2,5,23,24].

In forensic practice, MDMA tablets are very often profiled to deter-
mine whether the tablets come from the same manufacturer or even the
same batch [25,26]. Tablet profiling can be divided into physical and
chemical. Physical profiling includes photo documentation, a descrip-
tion of the tablets’ shape, color, dimensions, weight, logos, presence of a
score line and especially defects caused during the pressing process [27].
These defects are very important, especially due to the specificity of the
press, and arise mainly during the long-term use of the press. Chemical
profiling mainly involves the use of fast and non-destructive methods
such as IR and Raman spectroscopy for the identification of the active
substances and the adulterants [28]. From the ratio of the band in-
tensities of the individual substances, it is possible to identify the same
batch and estimate the moisture of the tablets. Subsequently, elemental
analysis, gas chromatography (GC) and high-performance liquid chro-
matography (HPLC) with mass detection (MS) can also be applied to
identify impurities (synthesis markers) formed during the synthesis
[28-33]. This also helps to reveal the specific synthetic method utilized
to produce the MDMA [34,35]. Typically, five synthetic methods are
used for the MDMA synthesis, with the Leuckart reaction being the most
common type of synthesis employed [36]. Different types of statistical
processing can then be applied to evaluate the tablets’ profiling. For
instance, the method of linear discriminant analysis or advanced
multidimensional statistical models may be used for this [37,38].

Whereas the above-mentioned methods do not allow distinction
between the individual enantiomers in standard (forensic) practice, the
methods of the chiroptical spectroscopy, specifically vibrational circular
dichroism (VCD), electronic circular dichroism (ECD), Raman optical
activity (ROA) and optical rotation (OR), are appropriate for these
purposes. In addition, it is possible to determine the absolute configu-
ration (AC) as well as the enantiomeric excess using these methods
[39-54].

In this study, MDMA as an active substance was identified in the
seized tablets by Raman and IR spectroscopy supported by GC-MS (GC-
FID) and, subsequently, an appropriate procedure based on ECD spec-
troscopy was developed to determine the enantiomeric excess of MDMA
in the seized tablets.
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Materials and methods
Chemicals

Standards of both enantiomers of MDMA (enantiomeric excess
>99.9%) were synthesized as a hydrochloride in the Forensic Labora-
tory of Biologically Active Substances (UCT Prague). A total number of
12 seized tablets (Supplementary Data, Fig. S1) was provided by the
Police of the Czech Republic, specifically the Institute of Criminalistics.
All tablets contained MDMA as the only active substance (Supplemen-
tary Data, Table S1) and some achiral excipients, mainly cellulose. For
the clarity in this paper, the tablets were labelled as A to L (Table 1). The
standard of cellulose was purchased from Sigma-Aldrich, Inc., USA. For
ECD spectroscopy, both the enantiomers and seized tablets were dis-
solved in methanol (MeOH, 99.5%, Sigma-Aldrich Inc., USA). For GC
analysis, the n-eicosane, cyclohexane, methanol, and sodium carbonate
(analytical grade) were purchased from Merck (Germany). The standard
of MDMA (>99.95%, pharmaceutical grade) was purchased from Lip-
omed (Germany).

Dimensional and weight tablets analysis and photographic documentation

First, the seized tablets were photographed (Supplementary Data,
Fig. S1) using a Nikon D 70 (Nikon, Japan) with objective SIGMA 50 mm
1:2.8 DG MACRO D (Sigma, Japan). Subsequently, the seized tablets
were weighed on analytical Mettler AE 200 balances (Mettler Toledo,
Switzerland) with a precision of 0.5 mg and dimensional analysis was
performed using an Extol Premium digital caliper (Extol, Czech Re-
public) with a precision of 0.02 mm.

Raman and infrared spectroscopy

The standard of MDMA, the seized tablets and powdered (crushed
and homogenized) tablets were analyzed by Raman and infrared spec-
troscopy. Two Raman spectrometers with the excitation wavelengths of
780 and 830 nm were used for this study. These lasers were chosen
mainly to identify potential spectral artifacts, evaluate the undesirable
fluorescence of MDMA tablet components and to compare two spec-
trometers — handheld standoff (Pendar X10) and the laboratory spec-
trometer (DXR SmartRaman). A Pendar X10 handheld standoff Raman
system (Pendar Technologies, USA) was used to acquire the Raman
spectra in the spectral region of 275-1850 em ™! with a spectral reso-
lution of less than 10 cm ™! and equipped with a laser at an excitation
wavelength of 830 nm. The system employs shifted excitation Raman
difference spectroscopy (SERDS) to overcome the problem of high
fluorescence background, which is typical for seized ecstasy tablets. A
laser power of 75 mW and beam scanning across the area 2.2 x 2.2 mm
were used to avoid photobleaching, lower undesirable fluorescence and
negative effects caused by the inhomogeneity of the seized ecstasy
tablets and prevent sample degradation. An acquisition time of 200 s
was selected after optimization to the best signal to noise ratio.

Table 1

Label of the tablets, tablet stamp and their dimensions and weight.
Tablet label Tablet stamp Diameter [mm] Thickness [mm] Width [mm] Height [mm] Weight [g]
A 681 8.10 3.75 X X 0.2374
B 656 8.13 4.16 X X 0.2492
C All 8.06 4.98 X X 0.2918
D Al12 8.08 4.97 X X 0.3003
E 703 8.14 3.17 X X 0.2070
F 777 8.30 4.52 X X 0.2666
G 788 9.00 4.52 X X 0.3339
H Donald_Duck X 5.26 9.92 14.15 0.5375
I Donkey_Kong X 5.36 9.11 13.16 0.4586
J Volkswagen 8.05 4.42 X X 0.2329
K Gold X 3.91 12.14 8.11 0.4346
L Porsche X 6.09 9.21 11.09 0.4917
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The Raman spectra of the seized tablets at one point (spot less than 1
mm) on the both sides were also measured on a DXR SmartRaman
spectrometer (Thermo Scientific, USA) which was equipped with a laser
with an excitation wavelength of 780 nm and a diffraction grid
comprised of 400 lines per mm. The laser power was set at 75 mW. The
final spectra were obtained by averaging 500 scans, each with an
exposure time of 3 s (total acquisition time 1500 s). The spectra were
measured in a spectral region of 200-3400 cm ™! with a resolution of
2.4-4.4 cm™ L. The spectra were processed (OMNIC software, Thermo
Scientific, USA) with the correction of fluorescence (a 6™ order
polynomial).

The IR spectra of the standard of MDMA, cellulose and powdered
tablets were acquired by a Nicolet iS50 Fourier-transform infrared
spectroscopy (FTIR) spectrometer (Thermo Scientific, USA) with a
DLaTGS detector, KBr beam splitter and Tungsten-halogen MIR radia-
tion source. The powdered and homogenized seized tablets were
analyzed by the attenuated total reflection (ATR) technique with the use
of a diamond crystal. The spectra were measured in a spectral region of
4000-450 cm ™! with a resolution of 8 cm™! and they are presented as
the average of 512 scans. The spectral background was collected before
the measurement of each sample.

Electronic circular dichroism and UV absorption spectra

The ECD and UV absorption spectra were measured on a J-815
spectrometer (JASCO, Japan). The spectra were accumulated in a quartz
cuvette (Hellma, Germany) with an optical pathlength of 1 mm at
ambient temperature in a spectral region of 219-340 nm. First of all, the
enantiomerically pure solutions of both enantiomers were prepared with
a final concentration of 1.33 g-1"! in MeOH and measured as reported
previously [49]. Subsequently, these solutions were used for the prep-
aration of the mixtures with different contents stated here for
(R)-MDMA, specifically 0, 20, 30, 40, 50, 60, 70, 80 and 100% (n/n), for
the construction of the calibration curve and the enantiomeric excess
determination. The amount of the powdered seized tablets dissolved in
MeOH was variable according to the active substance content and was
normalized to the same intensity of the UV absorption bands at 286.5
and 236 nm. Besides, cellulose was also analyzed as the major excipient
in the spectral region of 219-340 nm where it was confirmed that this
substance is achiral (zero CD signal). The following parameters for all
the ECD/UV absorption measurements were set: scanning speed
50 nm-min_’, response time 8 s, bandwidth 1 nm, and sensitivity
100 mdeg. Nineteen accumulations were averaged and these final
spectra were corrected for the baseline by subtracting the spectra of the
solvent measured under the same experimental conditions.

Gas chromatography

GC-FID analysis

Firstly, an appropriate amount of n-eicosane was dissolved in a
cyclohexane to obtain a concentration of 0.5 g-171. This solution was
used as an internal standard (ISTD). Typically, 20 mg of homogenized
samples of MDMA tablets were dissolved in 10 ml of ISTD solution and
then 2 ml of water solution of Nay;CO3 (20% w/w) was added. These
solutions of samples were vortexed extensively for 30 min and centri-
fuged subsequently. A volume of 1-1.5 ml was removed from a top
organic part of samples to analytical vials. Such prepared samples were
measured by GC with a flame ionization detector (FID).

The GC analyses were performed using a GC-FID Agilent 6890 N with
automatic sampler ALS 7683B (both Agilent, USA). The GC separations
were carried out on a capillary column DB-5 (25 m x 250 pm x 0.25 pm,
Agilent, USA). The carried gas was hydrogen with an average velocity of
83.76 cm-s~ L. The H, flow was set to 30.0 ml-min". The samples (1 pl)
were injected using syringe of 10 pl by automatic sampler, with a split
ratio 12.5:1 and a total flow of 43.5 ml-min~! in the injector. The col-
umn temperature was going up from 140 °C (maintained for 3 min) to
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300 °C at a rate of 45 °C-min L.

The quantification was done using method of internal calibration
with ISTD (n-eicosane). From each pill of MDMA, two samples were
prepared by the procedure mentioned above and then the GC separation
was performed twice from each prepared sample. Final results are an
arithmetic average from four results for each sample. The data evalua-
tion was carried out using OpenLab (Agilent, USA).

GC-MS analysis

The samples for GC-MS analysis were prepared by dissolving 1 mg of
homogenized pills in 0.5-1 ml methanol. Then, ones were vortexed (for
10 min) and centrifuged (for 6 min). From such prepared analytes, the
volume of 30 pl was removed to analytical vial with 0.5-1 ml pure
methanol.

The GC-MS system consisted of an Agilent 6890 N (GC) — mass se-
lective detector 5975B iXL with an automatic sampler ALS 7683B
(Agilent, USA). Data handling and system operations were controlled by
the MassHunter software (Agilent, USA). The separations were carried
out on column HP-5MS 5% phenyl-methyl silox (Agilent 190091S-433,
USA) about dimensions’ 30 m x 250 pm x 0.25 pm. The injector and
transfer line temperatures were 250 and 285 °C, respectively. The oven
temperature was programmed from 60 °C (hold time 1 min) to 180 °C at
30 °C:min~! and from 180 °C to 280 °C (hold time 5 min) at
10 °C-min~!. Helium was used as the carrier gas with a total flow of
28.688 ml-min~". The scan range was m/z 25-550 and the scanning rate
set on normal scanning.

Results and discussion
Dimensional, weight and photographic documentation

In total, 8 of the 12 seized tablets were round in shape (Supple-
mentary Data, Fig. S1). All of the tablets were stamped with different
logos and symbols. The score line on the backside was perceptible on all
tablets, except for the tablets E and J. Some of the logos took the form of
a well-known brand or various characters, for example from movies or
series. The tablets were significantly different in color.

The diameter of the round tablets was in most cases ~ 8 mm, with the
exception of the tablet G with the diameter of 9 mm (Table 1). These
similarities were probably caused by the availability of hand presses for
compressing the tablets. The tablets H, I and K did not have a circular
shape and their width ranged from 9.11 to 12.14 mm. Their height then
ranged from 8.11 to 14.15 mm. The thickness of all tablets was relatively
variable and the values ranged from 3.75 to 5.36 mm.

The weight of the tablets ranged from 0.2070 to 0.5375 g. The tablets
with a circular shape were characterized by a lower weight when
compared to the tablets with a non-circular shape.

Raman spectroscopy

First, the Raman spectra of the untreated tablets were measured on
each side of the tablet to determine the homogeneity of the tablets.
Seized ecstasy tablets are often inhomogeneous and beam scanning can
significantly improve the homogeneity of the spectral information in
comparison with traditional Raman spectrometers, which use small
laser spots. The comparison of the two spectrometers showed (Supple-
mentary Data, Fig. S5) that the spectra of the tablets A and E obtained
from two points on the tablet with the traditional Thermo DXR spec-
trometer (spot size less than 1 mm) were different. On the other hand,
the Pendar X10 spectrometer (scanned area 2.2 x 2.2 mm) was able to
produce almost the same spectra from different points and it is obvious
that it can be used for testing the differences between the sides of tablets
(macro inhomogeneity). The obtained results by the Pendar X10 (Sup-
plementary Data, Figs. S2-54) showed that all provided tablets had the
same composition on both sides. The band intensities and spectral
pattern on both sides of the tablets B, F and J were almost the same. In
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the case of the tablets A, C, E, I, K, and L, the spectral intensities of all
bands were higher on one side than on the other, which might be caused
by the different focusing of the laser during the measurement of the
tablets. However, for the tablets D, G, and H, the intensities of the in-
dividual bands differed from both sides, which testified to the different
representation of the individual substances and the inhomogeneity of
the tablets. Generally, another frequently observed problem is a gener-
ation of extremely high fluorescence in the case of the ecstasy tablets,
but difference Raman spectroscopy (SERDS) can suppress this undesir-
able effect with high efficiency. Fig. S6 in Supplementary Data shows the
comparison of the spectra of tablets G and L obtained with the Thermo
DXR spectrometer (excitation wavelength 785 nm) and the Pendar X10,
which was able to produce high fidelity spectra in a 200 s measurement.
We also tested the Progeny ResQ FLX (Rigaku, Japan) spectrometer with
a 1064 nm excitation laser. Unfortunately, we observed quick thermal
decomposition (sample burning at 300 mW; lower laser power provided
insufficient spectra quality in terms of signal to noise ratio) for several
samples although short integration time and compromise laser power
were used, so this technology was not suitable for our experiments. For
these reasons, the Pendar X10 spectrometer was used for the subsequent
experiments.

Afterward, the Raman spectra of the powdered and homogenized
tablets were measured (Figs. 2 and 3) and these spectra were compared
with the spectrum of the MDMA standard to confirm the content of the
active substance. The identification was performed using the charac-
teristic bands (red vertical line in Figs. 2 and 3), namely band 1 (340
em™ 1) reflecting the vibration of the C-N—C group and bands 2 and 4
(535 and 775 cm ™) reflecting the vibration of the C-O-C group. Then,
we considered bands 5, 6 and 7 (813, 1371 and 1444 cm™!) to be
asymmetric and rocking vibrations of the aliphatic parts of the molecule.
We also observed the vibrations of the aromatic ring along with the
vibration of the NH group as bands 3, 8 and 9 (720, 1610 and 1633
em™ ). The active substance was identified in all studied tablets. Cel-
lulose the most frequently used adulterant (green line in Figs. 2 and 3)
by band 1, 2 and 3. In general, lactose is other commonly used adul-
terant. These results were consistent with GC analysis (Supplementary
Data, Table S1). Two additional bands (1542 and 688 cm™ ) were pre-
sent in the spectrum of tablet H, which have not yet been assigned to a
specific impurity. However, we know from the ECD analysis that all the
tablet impurities are achiral. Thus, it did not affect the main analysis of
enantiomeric excess.

ATR-FTIR spectroscopy

ATR-FTIR spectroscopy was used to verify the presence of MDMA in
the seized tablets. The measured spectra of the powdered and homog-
enized tablets were compared with the standard of MDMA and the
fingerprint region was used for the identification of the active substance
(Figs. 4 and 5). For the IR spectra in the extended spectral region
(4000-450 cm™1), see Figs. S7 and S8 in Supplementary Data. The
characteristic bands 1, 2, 3 and 9 (1483, 1436, 1387 and 799 cm™ 1)
reflecting the vibrations of the aliphatic parts of the molecule and also
the vibrations of the aromatic ring in the case of band 2, were used for
the identification of MDMA in the tablets (red vertical lines in Figs. 4 and
5). We further observed aromatic methylenedioxy group vibrations,
namely bands 4, 5, 7 and 9 (1249, 1190, 1034 and 923 cm ™) and band 6
(1101 em™Y) reflected the vibrations of the C=0 group. The active
substance could be identified also in the extended spectral range (the
bands at 2736 and 2476 cm’l). Finally, the active substance was iden-
tified in all studied tablets. These results fully supported those obtained
by Raman spectroscopy. The tablet filler used by the producers was
identified as cellulose in all of the studied samples. Bands 1 and 2 (663
and 537 cm 1) were used for the confirmation of the presence of cel-
lulose in the tablets, due to the fact that there are no MDMA bands in this
region (green vertical lines in Figs. 4 and 5). The highest cellulose
content was found in tablets B, C and E.
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Fig. 2. Raman spectra of the homogenized tablets A, B, C, D, E, F, standards of
cellulose and MDMA obtained by the Pendar X10 spectrometer in the spectral
region of 275-1849 cm ™. Vertical lines indicate the bands used for identifi-
cation of MDMA (red lines) and cellulose (green lines). (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)

ECD spectroscopy

First, the standards of MDMA in MeOH solution with a different
enantiomeric excess were measured. For the construction of the cali-
bration curve, two bands in the range of 220-258 nm were used (Fig. 6).
These bands were integrated to obtain their areas, which were used to
construct the calibration curve. The integration was performed by the
Spectra Manager program (JASCO, Japan). This calibration curve con-
tained 9 points (the content of (R)-enantiomer was 0, 20, 30, 40, 50, 60,
70, 80 and 100% (n/n)).

The correlation coefficients were close to unity (R2 > 0.9985) for
both selected bands. The enantiomeric excess was calculated as

CR

s
g = «100%

fee CR+Cs

where cg a ¢cg means molar concentration of (R)- and (S)-enantiomer,

respectively, and the value +100% means pure (R)-enantiomer and
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—100% means pure (S)-enantiomer. Statistical analysis of enantiomeric
excess was used to confirm the validity of these experiments. Two in-
dependent values of the enantiomeric excess and their uncertainties for
both bands (in the range of 220-258 nm) were determined using
regression coefficients with their standard deviations obtained by cali-
bration procedure. Subsequently, the weighted average f*gg and stan-
dard deviations s* were calculated. The uncertainty of the
volumetrically and weighty determined values of fgg were also taken
into account for the total evaluation of the deviation of f*gg. Fig. 7
described the relationship between the ECD measured enantiomeric
excess f*gg and volumetrically determined enantiomeric excess fgg of the
prepared calibration solutions, as well as their standard deviations. The
standard deviation of fgg was in the range of 1.1-2.2 and for f*gg in the
range of 2.5-3.9.

The results obtained indicated the existence of a linear correlation
between the enantiomeric excess and the ECD band area for all the
chosen bands. Subsequently, the ECD spectra of the seized tablets were
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measured and the contents of the individual enantiomers were calcu-
lated using the calibration curve (Fig. 8).

Except for tablet G, MDMA was in the form of a racemate in all the
analyzed tablets, which was expected (Table 2). The content of the
(R)-enantiomer was at the level of 50%, including the standard
deviations, which were in the range of 3.4-4.8% for all analyzed tablets.
However, tablet G contained a significant excess of the (R)-enantiomer,
namely 63.6% with a standard deviation + 4.8%.

Conclusion

In this work, the dimensional and weight analysis supported by
photographic documentation of the seized MDMA tablets were per-
formed. Subsequently, the active substance was identified by IR and
Raman spectroscopy. Moreover, a methodology was developed and a
calibration curve with varying content of (R)-MDMA constructed to
determine the enantiomeric excess of MDMA in those tablets by ECD
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spectroscopy.

The obtained results showed that the circular tablets had a lower
weight than the non-circular ones. Using Raman spectroscopy, the front
and back sides of the tablets were found to have comparable composi-
tions and the active substance (MDMA) was subsequently identified in
all seized studied tablets and confirmed by IR spectroscopy. Last but not
least, the ECD spectra of the seized tablets were measured, and it was
found that 11 of the 12 tablets contained a racemic mixture of MDMA.
However, the content of (R)-enantiomer of MDMA was 63.6 % in case of
tablet G. The standard deviations were in the range of 3.4-4.8% for all
analyzed tablets. Knowledge of the enantiomeric excess of the tablets
with non-racemic active ingredient could play an important role in
tablet profiling, as the same batch and tablet producer could be revealed
from this analysis.

To the best of our knowledge, this is the first study focused on the
simple determination of the enantiomeric excess of MDMA in seized
tablets.
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Table 2
Enantiomeric content of (R)-MDMA in tablets and their standard deviations.

Tablet Content of (R)-enantiomer [%] Standard deviation [%]
A 48.0 +3.6
B 48.7 +3.7
C 50.2 +3.8
D 49.8 +3.7
E 49.7 +3.7
F 45.3 +3.4
G 63.6 +4.8
H 55.1 +4.1
I 44.8 +3.4
J 55.4 +4.2
K 56.0 +4.2
L 47.3 +3.6
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