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Abstract 
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Abstract 

The novel phenomenon of new psychoactive substances (NPS) is challenging the forensic 

science institutions and legislative authorities with an ongoing flood of new individual 

substances and substance classes of recreational drugs delivered to the European drug market. 

In comparison to the classical drugs like amphetamine, heroin or cocaine, the information base 

on the origin, manufacturing and distribution of NPS is relatively narrow and also difficult to 

expand, as no original manufacturing sites could be seized by European police forces so far 

(compared to the large number of clandestine laboratories producing methamphetamine for 

example). This is why this thesis discovers the potential of different analytical techniques to 

extract as much strategic information as possible solely from police seizures and online-test-

purchases of NPS products about the underling manufacturing and distribution networks. 

Synthetic cannabinoids are the most prevalent sub-class of NPS in Germany and thus were 

chosen as target in the here presented studies.  

The main focus of this thesis was the development, validation and application of a profiling 

methodology for synthetic cannabinoids targeting (1) the chromatographic impurity signatures, 

providing deeper insights into the manufacturing methods including the synthesis pathway, 

educts, reagents or batch sizes and (2) the analysis of the stable isotopes of the main components 

to reveal links between samples that were synthesized using educts with a specific isotopic 

composition. 

Although this work targets several different synthetic cannabinoids at some point of the 

workflow development, like 5F-PB-22, MDMB-CHMZCZA, Cumyl-PeGaClone or Cumyl-

5F-PINACA, the main focus was put on the MDMB-CHMICA as most prevalent synthetic 

cannabinoid in Germany from 2014 to 2016. On a large seizure from Luxembourg customs of 

40 individually packed 1 kg samples and twenty-one other seized and online-test-purchased 

samples of pure material, the general impurity profiling methodology was developed, centred 

around the isolation of impurities from the main component via flash-chromatography. The 

pooled impurity fractions were measured via high-pressure liquid chromatography coupled to 

mass spectrometry and evaluated via multivariate data analysis to discriminate between 

individual synthess batches. The comparative analysis was based on fifteen key-impurities, 

previously assessed and characterized via high resolution mass spectrometry and nuclear 

magnetic resonance spectroscopy. Controlled syntheses of MDMB-CHMICA were carried out 

to better understand variations in impurity signatures and to assess the significance of variations 

in the impurity patterns of seized samples. The workflow was adapted and validated for the two 

most common forms of consumption for synthetic cannabinoids: E-liquids and herbal blends 

(also called “Spice-Products”). Lastly, 118 Spice-product samples of MDMB-CHMICA were 

analyzed for their chromatographic impurity composition and isotope ratios of the main 

component, and combined in a comprehensive evaluation model. From the obtained results it 

could be concluded, that the European market is supplied by consecutive shipments of bulk 

material of synthetic cannabinoid (collection of several individual synthesis batches) in periods 

of several month. This material is then divided amongst the European intermediaries for further 

distribution. For each individual synthetic cannabinoid, a single manufacturer is expected, 

producing pure material in batch sizes between 5-10 kg.  
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Zusammenfassung 

Das relative junge Phänomen der neuen psychoaktiven Substanzen (NPS) stellt sowohl die 

europäischen kriminaltechnischen Institute als auch die Gesetzgeber vor eine Herausforderung. 

Im Vergleich zu den klassischen Drogen wie Amphetamin, Heroin oder Kokain ist die 

Informationsbasis über Herkunft, Herstellung und Vertrieb von NPS relativ gering und auch 

schwer zu erweitern, da bisher nur wenige Synthese/Produktionsstätten von NPS sichergestellt 

werden konnten. Aus diesem Grund wird in dieser Arbeit das Potenzial verschiedener 

Analysetechniken erforscht, um alleinig aus Sicherstellungen und Online-Testkäufen von NPS-

Produkten so viele strategische Informationen wie möglich über die zugrunde liegenden 

Produktions- und Vertriebsnetze zu gewinnen. Synthetische Cannabinoide sind die in 

Deutschland am häufigsten vorkommende NPS Unterklasse und wurden daher in den hier 

vorgestellten Arbeiten als Zielsubstanzen ausgewählt.  

Der methodische Schwerpunkt dieser Arbeit lag in der Entwicklung, Validierung und 

Anwendung eines Profiling-Verfahrens für synthetische Cannabinoide. Ziel waren (1) die 

Erfassung der chromatographischen Verunreinigungssignaturen (Einblicke in die 

Herstellungsmethoden einschließlich Syntheseweg, Edukte, Reagenzien oder Chargengrößen) 

und (2) die Messung der Stabilisotopen-Verhältnisse der Hauptkomponente (Links zwischen 

Proben die aus einem Syntheseansatz kommen oder mit denselben Vorläufersubstanzen 

hergestellt wurden). 

Obwohl verschiedene synthetische Cannabinoide in dieser Arbeit erwähnt werden (z.B. Cumyl-

PeGaClone, Cumyl-5F-PINACA oder 5F-PB-22), lag der methodische Schwerpunkt auf dem 

in 2015/2016 in Deutschland am weitesten verbreitete synthetisch Cannabinoid MDMB-

CHMICA. Anhand von einer Großsicherstellung des luxemburgischen Zolls von vierzig 

einzeln verpackter 1 kg Proben und einundzwanzig weiteren beschlagnahmten und test-

gekauften Proben von reinem MDMB-CHMICA wurde die allgemeine Methodik für das 

Verunreinigungs-Profiling entwickelt. Als zentrales Element diente eine Flash-

Chromatographie, mit der die Verunreinigungen von der Hauptkomponente getrennt werden 

konnte. Die wieder zusammengeführten Verunreinigungsfraktionen wurden dann mittels 

Hochdruck-Flüssigkeits-Chromatographie gekoppelt an Massenspektrometrie gemessen und 

per multivariater Datenanalyse ausgewertet, um zwischen einzelnen Syntheseansätzen zu 

unterscheiden. Die vergleichende Analyse basierte auf den semi-quantitativen Signalen von 

fünfzehn Schlüsselverunreinigungen, die zuvor mittels hochauflösender Massenspektrometrie 

und Kernspinresonanzspektroskopie charakterisiert wurden. Zusätzlich wurden kontrollierte 

Synthese von MDMB-CHMICA durchgeführt, um die allgemeinen Schwankungen der 

Verunreinigungssignaturen zwischen mehreren Synthesen besser zu verstehen. Die 

Probenvorbereitung wurde für die zwei häufigsten Konsumformen für synthetische 

Cannabinoide angepasst und oberflächlich validiert: E-Liquids und Kräutermischungen (auch 

als "Spice-Produkte" bekannt). Zuletzt wurde der gesamte verfügbare Satz an 118 Spice-

Produkten von MDMB-CHMICA untersucht und die Verunreinigungssignaturen zusammen 

mit den Isotopenverhältnissen in einem kombinierten Modell ausgewertet. Die zentralen 

Rückschlüsse dieser Studien waren, dass der europäische Markt durch aufeinanderfolgende 

Lieferungen von reinem synthetischen Cannabinoid in Zeiträumen von mehreren Monaten 

beliefert wird. Dieses Material wird dann zur weiteren Verteilung auf die einzelnen 

europäischen Zwischenhändler aufgeteilt, die es zur Produktion der Spice-Produkte verwenden. 

Für jedes einzelne synthetische Cannabinoid wird ein einziger Hersteller erwartet, der reines 

Material in Ansatzgrößen zwischen 5 und 10 kg produziert.
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1. Introduction 

1.1 Illicit drugs 

A variety of different substances can be used to create a state of intoxication without the 

intention of any therapeutic benefit, of which the most are described in our legislation system 

as illicit drugs. They can be divided into four larger groups: opioid-type, cocaine, cannabis-type 

and synthetic drugs like amphetamine-type stimulants (ATS) or new psychoactive substances 

(NPS).  

According to the recent World Drug 

Report of 2018 by the United Nations 

Office on Drugs and Crime (UNODC), 

approximately 5.6 per cent of the global 

population between the ages of 15-64 

years are estimated to have used drugs at 

least once in 2016. Eleven percent of 

these people suffer from a drug use 

disorder, where regular consumption 

poses a threat to their health. In 2016, 

roughly 452,000 people died as a result 

of drug consumption, accounting for 

0.83 % of death from all causes1. Only 

31.8 % of those deaths were associated 

with the direct drug use (e.g. overdoses, 

marked green in Figure 1). The rest can 

be attributed to the transmission of 

diseases with fatal outcome such as HIV 

or hepatitis C through unsterile injection 

practices.  

The consumption behaviour of drugs is highly dependent on their corresponding geographical 

availability. In Columbia, for example, approximately 0.7 % of the population between the ages 

of 15-64 years are estimated to have used cocaine in 2013, whereas the annual prevalence of 

ATS was below 0.1 %2. This data is not surprising as Colombia has the highest density of coca 

plantations and an estimated annual cocaine production of 866 tons in 2016 (solely based on 

the estimated coca leaf production). Similarly, opiates had the highest prevalence in the region 

around the near and middle east/southwest Asia, as 86% of the globally seized opiate volume 

in 2016 came from this region, especially Afghanistan, Iran and Pakistan. 

1.1.1 Classical drugs 

The classification of drugs as “classical” is derived from their long-term persistence (at least 

since the 20th century) and high prevalence on the worldwide drug market. Furthermore, they 

are listed in the “1961 Single Convention on Narcotic Drugs”3 or the “Convention on 

Figure 1: Leading causes of death attributable to drug use, 20161. 

Data taken from the World Drug Report 20182 
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Psychotropic Substances” from 19714. Some of the most prevalent examples for classical drugs 

are shown in Figure 2 and will be described in detail. 

 

Figure 2 Structural formulas of selected opiates, cannabinoids and stimulants 

Opioids is a term for a variety of chemically diverse substances, which bind to the opioid 

receptors in the human gastrointestinal tract and central and peripheral nervous system. The 

three major opioid receptor types are: µ (MOP), κ (KOP) and δ (DOP). The pharmacological 

effects of opioids range from respiratory depression, constipation, a strong sense of euphoria to 

analgetic effects including sedation, accompanied by a severe physical and psychological 

dependence with regular consumption5. Endogenous opioid receptor agonists are endorphins6 

or enkephalins7, first identified in 1975. However, the use of opium, derived from the dried 

latex of the opium poppy (Papaver somniferum), dates back a few hundred years BC8. The 

black, resinous mass is a mixture of various natural opium alkaloids such as morphine, codeine 

or narcotine9. By simple chemical manipulation of these alkaloids, semi-synthetic opioids can 

be manufactured such as diacetylmorphine (heroin), naloxone or oxycodone, which were and 

still are used for medicinal purposes10. In the 20th century, the first synthetic opioids were 

synthesized, with fentanyl and its analogues being the most frequently used in clinical practice 

but also the most sociologically problematic due to their high analgesic properties (100-10000 

times more potent than morphine11, Table 1). Around 2015, drug dealers in the US started to 

“cut” their powder drugs such as heroin with fentanyl and its analogues, without any notice for 
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the consumer, which lead to an increased rate of fatal overdoses, especially recognizable in the 

increase of drug related deaths by 21 %, as recorded in the US between 2015 and 20162. 

Table 1 Analgesic potency of a selection of opioids, referenced to morphine = 1 

Opioid Rel. analgesic potency12 

Carfentanyl 10000 

Sufentanyl 1000 

Fentanyl 100-300 

Diacetylmorphin (Heroin) 1-5 

Oxycodon 1.5-1.8 

Methadon 1.5 

Morphine 1 

Codeine 0.2 

Tramadol 0.05-0.07 

 

Cocaine (benzoylmethylecgonine) is a strong stimulating drug, extracted from leaves of the 

coca plant (Ethroxylum coca). With 1,129 tons seized in 2016, it takes the second place in terms 

of globally trafficked volume2. Generally, it is sold as white powder in form of a water-soluble 

hydrochloric salt and consumed by snorting or injection into a vein. After consumption, it 

inhibits the reuptake of dopamine, noradrenaline and serotonin into the presynaptic membrane, 

which leads to an exaggerated euphoria, increased activity and a feeling of invincibility13. As 

for the opioids, already a short-termed regular consumption of cocaine can lead to psychological 

and later to physical dependency14.  

Cannabis includes a variety of different products and preparations that can be won from the 

Cannabis plant (Cannabis sativa). The most popular forms of consumption are the dried flower 

and subtending leaves of the female plant, also called marijuana, and concentrated cannabis 

resin, called Hashish. It is by far the most used drug amongst the general population with 

approximately 3.9 % annual prevalence in 2016, trend increasing due to the continuing 

legalization in various countries2. It comprises for the largest seized volume with 6,313 tons in 

2016 (herb and resin)2. Common forms of consumption are smoking, vaporizing or oral intake 

via baked pastries. Until 2002, 483 different natural components including 66 cannabinoids 

were identified in Cannabis sativa15, of which tetrahydrocannabinol (THC) was isolated and 

identified in 1964 as the principle psychoactive ingredient16,17. Cannabinoids, including several 

endocannabinoids, act as agonist to the cannabinoid receptors 1 and 2 (CB1, CB2), which are 

located in the human central nervous and immune system and various intestines18.  

Amphetamine-type stimulants are defined as a group of synthetic stimulant substances with a 

phenethylamine core. Phenethylamine itself is a naturally occurring substance with endogenous 

analogues like dopamine, the amino acid tyrosine or the hormone adrenaline. The three most 

prevalent synthetic ATS analogues are amphetamine (alpha-methyl-phenethylamine), 

methamphetamine (N-methyl-alpha-methyl-phenethylamine) and ecstasy (3,4-methyl
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enedioxymethamphetamine, MDMA) with an overall globally seized volume of 242 tons in 

20162. Their psychological and physiological effects mimic those of the endogenous substances 

to a certain level and range from euphoria, increased activity and energy to organ damages, 

anxiety and depression, coherent with a quickly developing dependency19. Table 2 lists the 

receptor binding affinities of amphetamine, methamphetamine and MDMA to dopamine (DA), 

nor-adrenaline (NE) and serotonin (5-HT) receptors for neurotransmitter release and transporter 

proteins for the corresponding re-uptake20. The data shows, that amphetamine and 

methamphetamine are both more potent releaser and uptake inhibitors of DA and NE, whilst 

MDMA binds more selectively to 5-HT receptors (low molarities indicate a high binding 

affinity). 

Table 2 Affinity of the three most prevalent ATS to synaptic receptors and transporter proteins. Dopamine (DA), nor-adrenaline 

(NE), and serotonin (5-HT)  

 

Release 
IC50 (nM ± SD)20 

Uptake inhibition 
Ki (nM ± SD)20 

Drug DA NE 5-HT DA NE 5-HT 

(+)-Amphetamine 24.8 ± 3.5 7.07 ± 0.95 1765 ± 94 34 ± 6 38.9 ± 1.8 3830 ± 170 

(+)-Methamphetamine 24.5 ± 2.1 13.3 ± 0.7 736 ± 45 114 ± 11 48.0 ± 5.1 2137 ± 98 

(±)-MDMA 376 ± 16 77.4 ± 3.4 56.6 ± 2.1 1572 ± 59 462 ± 18 238 ± 13 

 

1.2 New psychoactive substances (NPS) 

The term “new psychoactive substances”, formerly entitled as “designer drugs”, is relatively 

young and was defined by the council of the EU21 to create a terminology for new, recreational 

synthetic drugs. NPS are substances that have no or only a limited therapeutic value but pose a 

comparatively serious threat to public health. They are not listed in the “1961 Single 

Convention on Narcotic Drugs”3 or the “Convention on Psychotropic Substances” from 19714. 

However, the majority of NPS and early designer drugs were specifically designed to mimic 

the effects of the established classical drugs and at the same time circumvent existing legislative 

regulations. Summarizing by effect group, synthetic cannabinoids, or more precisely synthetic 

cannabinoid receptor agonists, are the most prevalent group of NPS and the main topic of this 

thesis. They are sold either in pure form (mostly powder) as so-called “research chemical” (RC), 

dissolved into a liquid matrix of glycerine and propylene glycol as E-liquids (EL) or laced onto 

an otherwise inherent herbal matrix, called “Spice-Product” (SP)22. After consumption, they 

produce similar effects as Cannabis-type drugs. The second largest group are stimulants, often 

sold as crystalline “bath salts” or in tablet form, including derivatives of phenethylamines, 

cathinones, aminoindanes and piperazines, mimicking the effects of classical drugs such as 

MDMA or amphetamine. Further less prevalent sub-groups are hallocinogens (psychedelics), 

dissociatives, sedatives and synthetic opioids. Several NPS yet remain unclassified, as their 

effects on the human body are highly diverse and do not fit in any of the existing groups. 

Although the NPS phenomenon is more a concern of the 21th century, the appearance of novel 

substances on the drug market is not new. Two prime examples were the distribution of the 

synthetic opioid “China White” (α-methylfentanyl)23 in 1979 or MDMA24 in the mid-1980s. 

These substances were originally developed by Janssen Pharmaceutical and Merck, 

respectively, in search for new therapeutic medication years before their appearance as 
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recreational drugs25,26. In the 1990s, Alexander and Ann Shulgin published their books 

PiHKAL27 and TiHKAL28, describing the detailed synthesis routes, bioassays and dosage 

recommendations of overall 234 phenethylamine and tryptamine derivatives, most of which 

they discovered themselves. The origin of several NPS can be found in the literature (like these 

two books), old patents or publications of the pharmaceutical industry, listing and claiming the 

broadband synthesis of potential medication. NPS manufacturers are expected to browse the 

corresponding literature for the most promising candidates and synthesize them, in original 

form or with slight structural modifications. Until 2008, primarily new representatives of 

phenethylamines and tryptamines were reported for the first time to the Early Warning System 

(EWS) of the EU. However, the continuing globalisation and availability of cheap precursor 

components and chemical synthesis opened the European market for manufacturers in emerging 

industrial countries, like China or India. Starting in 2007/2008, one or more of these 

manufacturers seemed to have discovered the potential of the NPS market and started to 

produce a variety of substances, previously never observed on the drug market, e.g. synthetic 

cannabinoids or cathinone derivatives. The appearance of new substances and even completely 

new substance-classes continued to increase consecutively in number each year, to more than 

670 new substances until 2017, as monitored by the European Monitoring Centre for Drugs and 

Drug Addiction (EMCDDA) (Figure 3)29.  

 
Figure 3: NPS reported to the EWS for the first time 2005-2017: per year (left) and per category (right). The graphic is taken 

from the EMCDDA29. 

1.2.1 Arising legal challenges from a German perspective 

In Germany, the two most important laws for the regulation of pharmaceutically active 

substances are the Medicinal Products Act (Arzneimittelgesetz, AMG)30 and Narcotic Drugs 

Act (Betäubungsmittelgesetz, BtMG)31. The AMG regulates the production and distribution of 

non-precarious and precarious pharmaceuticals. The latter are defined in §5 of the AMG as 

substances, “which are reasonably suspected to cause harm beyond a scientifically accepted 

level, even when they are applied as intended”. “It is prohibited to put precarious 

pharmaceuticals into circulation”. The BtMG defines substances as narcotics, which are listed 

in one of the three annexes with their corresponding IUPAC nomenclatures. Compared to the 

AMG, with its generic definitions, the BtMG is less flexible and requires active changes of the 
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law (Betäubungsmittelrechts-Änderungsverordnung, BtMÄndV) to include new substances in 

the list of narcotics. 

In the early stages of the phenomenon, highly prevalent and harmful NPS were submitted to 

the BtMG and further treated as narcotics. Since such a change in legislation was made public 

in good time before it came into force, it was easy for NPS sellers to convert their product 

portfolio to other substances with slight chemical modifications, e.g. an additional methyl 

group, and thus circumvented possible future prosecution though the BtMG. However, the trade 

of NPS could be charged according to the sentences stated in the AMG, as they were defined 

as precarious pharmaceuticals. This was no longer possible after a ruling of the European Court 

of Justice in July of 2014, creating a criminal liability gap for all those NPS not yet included in 

the BtMG. In the following two years, even multiple changes of the BtMG could not adequately 

respond to the situation. In November 2016, the generic New Psychoactive Substance Law 

(Neue-psychoaktive-Stoffe-Gesetz, NpSG) came into force in Germany, regulating entire 

substance groups instead of single substances. This concerns synthetic cannabinoids and 2-

phenethylamine derived compounds, including cathinones. Thenceforward, the trade, 

marketing, manufacture, transfer (import, export or transit) and acquisition of these substances 

was prohibited. However, even this generic approach is subject to certain limits and can be 

circumvented. Two prime examples are the synthetic cannabinoid MDMB-CHMCZCA and 

CUMYL-PeGaClone (Figure 5), with a carbazole and gamma-carboline-1-on as core structure, 

respectively, which were not yet covered by the NpSG at that time but are now implemented 

via a recent amendment. 

1.2.2 Marketing and distribution 

Possibly, under the cover of large chemical companies in even larger industrial areas, NPS can 

be produced in high chemical purities with sophisticated instrumentation. The bulk material is 

then shipped by air or sea to European vendors, who further process the pure material into their 

final formulations, e.g. as Tablets or SP. In the mid-2000s at the beginning of the phenomenon, 

the finished products were mainly assessable though so-called head shops, which were 

primarily visited by customers who had a general idea of what they want to buy. However, a 

face-to-face confrontation could be a threshold for some potential but inexperienced new 

customers, as a personal drug purchase is usually associated with shady individuals and places. 

The use of online-shops as alternative eliminates this "danger factor" through a higher degree 

of anonymity and opened the market to a broader crowd that can safely shop from their home-

PC32. Additionally, online advertisement via social networks, video channels or simple pop-ups 

is more effective in reaching a larger crowd than mouth-to-mouth propaganda33 between 

individuals. It is no surprise that in the peak of the NPS phenomenon in the mid-2010s the 

number of openly available online shops grew drastically34. Certainly, for NPS the use of the 

internet as advertising and distribution medium was one of the secrets to success.  

1.2.4 Risks 

Several health risks are associated with the consumption of NPS35. The consumer never knows 

which or how many substances are actually contained in his purchased product. Although the 

same product was purchased at one month's distance in the same internet-shop, it is quite 

possible that a completely different synthetic cannabinoid with potentially 10 to 100 times 
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increased effectiveness is included. This was the case for the SP “Lava Red” in 201236, which 

lead to a wave of overdoses. Similarly, an SP purchased multiple times may contain varying 

amounts of cannabinoid due to poorly controlled production by the manufacturer. Additionally, 

a product can contain more than one NPS, which might interact in unpredictable manner, 

especially in combination with additional consumption of alcohol or over the counter 

medication. As the inexperienced consumer expects a product of consistent quality and 

psychotropic effectiveness, already one of these variations can easily lead to an overdose after 

consumption of his regular unit. Various report of hospitalized intoxications and death related 

to NPS can be found in the literature37-40.  

1.3 Synthetic cannabinoid receptor agonists 

1.3.1 History 

The effects of cannabis consumption on the human body and mind are well known for at least 

a few thousand years, although rather by consumption reports than scientific data. The 

discovery of the cannabinoid receptor 1 (CB1) in the mammalian brain by Devane et al.41 in 

1988 was a major breakthrough in cannabinoid research. Through mapping experiments via the 

radio-labelled highly potent synthetic cannabinoid CP-47,49742 (named after Charles Pfizer, 

Figure 5) it was found that the highest concentration of CB1 receptors were located in regions 

responsible for mental and physiological processes. CB2 was discovered by Munro et al.43 in 

1992, which is prevalent throughout the immune and peripheral nervous system, several 

intestines and the reproductive organs. Identification of the corresponding gene sequences43,44 

enabled scientists to clone the receptors for in-vitro binding studies or to knock out this specific 

gene sequence in rats for in-vivo studies45. Apart from the obvious distribution diversity in the 

body, it was found that CB1 mediates psychoactivity and CB2 regulates immune responses. 

Nearly at the same time, Devane et al.46 and Mechoulam et al.47 firstly discovered the two 

endocannabinoids anandamide and 2-arachidonoylglycerol, which function as 

neurotransmitters in the endocannabinoid system. All these new advances in neurochemistry 

and the recently won insights in the endocannabinoid system raised the interest of the 

pharmaceutical industries and led to an increased funding for research projects in this specific 

field. Their main aim was to provide clinical medication that primarily induces the positive 

aspects associated with THC consumption, like pain relief or reduced nausea while receiving 

chemotherapy. First attempts of modifying the structure of THC dates back to the early 1940s48 

and continued through the years with progressively enhanced receptor binding potencies, e.g. 

CP-47,497 or HU-21049 (named after the Hebrew University, Figure 5). A completely new class 

of cannabinoids was invited by Bell and D’Ambra in 1991 during their research for new non-

steroidal anti-inflammatory drugs. They synthesized a range of aminoalkylindoles such as 

WIN-5521250 (named after Sterling-Winthrop, Figure 5), which is a 20-times more potent CB1 

receptor agonist than THC51. This research was later picked up by John William Huffman52 

(JWH) and Alexander Makriyannis53,54 (AM), who specifically designed and optimized a large 

number of aminoalkylindole synthetic cannabinoid receptor agonists, recognizable through 

their name shortcuts followed by a number like JWH-018 or AM-2201 (Figure 5). In the 

following years, multiple publications and patents were published, extending the range of 

structurally diverse synthetic cannabinoids55-58.  
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1.3.2 Receptor activity 

The CB1 and CB2 receptor binding affinity of synthetic cannabinoids is measured via a 

competitive binding assay reported by Rinaldi-Carmona et al.59 and Campton et al.60. 

Radiolabelled [3H]SR141716A or [3H]CP 55,490 is incubated with CB1 or CB2 receptors. The 

cannabinoid to be tested is added in increasing concentration until 50% of the radiolabelled 

agonist is displaced. This so-called specific inhibitory concentration (IC50) can be used to 

calculate the ligand receptor activity Ki (in nM) via the Chen-Prusoff equation61: 

𝐾𝑖 =
𝐼𝐶50

1 +
[𝐿]
𝐾𝑑

 

[L]  Concentration of radiolabelled ligand 

Kd   Equilibrium dissociation constant for radiolabelled ligand 

Low Ki values indicate a high binding affinity of the cannabinoid to a receptor and vice versa. 

Most of the synthetic cannabinoids were measured for their CB1 and CB2 binding affinities, 

either by the inventors themselves, to test their potential use as a pharmaceutical, or by forensic 

scientists to estimate how effective a substance is as recreational drug. Table 3 shows a selection 

of Ki values for THC and prevalent synthetic cannabinoids.  

Table 3: List of Ki values for CB1 and CB2 receptors of a selection of cannabinoids 

Substance Ki CB1 (nM) Ki CB2 (nM) 

Δ9-THC 41 ± 260 36 ± 1060 

WIN-55,212 1.9 ± 0.162 0.28 ± 0.1662 

JHW-018 9.00 ± 5.0063 2.94 ± 2.6563 

AM-2201 1.053 2.653 

Cumyl-5F-PINACA 8.53 ± 0.0464 9.12 ± 0.1264 

MDMB-CHMICA 0.410 ± 0.14165 0.354 ± 0.05065 

MDMB-CHMCZCA 5.75 ± 1.6565 6.67 ± 1.4065 

Cumyl-PeGaClone 1.37 ± 0.2466 2.09 ± 0.3366 
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1.3.3 Systematic naming 

In general, chemical structures of modern synthetic cannabinoids show a recurrent pattern that 

can be categorized into four major components: core, tail, linker and linked residue. For several 

species, the initial names were given by the drug distributors for marketing purposes. Prime 

examples are AKB-48 (Figure 5) or 2NE1, which are both popular Asian girl bands, or XLR-

11, which is a rocket fuel developed in the US. To cope with the growing number and diversity 

of substructures, the EMCDDA introduced a systematic naming approach using abbreviations 

of the corresponding IUPAC name in the following order:  

Linked residue - TailCoreLinker  

This nomenclature enables the experienced reader to derive a chemical structure, or at least 

characteristic substructures, from the name of a compound although the substance is new to 

him. Figure 4 provides an example for the formerly mislabelled 5F-ADB. 

 

 
Figure 4: Example for the systematic naming of synthetic cannabinoids according to its structure 

1.3.4 Structural diversity and appearance on the drug market 

Figure 5 shows the original chemical structure of Δ9-THC and a selection of classical and 

modern synthetic cannabinoids. Only a small portion of the overall published synthetic 

cannabinoids were found on the drug market. JWH-018 and the C8-analogue of CP-47,497 

were the first to be identified in herbal smoking mixtures in 200822,67. These were followed by 

multiple other aminoalkylindoles from JWH and AM with a methanone linker group and 

aliphatic linker residues. In the early 2010s, esters (5F-PB-2268) and carboxamides (APICA69) 

were implemented as linkers. Also the first indazole core structures were observed 

(APINACA69). The following generation of synthetic cannabinoids were mainly 

aminoalkylindoles and indazoles with amino acids as linker residues as stated in the patents 

from Buchler et al.56 (e.g. ADB-FUBINACA68 or AB-PINACA70). Less prevalent were 

structures with 4-fluorophenyl-1H-pyrazole (AB-CHMFUPPYCA71) or azaindole core 

(Cumyl-5F-P7AICA72). Most recently, two cannabinoids with carbazole (MDMB-

CHMCZCA73) and gamma-carboline-1-on core (Cumyl-PeGaClone66) were identified. In the 

coming years, other structures might emerge on the market that were not yet in focus, but for 

which the scientific basis already exists in patents and publications like azaindazoles74, 

imidazopyridines75, pyridine derivatives76 or other bicyclic and spirocyclic compounds77.  
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Figure 5: Structural formulas of THC and a selection of classical and modern synthetic cannabinoids. Colouring of the 

individual molecule structure was done according to the same code as Figure 4 (Linked residue - TailCoreLinker) to highlight 

the structural similarities between the different types of cannabinoids. 

1.3.5 Administration forms 

In their pure form, synthetic cannabinoids are either solids or resins. Although it might be 

possible to consume the pure material via snorting or insertion into a vein, the most common 

mode of admission is by inhalation (smoking). The first products on the market were herbal 
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mixtures, so called “Spice-Products” (Figure 6) named after one of the first broadly available 

brands “Spice”22. The distribution of synthetic cannabinoids as herbal formulation is only 

logical, providing the customers with a familiar form of consumption with comparable effects 

to cannabis. One or more synthetic cannabinoids are dissolved and laced onto inherently 

inactive plant material such as dried Damiana (Turnera diffusa Willd. Ex Schults) or strawberry 

leaves in concrete mixers. Aliquots of the bulk material are then packed into aluminized plastic 

sachets with approximately 3 g of herbal material. The sachets are printed with various logos 

and brands, with the intention to attract particularly young consumers and ensure recognition. 

In some cases, the list of alleged ingredients (mostly herbal material, more rarely a synthetic 

cannabinoid) is stated on the labels with warnings like “not for human consumption”. As the 

production process of SPs, including contained cannabinoids and their dosage, are not 

retraceable by the consumer, it is impossible to deduce the ingredients solely based on the 

branding or label of the SP.  

The growing popularity of e-cigarettes led to an increased demand for ELs. Therefore, it was a 

matter of time before the first e-liquids with synthetic cannabinoids came onto the market. As 

advantage over herb-based forms of consumption, they can be consumed at public places 

without shedding suspicious odours. In most cases, the e-liquid matrix consists of a mixture of 

propylene glycol (PG), vegetable glycerin (VG) and ethanol with additional aroma compounds 

and an active substance (e.g. nicotine or synthetic cannabinoids). Cumyl-5F-PINACA78 was 

one of the most commonly found synthetic cannabinoid in E-liquids, as it is resinous at room 

temperature. 

Less popular are “fake-hash” products containing synthetic cannabinoids, mimicking the 

physical form of cannabis hashish.   

 
Figure 6: Synthetic cannabinoids can be obtained in three different formulations: as pure “research chemical”  in powder 

form (left), as "Spice-Product", laced on a herbal matrix (middle), or as e-liquid, dissolved in a matrix of propylene-glycol and 

glycerine (right) 

1.1 Forensic drug profiling 

Forensic drug profiling describes the comparative characterization and interpretation of the 

physical and chemical properties of a sample79. It is used to complement law enforcement 

investigative work in specific cases and can increase the overall police intelligence on a global 

scale80. Depending on the target issue, drug profiling aids in questions like links between 

seizures, dealer-user relationships, trafficking routes, geographic origin, manufacturing 

methods or precursor use81.  

Drugs with distinct external properties, e.g. ecstasy tablets, can be characterized based on 

physical parameters as colour, shape, logo or weight. In the case of visually indistinguishable 

powders, a sample must be characterized chemically according to its qualitative and 
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quantitative composition of active ingredients, cutting agents, residual solvents, organic 

synthesis impurities, trace metals or isotopic composition. Various examples can be found for 

characterization of illicit drugs using different analytical techniques. For organic profiling: 

headspace (HS)82 and normal gas chromatography coupled to different detectors (GC)83-85, 

(ultra) high pressure liquid chromatography coupled to mass spectrometry ((U)HPLC-MS)86, 

capillary electrophoresis (CE) coupled to MS87 or ultraviolet-(UV)-detectors88, infrared 

spectroscopy (IR)89 or Raman spectroscopy90. Profiling of elements was conducted via 

inductive coupled plasma mass spectrometry (ICP-MS)91 and atomic emission spectroscopy 

(ICP-AES)92. Information about precursor material or geographic origin could be won by 

isotopic analysis via site-specific isotope fractionation nuclear magnetic resonance 

spectroscopy (SNIF-NMR)93,94 or isotope ratio mass spectrometry (IRMS)95-97. 

Although characterization is the basic step for comparative analysis as it generates “hard data”, 

it is directly interrelated with the subsequent interpretation in a self-evaluating and evolving 

process to determine which data is useful, and which is not. For example, two seizures of ecstasy 

tablets are compared according to several chemical parameters, isotopic ratios and their colour 

and shape, of which the latter two are important physical descriptive factors. Analytical 

measurements then show tight accordance for all chemical and isotopic parameters but not for 

the colour and shape. In this case, it is likely that the producer used the same powder material 

but different colorants and punches in his tabletting process, which is a valuable information 

itself. However, interpretation of the data suggests that these two parameters lose their 

discrimination potential to identify a common source for both seizures. Whether to include or 

exclude a parameter is always the decision of the forensic scientist and different for each case.  

The general strategic interpretation of chemical profiling data was categorized by H. Huizer79 

into three levels: 

I sample A and B, measured on the same day, same instrument 

II sample A and B compared to other samples 

III multiple samples compared to each other 

At level I, three possibilities are considered: 

1. Both samples show very similar signatures, indicating a link. This might be the case when 

analysing samples that originate from a single batch.  

2. They show very different signatures, making a link unlikely. For example, when investigating 

two samples of different batches or even different synthesis from a single or multiple 

manufacturer.  

3. A situation between 1 and 2, with multiple similarities but also a few clear differences. Many 

factors cans be responsible for this, which the forensic scientist must identify or at least 

consider. Examples might be a highly consistent working chemist, producing multiple batches 

with only small inter-batch variations. The post-production handling, e.g. cutting with 

adulterants, inhomogeneous formulation or storage under stressful environmental conditions 

(chemical degradation) might have a negative impact and alter the impurity signatures. In 

addition, the natural variation in the analytical methods have to be considered, especially when 

analysing low concentrated trace components. The correct interpretation of case 3 necessitates 

an increase to a level II comparison. 
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Level II is useful for a level I case 1 scenario, but necessary for case 3. A and B are compared 

to a set of other samples to better understand the observed variations in impurity signatures and 

assess their level of uniqueness (to see the bigger picture). When comparing A or B to a set of 

other unrelated samples, it might be found that differences between A and B are only minor, 

indicating a link between these two samples, despite their differences. Level II is generally used 

to aid law enforcement investigative work in specific cases with a limited set of samples, like a 

seized clandestine laboratory. 

Level III aims to identify groups of related samples on a global scale, e.g. a common producer 

or trafficking networks. An optimal scenario would be that limited amounts of producers 

manufacture their drugs with individual pathways, making it easy to group samples according 

to similarities in their chemical signatures. However, in reality multiple producers with varying 

raw materials in inconsistent synthesis processes can manufacture a single drug. In the worst 

case, differences between individual batches may be the same magnitude as differences 

between the individual producers; or different manufacturers produce material with similar 

chemical signatures by chance. Additionally, in multiple stages of the production or 

distribution, batches might be mixed for transportation, leading to further blurring of batch 

specific signatures. This level of comparison is the most complicated and requires great 

expertise to identify and classify samples. Three cases have to be considered81: (1) samples are 

linked by a common history (the same producer and distribution channels); (2) they are linked 

by a common source, but have different distribution channels; (3) the same distribution channels 

but different sources. To grasp the whole complexity of the drug market and its channels by 

profiling of the final product will hardly be possible as it is too much of a “black box” system. 

However, by international cooperation between police and forensic institutes, a general 

intelligence about major drug dealers and centres of drug supply can be gathered.  

1.2.2 Impurity profiling 

Independent of the source of an illicit drug sample, it does not only contain the main component 

but a mixture of various organic side components. The composition of these components is 

called impurity signature and dependant on multiple factors like synthesis route, precursor 

material, synthesis conditions (environmental and experimental), packaging or storing of a 

samples81. The qualitative and quantitative analysis of these side components is called impurity 

profiling. Of primary interest are those minor and trace components that are directly related to 

the manufacturing method (synthetic drugs like ATS) or the plant material and its processing 

(plant-based drugs like cocaine). By comparative analysis of the impurity signatures of multiple 

samples, links can be established based on the degree of similarity between the individual 

signatures. For that purpose, GC or LC-MS are the most common analytical tools to separate 

and analyse complex mixture of organic components98-101. For a relatively small sample pool, 

visual comparison of the peak-pattern in the corresponding chromatograms might provide a 

sufficient evidential base to identify links between samples. Difficult cases, e.g. drug 

formulations in complex matrices, require a pre-defined list of target components (key-

impurities) that are known to stand in relation with the main component and its manufacturing 

process. Based on peak integrals for these components, samples can be compared, while 

ignoring all signals with no discrimination potential, like matrix components or degradation 

products.  
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Multiple impurity profiling procedures are established for classical drugs, some even on 

international basis102. Their general procedure consists of a fast liquid-liquid (LLE) or solid 

phase extraction (SPE) to deplete the main component and matrix components and thus enrich 

present impurities. These are measured via analytical tools like GC or LC-MS and evaluated 

via multivariate chemometric models101,103 and matching of target compound signals against 

databases of previously measured samples102,104. The scientific basis for the validity of these 

pre-selected “key-impurities” is gathered in experimental procedures. In respect to the court-

proofness of links generated through impurity signatures, the relationship of individual 

impurities to the main component and their stability had to be proven. Additionally, it was 

necessary to know, at which point differences between sample profiles are significant and what 

magnitudes of influence can be responsible for these differences. Exemplary studies on classical 

drugs can be taken from the literature: impurity characterization via MS-fragmentation, high 

resolution MS (HR-MS) or nuclear magnetic resonance spectroscopy105-107; identification of 

synthesis route specific markers and the overall reproducibility of the chemical profile thorough 

controlled synthesis108-111; impacts of storing conditions, e.g. heat or moisture, on the chemical 

profile and identification of potential degradation products112.  

1.2.3 Isotopic profiling 

Most elements have more than one stable nuclide that do not undergo spontaneous radioactive 

decay. Speaking of specific elements, these nuclides are called stable isotopes and each element 

has a specific natural abundance, e.g. 12C:13C in a ratio of 98.90:1.10. Measurement of these 

ratios via mass spectrometry is called isotope-ratio mass spectrometry (IRMS). Through natural 

isotopic fractionation, the isotope ratios can shift depending on the geographic location or 

biological ecosystem. For example, through equilibrium fractionation in the water cycle 

(Rayleigh fractionation113), slightly more light water (with 1H and 16O) evaporates from the 

ocean than heavy water (with 2H and 18O), and rains down in the inland and mountainsides. 

Plants prefer the use of 12C to 13C in different ratios, dependant on their corresponding 

photosynthesis pathways (e.g. C3114, C4115 or CAM115). These ratios are then distributed to 

other living forms through the food chain. Thus, by measuring the isotopic ratios of natural 

organic material, it is possible to narrow down its geographical origin (with the knowledge of 

geographic distribution patterns for the specific elements). The same applies for the majority of 

fine chemicals, as their source was, at some point, a natural product. Although the information 

about the geographic origin is lost, in some cases it is possible to link synthetic material to a 

manufacturer, who synthesizes material with a specific isotopic composition in larger scale.  

In forensics, this technique has found several applications. The origin of cocaine leaves could 

be traced back to certain areas of the Andean Ridge116. Grouping of diacetylmorphine samples 

and information on the acetylation agent was won by analysis via GC-IRMS117. Several studies 

are published on the origin of precursor material for amphetamine97 and methamphetamine95,96, 

including isotopic changes during the synthesis118. Collins et al. published the first isotopic 

analysis of NPS (in particular synthetic cathinones) to link seizuzres119. 

1.2.4 Project “Spice Profiling” 

The main objective of the project SPICE-profiling (JUST/2013/ISEC/DRUGS/AG/ISEC 

/4000006421) was to increase the knowledge base on the origin, production and supply chain 
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of NPS. For that purpose, NPS samples from test purchases in internet shops, authentic samples 

from chemical manufacturers and NPS samples from customs and police seizures were used as 

an information pool that was extracted by a wide range of analytical methods. The experimental 

work was carried out by the project coordinator, the Federal Criminal Police Office of Germany 

and the beneficiaries, the University Medical Center Freiburg and the Institut National de Police 

Scientifique (INPS) in France, with the aid of several international associated partners. 
The systematic test purchases of new products in the whole time-frame of the project allowed 

precise observation and interpretation of the development of the NPS market, especially in 

dependence on changes in the legal treatment of single substances or substance classes in the 

narcotics or medicine acts of European member states. A total of 1120 NPS-containing products 

(802 SPs, 22 synthetic hashish samples, 45 e-liquids, 89 bath salt samples with synthetic 

stimulants and 162 RCs) were bought in 108 different internet shops and analytically 

characterized over 2 years project time. The monitoring activities clearly indicated that products 

selling evolved with legislation, e.g. a quick replacement cycle after an NPS has been scheduled 

as a narcotic. 

Problems in the detectability of NPS in human bio samples, important for the proof of 

consumption of NPS related to driving or the surveillance of imprisoned persons or persons in 

drug control programmes was addressed by metabolism studies of important NPS. After 

analysis of approximately 13500 urine and 2942 serum samples, a positive response for the 

presence of NPS metabolites was found in 19 % and 21 % of the cases, respectively. The same 

trends of legislation dependency and replacement cycles for NPS as observed in the online-

shop survey could also be observed via the monitoring of human bio-samples 

One of the core activities, also found in the name of the project, was organic impurity profiling 

including controlled syntheses with focus on synthetic cannabinoids and “Spice-Products” with 

LC-MS and isotopic profiling by IRMS. The corresponding motivation and output are the main 

topic of this thesis. 

1.3 Aims of this thesis 

The knowledge about the production and the supply chain of NPS (Figure 7) is very limited and 

quite different from classic synthetic drugs (amphetamine-type-stimulants) which are typically 

clandestinely produced in European countries. Most of the NPS are presumably produced by 

specialized chemical companies in Asia, typically in China. The syntheses of amino alkyl 

indoles are not very complicated and can be achieved with comparatively inexpensive 

equipment and chemicals, producing highly pure substances (> 97 % purity). Details of the 

production, the synthesis routes including the nature of the precursor chemicals and reagents 

are not known. As most of the published synthesis are only for small-scale production, it is 

likely that the actual manufacturers evaluated and modified these syntheses to improve the 

economic aspects and enable up-scaling from laboratory to pilot-plant. The emergence of 

substances like 5F-PB-22 or MDMB-CHMCZCA, at that date never described in the literature, 

is another indication for the independence of these producers and proves their willingness to 

invest resources to develop own products.  

The pure material synthesized in Asia is shipped in bulk to Europe and further sold as RCs, SPs 

or EL (after formulation and repackaging). So far, it has only been possible to draw conclusions 

about the distribution channels based on police seizures from larger batches (in the kg range) 
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of pure material (delivered from China to European distributors) and individual seizures and 

test purchases of RCs, SPs and ELs (from European distributors to single customers). Online-

test purchases that had similar sachet designs of SPs or included the same advertising flyers in 

the delivered packages allowed for initial conclusions about the distribution channels by 

specific SP producers. However, with increasing popularity of these products, the number of 

designs increased drastically and different producers started to copy popular brandings like 

“Jamaican Gold Extreme”, which complicates conclusions about common sources based on 

these external parameters. 

 
Figure 7: Scheme of the distribution channels of synthetic cannabinoids, starting from the production in China, over the 

shipment of pure material via air or ship to European distributors, which either sell the pure material as research-chemical, 

dissolved in an E-liquid matrix or sprayed onto a herbal matrix via online shops. These products can then be ordered in online-

shops and are send to the individual customers by mail. 

The aim of this thesis was to obtain as much information as possible about the manufacturing 

of synthetic cannabinoids and each of the distribution steps (as displayed in Figure 7), based on 

the forensic analysis of police seizures and test purchases. Analysis of the corresponding 

products by means of stable isotope analysis and impurity profiling allows linking of seizures 

based on similarities in their isotopic composition and impurity signatures, and thus revealing 

potential co-operations between internet shops and might help to understand underlying 

distribution channels and mechanisms (shops might have the same provider of pure synthetic 

cannabinoids or they are run by the same person/company). Basic information about the 

manufacturing, in particular the synthesis pathway, can be obtained by structural identification 

of marker impurity, as they might be specific for the use of certain educts or coupling reagents. 

The retro synthesis of potentially identified synthesis pathways under controlled conditions then 

aid to better understand the overall variations in impurity signatures found in seized material 

and might provide deeper insights in the procedure of the original manufacturer.    

The evaluation of all analytical data is based on the assumption, that a single batch of synthetic 

cannabinoids carries a specific impurity signature and isotopic composition. It was necessary 

to prove, that these parameters are maintained even after the synthetic cannabinoids are sprayed 

onto an herbal matrix or are dissolved in an e-liquid matrix.  

1.3.1 Research area 1: Development and validation of an impurity profiling  

Primary target for the impurity profiling was the synthetic cannabinoid MDMB-CHMICA 

(methyl (S)-2-(1-(cyclohexylmethyl)-1H-indole-3-carboxamido)-3,3-dimethylbutanoate), 

which was highly prevalent in Europe in 2015/2016. Although the fast-paced replacement cycle 
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of synthetic cannabinoids on the NPS market, it was intended to develop an in-depth impurity 

profiling study for a single, representative synthetic cannabinoid to, more generally, extend the 

knowledge base on the structure, modi operandi and development of the international NPS and 

designer drug market and increase the overall police intelligence about this phenomenon. 

One major seizure by Luxembourg customs of 40 kg pure cannabinoid, packed individually 

into 1 kg bags, was available at that time. This material was a perfect sample pool for an 

impurity profiling study, as the complete material presumably came from a single source and 

several important aspects about the manufacturing conditions could be worked out:  

- Does the material come from one or multiple synthesis batches?  

- In the latter case, how many batches are there in total?  

- How much material can be produced in a single batch?  

- How many different synthesis pathways were used?  

- Are there synthesis pathway specific impurities? 

As no impurity profiling methodology was published for synthetic cannabinoids so far to 

answer these questions, the first major aim was to develop and validate a completely new 

workflow. Several tasks were to be tackled in the process:  

Sample preparation 

Preliminary measurements of pure synthetic cannabinoids showed, that only very few 

impurities could be detected without any sample preparation. It was necessary to include a 

preceding extraction step to isolate related impurities from the main component. The commonly 

used SPE was not specific enough and LLE could not be used, as the majority of synthetic 

cannabinoids are insoluble in water. Hence, flash chromatography (F-LC), an automated type 

of preparative column chromatography, was a fitting alternative to selectively cut out the main 

component from chromatographic run and thus enrich present impurities. This semi-automatic 

system brings further advantages, like a high reproducibility and precision. It is highly 

adaptable to a wide range of substances (e.g. via change of columns or eluents) and the 

separated main component can be further qualified as reference standard or measured via IRMS 

to generate orthogonal analytical information. Thus, a suitable F-LC method had to be 

developed and validated to reproducibly isolate related synthesis impurities from the main 

component. 

Assessment and characterization of discriminating key-impurities 

The next step was to assess suitable impurities, which can be used in a batch-to-batch 

discrimination. Requirements for these so-called “key-impurities” are that they must originate 

from the synthesis process of the main active ingredient, are characteristic for each synthesis 

batch and are stable over time and must not decompose or are a result of decomposition. 

Multiple semi-quantitative chromatographic impurity signatures of pure seized samples of 

MDMD-CHMICA were compared and the signals (representing individual substances) with the 

most discriminating potential (responsible for differences between the samples) were worked 

out. Measurements were done on an UHPLC-MS rather than GC-MS, as some synthetic 

cannabinoids are known to dissociate at higher temperatures (e.g. in the GC injector)120. The 

soft ionization via electro-spray ionization (ESI) produces intact molecular ions with a defined 

mass to charge ratio (m/z), which, in addition to the retention time, provides another variable 
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for data evaluation. Comparison of the LC-MS runs were done by an automated integration 

algorithm (bucketing) and subsequent evaluation by multivariate data analysis (MDA, see 

chapter 2.3.3). 

To prove, that the assessed key-impurities are related to the main component, they were 

structurally characterized by HR-MS³. Through precise fractionation of the F-LC run, it was 

possible to isolate and enrich single impurities for unambiguous structural elucidation via 

NMR.  

Adaptability to different matrices 

A requirement for the sample preparation by means of F-LC was, that it is also possible to work 

up samples that were previously extracted from a matrix like SP or EL. For both matrices, a 

reproducible procedure had to be developed and validated to extract the main component and 

all related synthesis impurities, while separating the majority of matrix. Links between the 

impurity signatures of synthetic cannabinoids in SP or EL, in combination with corresponding 

meta-data (e.g. the name of online shop or the date of purchase), can be a powerful tool to obtain 

information about the underlying production and distribution network.  

Controlled synthesis 

By interpretation of structural elements of the previously identified and structurally 

characterized key-impurities of MDMB-CHMICA, hints about the synthesis pathway and 

reagents used by the original manufacturer could be obtained. Replicate synthesis were carried 

out for the synthetic cannabinoid MDMB-CHMICA, some following the general instructions 

from Buchler et al.56 for the corresponding indazole analogue and other with multiple 

modifications of the reaction parameters (different coupling reagents, temperature, time) 

according to the conclusions drawn from the previously characterized synthesis impurities in 

the seized samples. The major intentions behind this approach were to reproduce some of the 

impurities found in the seized samples to draw conclusions about the synthesis of the original 

manufacturer, to better understand the significance of variations in impurity patterns and the 

overall reproducibility of the synthesis. For all controlled synthesis, the chromatographic 

signatures were recorded on UHPLC-MS and subsequently compared to work out pathway-

specific impurities. 

1.3.2 Research area 2: Isotopic profiling 

Isotope ratios of synthetic cannabinoid precursors  

Nearly all modern synthetic cannabinoids appearing on the drug market can by synthesized 

using a modular system, exchanging single parts of the molecule like the core, linker, aliphatic 

residue or the linked residue (similar to the four parts in the naming of synthetic cannabinoids 

in Figure 4). Although the exact synthesis procedures for synthetic cannabinoids of the original 

manufacturers is yet unknown, it is expected that at least three synthesis steps are taken: the 

coupling of the aliphatic residue to the core and the coupling of the bridge residue to the linker 

(and thus the core), necessitating at least three individual precursor substances.  

One of the aims in this work was to use IRMS to assess the diversity of isotopic data in precursor 

material purchased from different global vendors, to better judge the isotopic variations in the 

final products. In the case, that all globally available material of a single precursor such as tert-
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leucine methyl ester (TLME) is produced by a single manufacturer with no isotopic diversity 

between batches, IRMS loses approximately 1/3 of its discrimination power for all synthetic 

cannabinoids with a TLME residue. However, if precursor substances from different vendors 

show a highly diverse isotopic composition, the degree of certainty increases for assigning two 

synthetic cannabinoids with similar isotopic composition to a common source, solely based on 

the low probability of two unrelated manufacturers producing material with similar isotopic 

composition using educts from different sources. 

Isotope ratios of synthetic cannabinoids 

The isotope ratios for a variety of synthetic cannabinoids in pure form and extracted from SPs 

were measured via IRMS to generate links between seizures and online-test-purchases. Each 

batch of synthetic cannabinoids synthesized with a specific combination of precursor 

substances should also carry a specific isotopic composition, provided no excessive isotopic 

fractionation is induced in the synthesis. After delivery to the European market and formulation 

in the forms of consumption (RC, SP or EL), by IMRS analysis it might be possible to trace 

back and group seized and online-test purchased samples to their original manufacturer and 

possibly even synthesis batch. By implementing metadata such as date of seizure or the source 

in the data evaluation, first insights in the distribution pathways or underlying networks between 

the original manufacturers and/or the European online-shops might be revealed.  

As for the impurity profiling study, it was necessary to validate that the sample preparation like 

extraction and clean-up via F-LC had no influence on the isotopic composition of the main 

component.  

1.3.2 Research area 3: Linking seizures and online-test-purchases 

After development and validation of the sample preparation and assessment and 

characterization of suitable key-impurities, the impurity signatures and isotopic composition 

for all available seized and test-purchased samples of MDMB-CHMICA were recorded and 

evaluated in a comprehensive model. Again, the intention was to identify links between samples 

for which the same batch of MDMB-CHMICA was used, this time combining the orthogonal 

information generated by both analytical techniques, generating information about the used 

combination of precursor substances and the applied synthesis pathway, including batch 

discrimination.  

Again, this might provide unique insight into the manufacturing procedures of the original drug 

manufacturers and in potential co-operation or shared underlying distribution channels for the 

European NPS distributors.  
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2. Methodology 

2.1 Sample pool and preparation 

Although a large variety of different NPS products were acquired by police seizures and online-

test purchases in the course of the project “Spice-Profiling” (e.g. cathinones, synthetic 

cannabinoids, benzodiazepines), we focused on pure samples of the synthetic cannabinoid 

MDMB-CHMICA as “flag-ship” compound to develop the impurity profiling. The adaptability 

of the impurity profiling workflow to other matrices was conducted for the cannabinoid Cumyl-

5F-PINACA. The IRMS profiling was done for all samples of MDMB-CHMICA and Cumyl-

PeGaClone and a few samples of 5F-PB-22. 

In detail, the following samples were used (with source): 

Table 4: Listing and additional information for the synthetic cannabinoid seizures and online-test purchases used in this work 

Synthetic 

cannabinoid 

Formulation Obtained 

from 

Number Source Date 

MDMB-CHMICA 

pure 

seizure 

40 x 1kg 

Luxembourg 

Customs  

(Figure 8) 

Dec 2014 

17 Finish customs 2015 - 2016 

1 Slovenia 2015 

Online-test 

purchase 
3 FRa 2015 

SP 

seizure 44 RLPb Jan - Jun 

2015 

Online-test 

purchase 
74 FR 

Nov 2014 - 

Dec 2015 

Cumy-5F-PINACA 

pure seizure 1 
Laboratory in 

Slovenia 
Aug 2015 

EL 

seizure 4 
Laboratory in 

Slovenia 
Aug 2015 

Online-test 

purchase 
10 FR 2016 

Cumyl-PeGaClone 

pure seizure 1 BKAc 2016 

SP 
Online-test 

purchase 
30 FR 

Dec 2016 - 

Jul 2017 

5F-PB-22 
pure seizure 2 BKA 2014, 2017 

SP seizure 14 BKA 2014 

a FR = University Medical Center Freiburg 
b RLP = Land Office of Criminal Investigation of Rhineland Palatine 
c BKA = Federal Criminal Police Office Germany 
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Figure 8: Seizure of 40 kg pure MDMB-CHMICA by Luxembourg customs in December 2014 going from Shanghai to 

Madrid.  

All pure samples could be directly dissolved for injection into the flash-chromatography. For 

the SPs and ELs, an additional extraction step had to be included, to remove the synthetic 

cannabinoid and related compounds from the corresponding matrix.  

A short extraction with acetonitrile was developed and validated for SPs. The herbal material 

is rinsed multiple times with acetonitrile, while the contact time between solvent and plant 

material was kept short, to avoid excessive extraction of plant-based substances (it was 

inevitable to extract some minor plant components, already visible though a slight green 

colouring of the extract). However, it should be ensured that the desired cannabinoids and 

related impurities are completely dissolved in this short time. After extraction, the acetonitrile 

is evaporated and the dry residual is dissolved again in the F-LC eluents. To validate the 

extraction procedure and investigate the potential extraction of matrix substances, native herbal 

material was impregnated with synthetic cannabinoids of known impurity composition. The 

self-made SP was extracted again and the chromatographic impurity signatures compared to 

those of the corresponding pure material.  

The extraction of synthetic cannabinoids from ELs was more complex than for the SPs, due to 

the nature of the matrix. Before the samples can be injected into the F-LC, it was necessary to 

remove the polar matrix, as it would disrupt the normal phase chromatography. A short LLE 

with water and chloroform was developed. The majority of polar matrix remained in the water 

phase, while the target compounds remain in the chloroform phase. The chloroform is 

evaporated and the dry residual is dissolved again in the F-LC eluents. Similar to the procedure 

of the SPs, self-made e-liquids with a pure sample with known impurity composition were 

prepared to validate the extraction procedure. By comparing both the original signature and the 

one after extraction, additional matrix substances and potential loss of impurity signatures could 

be identified. 

2.2 Flash chromatography 

Preparative column chromatography is a widely used method to separate or clean-up larger 

quantities (milligrams to grams) of compounds121-123. It was optimized and formally introduced 

in 1978 by Still et al.124, using a glass column topped with a gas flow inlet to regulate (mostly 

increase) the flow rate of the mobile phase and thus speed up the separation in contrast to non-

pressurized preparative chromatography, thus the name “flash”-chromatography. In recent 

days, the pressure of the mobile phase flow is generated by solvent pumps instead of air 

pressure. Figure 9 shows the instrumental setup used for the here presented work, a Sepacore 

X50 by Büchi (Switzerland). The modular setup consists of two pumps to generate a flow rate 

of up to 250 mL/min and a pressure of up to 50 bar, an online-UV/VIS detector (parallel 

detection on 4 wavelengths, 200-840 nm) and an automated fraction control unit. With two 
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individually operating pumps, it was possible to run both an isocratic and a gradient eluent 

system. Samples can either be loaded as solid via a special adapter or by injection as solution 

on a sample loop. A selection of prepacked columns is commercially available, eliminating 

possible inaccuracies in the density or homogeneity of the column material through manual 

handling and thus increasing the reproducibility of the separation. The automated fraction 

controller with numbered vials in combination with the online UV-VIS detector and the 

corresponding software enables reproducible and retraceable fractionation of eluting peaks. 

Sample injection was done via commercially available disposable syringes. 

Separation of impurities from the main component was done using only the smallest types of 

columns (4g) for several reasons. Most importantly the economic aspects, as these columns 

could be operated with comparatively low flow rates of 15-20 mL/min. Per run, approximately 

200 mL of organic solvents were used and every five runs the column was changed. The 

separation capacity of the small columns was sufficient for the amount of sample (10-100 mg) 

to be separated, as only small quantities of impurities (few µg) were necessary for subsequent 

analysis. For structural characterization via NMR, the automatic fractionation was adjusted to 

selectively cut out single impurities. Multiple replicate runs were carried out to accumulate 

these impurities, which were further purified by individual F-LC runs after enough substance 

was collected.  

 
Figure 9: Sepacore® X50 Flash-Chromatography system by Büchi, consisting of two pumps, a UV-VIS spectrometer, an 

automated fraction collector and a control unit. The pictures belong to and is used with the allowance of Buchi. 

Several pitfalls have been detected while operating the system, which are to be avoided for an 

accurate operation using small injection volumes and small columns. This was of special 

interest for the developed methodology for impurity profiling. It was of utmost importance, that 

the separation and fractionation is reproducible in the course of multiple hundred runs: 

- It is recommended to dissolve the sample material in the same solvents as the eluent 

system to maintain a homogenous flow. Different viscous liquids could lead to an 

irregular flow on the column and disrupt the separation. 

- If small columns are used (e.g. 4 g of packaging material), the composition and volume 

of the injected solvent, even though it consists of the eluents, significantly influence the 

separation. With a high injection volume and concentration of the solvent with strong 

elution power (in the case of normal phase chromatography, the more polar eluent), the 

dissolved sample migrates far onto the column even though the separation has not even 

started. This migration stops only when the eluent flow with low separation power 
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flushes the injected volume away. In the worst case, substances with low affinity to the 

column material might elute with the injection peak. In any case, this migration leads to 

peak-broadening and far less resolution of eluting peaks. However, in some cases it is 

inevitable to use larger concentration of the stronger eluents, as the sample might only 

dissolve in this more polar solvent. 

- The nature of the injection system is not very well suited for low injection volumes (1-

2 mL), as multiple hundred μL of sample might go into the waste. The normal procedure 

is to put the syringe into the injection nozzle, then turn the 6-way-valve to load the 

sample onto the sample loop. The syringe is emptied and the 6-way-valve is turned again 

to inject the sample onto the column. However, the volume of the tube from the injection 

nozzle (where the syringe is put on) to the 6-way-vale already can take several hundred 

μL of injected sample. This sample is lost in the normal injection process, as the second 

turn of the 6-way-valve connects this short transfer-tube with the waste. To load the 

complete amount of sample onto the sample loop, the empty syringe has to be taken off 

the injection nozzle before turning the 6-way-valve a second time, so that the volume in 

the transfer tube can flow onto the sample loop by hydraulic force (natural suction of 

the flow through gravitation, as the end of the sample loop is connected with the waste 

bottle, which itself is lower on the laboratory bench than the injection valve). Shortly 

before air reaches the 6-way-valve, it is turned the second time and the loading of the 

sample is complete.   

 

2.3 Assessment and evaluation of impurity signatures 

2.3.1 Ultra high-performance liquid chromatography mass spectrometry 

The hyphenation of UHPLC and MS is a well-established method in analytical chemistry. The 

combination of high throughput and strong separation power of the chromatography with the 

high discrimination power of the MS finds many applications ranging from environmental 

studies, metabolomics, proteomics and forensics (doping, toxicology) to clinical medicine. The 

basic principle of LC and MS and their corresponding applications can be taken from the 

literature125,126. 

For the assessment of the chromatographic impurity signatures, we used a combination of 

reverse phase (RP) LC coupled to an ion trap MS with ESI. This combination is well suited for 

the development of an impurity profiling methodology for synthetic cannabinoids, although 

other profiling routines utilize GC-MS. However, some synthetic cannabinoids are known to 

dissociate at higher temperatures, which would disrupt the impurity signatures with additional 

peaks and injector artefacts.  

RP is the most common type of LC with a non-polar stationary phase (e.g. polymer granulate 

with covalently bound alkyl chains) and a polar (water based) eluent system to separate 

mixtures according to their polarity. Its robustness, cheap eluents and high separation power 

are only a few of the positive aspects. For the impurity profiling, an established method, 

developed by the Federal Criminal Police Office, was used, as it was well suited for the 

separation of synthetic cannabinoids and related synthesis impurities. After separation, eluting 

substances were ionized by ESI and analysed via mass spectrometry. We preferred ESI as 
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ionization source to other common atmospheric pressure methods, such as chemical or photo 

ionisation. We are aware, that some substances might not be ionized at all by ESI, however, 

first measurements showed good ionisation of > 100 synthesis impurities of synthetic 

cannabinoids, sufficient for a semi quantitative profiling. Another major reason for soft 

ionisation is related to the evaluation algorithm via m/z specific integration (see following 

chapter). Increased in-source decay (ICD) by hard ionisation techniques could reduce the signal 

of the original molecular peak and thus leads to a falsified integration (the integral of the product 

ion is not accounted for in the data evaluation). Finally, an ion trap MS (AmaZon Speed, 

Bruker) was used as mass analyser, with a fast scan rate (32500 m/z/s), an m/z peak width of < 

0.5 u and automated (smart) fragmentation up to MS³. The fragmentation was of special use in 

the process of method development to characterize eluting substances and assess their relation 

to the main component. However, as the MS takes a certain time to fragment up to MS³, no 

scan signal is recorded in this period. As the data evaluation only targets the m/z intensities of 

the scan spectra, comparing two LC-MS runs might lead to different accumulated intensities 

due to the different sum of recorded scan spectra in a specific chromatographic runtime. Thus, 

all LC-MS runs intended for the semi-quantitative impurity profiling were recorded without 

automated fragmentation.  

2.3.2 Data structure and treatment 

The data generated by an LC-MS run can be divided into three dimensions, the retention time 

(RT), m/z value and intensity. Given the case that a chromatogram shows only a few, baseline-

separated signals, the evaluation/integration of the base peak chromatogram (BPC) or total ion 

chromatogram (TIC) is sufficient to extract semi-quantitative information about these signals. 

However, in the case of complex mixtures with multiple overlapping or non-baseline separated 

peaks, this integration method can lack in accuracy and deconvolution of peaks is necessary. 

As the data structure of LC-MS provides a third discriminating variable (m/z value) in addition 

to the RT and intensity, an alternative for precise integration can be applied. For Bruker 

instrumentation, the software Profile Analysis can be used for automated integration, 

subdividing the retention time and mass range of a LC-MS run into distinct pairs (so-called 

buckets) and summing up all intensities falling into each of these ranges. The software allows 

the use of different bucketing algorithms (e.g. automating peak detection), however, the one 

used for this work was rectangular bucketing, the most static but also reproducible approach. 

As example: A bucket size of Δ t = 0.5 min and Δ m/z = 1 between 1 min and 9.5 min of the 

chromatogram for the m/z range of 150 to 500 was set. The LC-MS data is then converted into 

a table of 5967 buckets with their corresponding accumulated intensities. A major advantage of 

the algorithm is the automatic peak detection. If a peak is located across a border of two adjacent 

buckets, the intensity of this peak will not be split, but rated to the bucket containing the peak 

maximum. This way, a single bucket contains the complete integral of an eluting substance. 

Even though this feature helps to avoid a “blurring” of the LC-MS data, the settings for 

bucketing should be chosen carefully. Going back to the given example: if multiple substances 

with identical m/z values (e.g. positional isomers) elute with approximately 0.5 min difference, 

two or even three peaks of otherwise individual substances might be rated into a single bucket. 

With the set time interval of Δ t = 0.5, a part of the original information is “deleted”. However, 

by setting the time interval not wide enough, small shifts in the retention time (e.g. when 
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comparing two runs of a sample measured several months apart) are not compensated for and 

an eluting peak might be rated into different buckets for each of these runs, although both peaks 

describe the same substance. Depending on the given sample and the complexity of mixture of 

substances, appropriate settings have to be found by trial and error until a satisfactory bucket 

table is generated.  

Profile Analysis provides a direct evaluation of the bucket table via principle component 

analysis (PCA), a type of MDA. Although multivariate evaluation was in our interest, this 

software-feature was not used for this work. Instead, the bucket table was exported into an Excel 

sheet to reduce the number of buckets (data point) before evaluation. Most of the buckets do 

not carry any relevant information as they describe measurement background noise or signals 

with no relevant information. Even though the MDA (in our case PCA) is able to cope with 

unnecessary noise data, we chose to “clean” our dataset. The overall amount of data points was 

reduced by applying an intensity threshold for all measurements. Buckets that did not exceed 

this specific threshold were deleted by an Excel macro, reducing the number of relevant RT/m/z 

pairs by more than 98% (target number of remaining buckets were less than 100). As final 

normalization/baseline correction step, the whole dataset was divided by 108. Figure 10 is a 

graphical interpretation of this process.  

As mentioned before, this work was a proof of concept study for the impurity profiling of 

synthetic cannabinoids, in particular targeting MDMB-CHMICA. The impurity signatures of 

the available 61 samples were measured, the LC-MS data converted into a bucket table and the 

noise buckets deleted. The cleaned bucket table with the remaining most intense signals was 

analyzed via MDA, in particular via PCA to assess those buckets (and the underlying 

signals/substances), which are responsible for differences between these samples. 

2.3.3 Multivariate data analysis 

For small data sets with two or three variables it is easy to see patterns in the distribution of 

data points by plotting them against each other. However, trying to analyse complex systems 

with hundreds or even millions of variables, a visual approach without any data treatment is 

either very time consuming or even impossible. To extract the most amount of information and 

to find hidden underlying structures in large datasets, multivariate mathematical models can be 

used. Ideally, after MDA the number of observed dimensions is reduced to a level, at which a 

visual interpretation is possible again, while the maximum amount of the original information 

is maintained. In this work, hierarchical cluster analysis (HCA) and PCA were used. A review 

of the corresponding mathematical background127 and the applications in analytical 

science103,128,129 can be taken from the literature. In summary, PCA is a model to analyse the 

overall variability in a given dataset and to understand the relationship between samples and 

variables. It is an unsupervised exploratory model, where no prior information is implemented 

and the samples are solely analysed based on their variables. The data is separated into a few 

principal components (PCs), each contributing to explain a percentage of the total variability. 

PC1 always explains the highest percentage of information, followed by the other PCs in 

decreasing order. 
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Figure 10: Schematic of rectangular bucketing via Profile Analysis with subsequent data treatment for assessment of 

discriminating key-impurities. The 3D-graphic was modelled using MZmine 2.38130 

In a good PCA model, the number of individual PCs should be as low as possible, while the 

accumulated percentage of all PCs should be near to 100% to describe the dataset as complete 

as possible. PCA is a highly graphic type of MDA, thus interpretation of the data is done by 

Δt = min 6 to 6.5  

Δm/z 285.5 to 286.5 

Δt = min 6.5 to 7  

Δm/z 284.5 to 285.5 
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Excel macro deletes all RT/m/z columns, if none of the integrals of 
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Approximately 100 RT/m/z pairs remain  
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plotting the PCs against each other to see patterns in the data. The two most important graphs 

are the Scores and Loadings plot. The Loadings plot provides a map of the variables and shows, 

which variables contribute most to the overall variability, in other words show the most variance 

between the given set of samples. Furthermore, the relationship between variables is described 

and variables with no information can be identified. The Scores plot provides a map of the 

samples, being directly related to corresponding Loadings plot. Samples with a high score on a 

specific PC generally consist of a variable or multiple variable with a high loading on the same 

PC. Samples with a similar composition of variables tend to cluster in the Scores plot.  

Referring to this work, each variable represents an impurity. The Scores plot is the most 

important feature of the PCA to group samples with similar impurity composition. By 

interpretation of the Loadings plot, key-impurities with high discrimination potential can be 

identified. Figure 11 provides an example how a Scores and Loadings plot might look like and 

what type of information can be extracted of each individual plot. 

In practical terms, the PCA was used for both method development and final data evaluation. 

The process of choosing key impurities was iterative, meaning that the bucket table (LC-MS 

data of pure MDMB-CHMICA samples) with approximately 100 variables was analysed via 

PCA and the resulting loadings plot was carefully investigated for the corresponding m/z value 

with high inter-sample variability. Each of these m/z values was then crosschecked in the LC-

MS spectrum for its relationship to MDMB-CHMICA. Version 1.1 of Profile Analysis was 

used in this work for bucketing, which was not yet programmed to automatically detect 

isotopologues, splitting both the nominal mass and corresponding isotopes (e.g. 13C or 37Cl) 

into individual buckets. Thus, bucketing of high concentrated substances produces multiple data 

points with high intensities of which the isotope signals do not provide any additional 

information. Thus, after the “key-impurities” were assessed, their corresponding isotopologue 

RT/m/z pairs were deleted by hand as they were still present in the bucket table after applying 

the intensity threshold to remove noise buckets. 

 
Figure 11: Examples for the different types of information that can be extracted from a PCA Scores (left) and Loadings plot 

(right).  
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HCA is a classification model (sometimes also rated to the exploratory methods), sorting a 

group of objects based on distinct features in this object. In general, agglomerative algorithms 

are used for grouping, starting from single samples and searching for the most similar. In the 

second step, the next most similar sample is grouped to this cluster and so on until one cluster 

remains. The distance of the groups or samples to each other are expressed as relative distance 

and visualized in form of a dendrogram (see Figure 12). The investigator then has to choose the 

appropriate relative distance for assigning 

samples into distinct groups. Depending on 

the previous knowledge of the objects to be 

classified, supervised or unsupervised 

classification can be used. Unsupervised 

classification groups samples solely based on 

similarities/dissimilarities in their 

corresponding variables (also the case for 

PCA). In supervised classification, classes 

with a specific set of parameters are known 

and new samples are tested if they are a 

member of any of these classes or not.  

In this work, only unsupervised classification was used to visualize links between impurity 

signatures of seized samples. The data was pre-treated with PCA reducing the large number of 

variables to a few PCs, where each sample has a distinct score in the Scores plot. While each 

PCs describes only a certain percentage of the complete dataset, a combination of the first four 

or five PCs (depending on the model) nearly describe 100% of the information. Although visual 

interpretation of the data is much simpler than before, still all PCs need to be plotted against 

each other to reveal all connections between samples. By applying HCA to the scores of these 

first PCs, the number of variables can be further reduced to give a summarized picture of the 

complete dataset in just two dimensions.  

2.4 Characterization of impurities 

2.4.1 High-resolution mass spectrometry 

Resolution in MS is defined as the accuracy with which an m/z ratio can be measured. A 

common method for calculation is by dividing a given m/z ratio by the measured peak width at 

50% (full width at half-maximum FWHM)131. HR-MS is a technique to measure the m/z value 

of a peak with high accuracy. Mass analysers with high resolving power are time of flight 

(TOF)132, Orbitrap®133, or Fourier transform ion cyclotron resonance spectroscopy (FT-

ICR)134. Reviews on these techniques and their applications can be taken from the 

literature135,136. 

One of the major advantages of HR-MS is the generation of sum-formulas based on the accurate 

determination of the m/z value, possible through the so-called mass-defect in atoms. The 

monoisotopic mass of all elements (except hydrogen) is not a simple accumulation of the weight 

of their corresponding number of sub-atomic particles (neutrons, protons, electrons). The 

energy, necessary for binding these constituents to intact atoms is subtracted from the 

accumulated mass following Einstein’s equation for mass-energy equivalence. The mass defect 

Figure 12: Exemplary dendrogram of an HCA                     
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increases with higher number of sub-atomic particles. Thus, an accurately determined m/z value 

can only consist of a specific combination of elements, which can be calculated by modern 

software. This feature is of special interest for characterization of unknown substances, as the 

sum-formula already provides valuable information of the underlying chemical structure. The 

discrimination strength of this technique can even be increased, by combining the sum-formula 

generation with preceding fragmentation experiments. In this work, we used an HPLC-Iontrap-

Orbitrap system to fragment and elucidate the structure of synthesis impurities.  

2.4.2 Nuclear magnetic resonance spectroscopy 

NMR was first described in 1938137 and has become one of the most power tools for structural 

elucidation of organic compounds. Samples are submitted to a strong magnetic field and the 

sample nuclei are excited by radio waves. The emitted relaxation frequencies of the nuclei are 

then recorded and transformed via Fourier-Transformation into signals. Depending on the 

intramolecular magnetic interactions of the nuclei and their corresponding electrons, the emitted 

frequency can be different for each nucleus in the molecule. By interpreting these differences 

and interactions visualized in the NMR-spectrum, information about the structure of a molecule 

can be won. Although the 1-dimensional NMR of single nuclei like 1H or 13C are the most 

common type of NMR analysis, it is possible to measure the direct interaction of nuclei in close 

proximity by different two-dimensional experiments (1H-1H correlation spectroscopy ,COSY 

or 1H-13C heteronuclear single quantum coherence, HSQC) or through the room (nuclear 

overhauser enhancement and exchange spectroscopy, NOESY). These 2-D experiments might 

be necessary for molecules, where 1-D techniques fail to provide all necessary information for 

unambiguous structural identification. Harald Günther published a good review about the 

principles and applications of NMR138. 

Impurities of MDMB-CHMICA, which could be isolated in larger quantities und sufficient 

purity, were measured by NMR. In combination with the HR-MS data, a nearly univocal 

structural characterization of impurities was possible. 

2.5 Synthesis of MDMB-CHMICA 

2.5.1 Controlled synthesis of the amino acid coupling step using different reaction 

conditions 

To this date, the precise synthesis of NPS conducted by the original manufactures is unknown, 

although it is expected that they derive their general procedures from patents and publications. 

Thus, with the characterization of impurities in seized samples of MDMB-CHMICA, 

conclusions about the synthesis pathway and respective used chemicals and reagents could be 

drawn. In the majority of published synthesis for synthetic cannabinoids, the residue on 3-

position of the indole is coupled after the N-alky residue. Thus, it is expected that the 

manufacturers in Asia also follow this order and for MDMB-CHMICA the coupling of the 

amino acid TLME to the respective 3-indole-carboxylic acid is the last reaction step. The 

majority of impurities identified in seized samples of MDMB-CHMICA consisted of 

derivatives of the indole with the cyclohexyl methyl already attached to the indole core, 

validating the postulated reaction order. Thus, we decided to focus our efforts of controlled 

synthesis to the last coupling step of the amino acid to reduce the number of variables which 

might have an impact on the finished impurity composition. The main aim was to better 
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understand variations in the impurity signatures, including the identification of route specific 

markers, resulting from different reaction conditions or coupling agents and to assess the overall 

reproducibility of the impurity signatures by replicate synthesis using the exact same reaction 

conditions.    

In a patent of Buchler et al.56 the synthesis of multiple hundred structurally different synthetic 

cannabinoids are started, including the indazole analogue of MDMB-CHMICA, which also 

appeared on the drug market as MDMB-CHMINACA. The respective coupling of the amide 

bond was achieved by N-N-dicyclohexylcarbodiimide (DCC) or 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC) in combination with 

hydroxybenzotriazole (HOBt) or uronium reagents such as O-(7-azabenzotriazol-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HATU). Banister et al.139, who first published the 

complete synthesis of MDMB-CHMICA, also used the same combination of EDC and HOBt 

for amide bond formation. However, one of the most abundant impurities found in seized 

samples of MDMB-CHMICA was identified as a respective 2-chloro indole derivative, 

indicating the use of a chlorination agent for coupling, most certainly the activation of the 

carboxylic acid via an acyl halide with subsequent nucleophilic substitution of the amino acid. 

Thus, several amino acid couplings were conducted (always in triplicate) by Steven Hansen of 

the University Mainz in cooperation with the Federal Criminal Police Office, summarized in 

Figure 13, once with HATU according to Buchler et al., once using the chlorination agent 

thionyl chloroide, and three-fold using the chlorination agent oxalyl chloride. One of the oxalyl 

chloride synthesis was conducted according to the usual coupling conditions, another with an 

extended reaction time of 23 hours, which was monitored after 1 hour, 2 hours, 3 hours and 23 

hours and the last with a reduced reaction temperature to 0 °C (instead of room temperature). 

As educt for all couplings, a purified batch of 1-(cyclohexylmethyl)-1H-indole-3-carboxylic 

acid, synthesized by an optimized method in a classified master thesis from Steven Hansen. 

 
Figure 13: Last step of the amino acid coupling in the synthesis of MDMB-CHMICA using five different reaction conditions   

The finished reaction mixtures were cleaned up by standard procedures like liquid-liquid 

extraction and washing with water. The impurity profiles of each synthesis were assessed and 

compared according to the procedures stated in 2.3. 

2.6 Isotope ratio mass spectrometry 

Via IRMS, the relative abundance of isotopes (e.g. 2H/1H/, 13C/12C or 15N/14N) are measured in 

a sample. In principle, samples are combusted at high temperatures and converted into gases 

like CO2 or N2 (after reduction), which are ionized by an electron impact ion source (EI). The 



2.6 Isotope ratio mass spectrometry 

 

31 

 

ions are measured via a combination of a single magnetic sector analyser for separation by m/z 

ratio (e.g. m/z 44, 45 and 46 for ions of CO2 with various combinations of 12C, 13C, 16O, 17O 

and 18O) and subsequent detection via an array of so-called Faraday cups.  

For each element, samples are measured against an international primary standard selected by 

the International Atomic Energy Agency in Vienna (IAEA). The primary standard for C was a 

fossil Belemnite found in the Peedee-formation in South Carolina (referred to as Vienna Pee 

Dee Belemnite, V-PDB) and is now exhausted. For N, atmospheric nitrogen is used, as it does 

not vary measurably around the word. The so-called mean ocean water (which never physically 

existed) is used for H and O (referred to as Vienna Standard Mean Ocean Water, V-SMOW). 

The measured isotope ratios are expressed in ‰ and relative to the international standards using 

the delta definition equation140 (exemplarily shown for C): 
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Guidelines for good practice in IRMS for forensic purposes can be taken from the Forensic 

IRMS network141. A review on the natural distribution of stable isotopes can be taken from the 

U.S. department of the interior142.   
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3. Results and discussion 

The results obtained in the practical work of this thesis can be condensed in a few superordinate 

topics. In the following chapters, each topic is outlined in short, primarily summarising the 

results already published in the peer reviewed scientific literature. The corresponding original 

publications can be taken from the appendix. Figure 15 sketches the developed workflow with 

the different topics marked by individual colours: Green is the central workflow, blue the 

method development with structural identification of single impurities and controlled synthesis, 

orange the adaption of the workflow to samples in e-liquid matrices, red the adaption to samples 

on herbal matrices including the comprehensive profiling of the main active ingredient via 

IMRS and purple controlled synthesis and binding studies of specific synthetic cannabinoids.  

3.1 Development and validation of an impurity profiling workflow for highly 

pure samples of synthetic cannabinoids Publication 1 and 2 

The major topic of this thesis was the development of an impurity profiling for synthetic 

cannabinoids, which at that time did not existed. As several of the results and developed 

processes serve as basis for all following publications, they are already outlined in the 

experimental section.  

Although impurity profiling of classical drugs is well described in the literature, these 

methodologies mainly target samples of low purities and utilize unspecific enrichment 

techniques like LLE or SPE to separate the impurities from the main component. Since 

synthetic cannabinoids are both highly pure and the common enrichment methods fail for this 

substance (they are insoluble in water and impurities are structurally very similar to the main 

active ingredient), we found F-LC as fast paced preparative chromatography as feasible 

alternative to selectively cut out the main component of a chromatographic run and yield a 

combined impurity fraction. The adaptability of the F-LC was demonstrated by development 

of different gradient systems to isolate the individual related impurities of the four structurally 

diverse synthetic cannabinoids MDMB-

CHMICA, MDMB-CHMZCA, AB-

CHMINACA, Cumyl-PeGaClone and 

Cumyl-5F-PINACA, depleting more than 

99 % of the main component from the 

pooled impurity fractions. Two overlaid 

BPCs of a native sample of MDMB-

CHMICA (red) and the corresponding 

pooled impurity fractions (blue) are 

shown in Figure 14. Small peaks which 

were nearly below the detection limit in 

the native sample are more intense in the 

combined impurity sample and even 

additional, previously superimposed 

peaks appear.  

Figure 14: Excerpts of overlaid UHPLC-MS base peak 

chromatograms. red: native sample of MDMB-CHMICA, 

blue: isolated impurities of the corresponding red labeled 

sample injected with a lower dilution factor. 
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Figure 15: Sketched summary of the final workflow for impurity profiling of synthetic cannabinoids with the assignment of 

individual parts to their respective publications. Green is the general workflow, blue the method development with structural 

identification of single impurities and controlled synthesis, orange the adaption of the workflow to samples in e-liquid matrices, 

red the adaption to samples on herbal matrices including the comprehensive profiling of the main active ingredient via IMRS 

and purple the controlled synthesis and binding studies of specific synthetic cannabinoids. In general, the respective 

publications were mixtures of the individual parts of the workflow. 
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The complete workflow as stated in Figure 15 was not conducted for each of these 

cannabinoids, but only for MDMB-CHMICA (and Cumyl-5F-PINACA) as most prevalent 

synthetic cannabinoid in Germany in 2015 and 2016. Sixty-one pure samples of MDMB-

CHMICA from different sources were available to exemplarily exercise each of the shown 

steps. 

In the process of developing an impurity profiling for any substance, one of the most important 

steps is to assess suitable key-impurities, which are responsible for differences between the 

samples and are characteristic for a specific synthesis and its conditions. Thus, the integrated 

chromatographic impurity signature of the sixty-one samples of MDMB-CHMICA were 

evaluated by multivariate means via PCA and those impurities with high inter-sample variance 

were assess by preliminary ion-trap MS/MS fragmentation experiments and all other signals of 

unrelated matrix components were excluded. Thus, the workflow is not fully linear but has an 

iterative self-optimization feature of key-impurity assessment and data-evaluation. Although it 

might be possible to profile a sample pool based on these preliminary set of key-impurities, the 

validity of the key-impurities can be further increased by more elaborate structural elucidation. 

Via precise fractionation of the F-LC run, single impurities can be isolated in larger quantity. 

For the given sample pool of MDMB-CHMICA, elven impurities could be enriched in larger 

quantities and high purity for structural characterization via NMR. Four other impurities were 

only characterized by means of HR-MS/MS experiments, giving a set of fifteen key-impurities 

for MDMB-CHMICA (Figure 16) on which all following data evaluation is based on.  

As mentioned before, overall sixty-one samples of pure material from different sources were 

available for analysis (see chapter 2.1). For each sample, the impurity signatures were recorded 

and compared by PCA and HCA on the basis of the fifteen key-impurities to possibly 

discriminate between individual synthesis pathways and group samples according to 

similarities in their impurity signatures. The forty samples from the large Luxembourg seizure 

could be grouped into six clusters between five and ten samples, representing a maximum 

possible batch size of 10 kg of pure MDMB-CHMICA. Three of the forty samples were 

identified as outliers, possibly synthesized by a different synthesis. The remaining twenty-one 

samples from unrelated seizures or online-test purchases could be grouped according to 

similarities in their impurity composition.  

To validate the workflow and the key impurities, stability test and controlled synthesis were 

carried out. Two oxidation products of MDMB-CHMICA were found after storage for two 

months under direct sunlight and at room temperature. With the knowledge about specific 

structural elements of the impurities and the available literature sources, several retro synthesis 

of MDMB-CHMICA were carried out with two intentions: to better understand variations in 

impurity signatures between multiple batches using the same and different reaction conditions, 

assessing the significance of variations in the impurity patterns of seized samples, and to 

reproduce the impurity patterns of seized samples to learn about the synthesis pathway used by 

the original manufacturers. Five different types of controlled synthesis of what is presumably 

the last coupling step (amino acid to indole-carboxylic acid) were performed (see chapter 2.5.1). 

Overall, eight new impurities were found in the controlled synthesis. Replicates of a synthesis 

conducted on the same day showed similar impurity signatures, on different days very 

dissimilar signatures. As expected, the use of different coupling reagents or conditions gave 
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distinguishable impurity signatures. The controlled synthesis by amino acid coupling over an 

acyl halide were identified to be the most probable synthesis of choice of the original 

manufactures.  

 
Figure 16: Structural formulas of the fifteen assessed key-impurities for MDMB-CHMICA. (top) elucidated via NMR and HR-

MS/MS experiments. (bottom) elucidated only by HR-MS/MS experiments. 

Although the here presented impurity profiling was only carried out on one synthetic 

cannabinoids, already large amounts of case specific and strategic information could already be 

extracted, providing first valuable insights into the manufacturing of synthetic cannabinoids. 

However, the range of possible application also include other chemicals of high purity for which 

an impurity profiling would be applicable, such as counterfeit pharmaceuticals or crystalline 

methamphetamine. 
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3.2 Adaptability of the central workflow to different formulations of 

synthetic cannabinoids Publication 1, 3, 4 and 5 

The applicability of the workflow was demonstrated on pure samples of synthetic cannabinoids. 

The next step was to adapt and extend the sample preparation to the common formulations of 

synthetic cannabinoids: SP Publication 1, 4 and 5 and EL Publication 3.  

Compared to the pure samples of synthetic cannabinoid, which can just be dissolved and 

injected into the F-LC, the active ingredient and related synthesis impurities on SP need to be 

extracted from the plant material first. As the impurity profiling targets trace components of the 

respective synthetic cannabinoids, it was necessary to prove, that even though the synthetic 

cannabinoid was sprayed onto and is extracted from an herbal matrix, the original impurity 

composition is not affected either by loss of substance or any type of degradation. Furthermore, 

it was necessary to keep the number of extracted plant components to a minimum, to not 

influence the subsequent F-LC measurements by column clogging through sugars or polymers 

and the UHPLC-MS measurements by ion-suppression, signal superimposition or interference. 

Thus, in first experiments, several self-made herbal blends were produced by dissolving pure 

MDMB-CHMICA with known impurity composition in acetone and impregnating two of the 

most common herbal matrices damiana and strawberry leaves. After the acetone was 

evaporated, the synthetic cannabinoid and related impurity components were extracted again 

from the plant surface by rinsing the herbal material twice with acetonitrile. These extracts 

generally had a greenish colour and a resin like consistency after the acetonitrile was 

evaporated. However, they could be submitted to the same F-LC gradient and fractionation 

system as the pure samples with no shifts in retention time or disruption of the chromatography. 

With each successive extract clean-up run, the F-LC column started to saturate with a green 

colour, which is why a run limit of five herbal extract samples was set until the column was 

changed to prevent potential retention time shifts or the elution of the green colourants.  

Both the extracts of the damiana and strawberry leaves were submitted to the regular sample 

preparation procedure as the pure samples of MDMB-CHMICA. The corresponding 

chromatographic impurity signatures were compared to that of the pure material initially 

impregnated onto the herbal matrix. The BPCs of both extracts and the pure material are shown 

in Figure 17. The chromatographic impurity signatures of MDMB-CHMICA in the herbal were 

highly similar to that of the pure power sample. Only the damiana extract showed minor 

interferences of additional signals. However, the corresponding overlaid m/z signal intensities 

of related impurity components were not influenced by the matrix components. As the 

automated integration targets specific m/z values, co-eluting interferences without any ion-

suppression effects can be disregarded and do not influence the final integral. The integrated 

peak areas of the impurities related to MDMB-CHMICA were highly similar for the pure 

sample and both self-produced SPs over the complete chromatographic range. In a preliminary 

test, ten herbal blend samples containing MDMB-CHMICA were available from a police 

seizure (2 x 4 and 1 x 2 products of the same brand) and were analyzed for their 

chromatographic impurity compositions following the general sample preparation and data 

evaluation procedure. All products from the same brand were found to form clusters in a PCA 

model. In conclusion, these products were expected to be produced using the same synthesis 
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batch of MDMB-CHMICA and its characteristic impurities, validating the applicability of the 

developed workflow for this consumption form.  

 

 
Figure 17: Excerpts of the most discriminating areas of the base peak chromatograms (BPC) for impurity profiles of MDMB-

CHMICA after extraction from damiana (orange, A) and strawberry (red, B) leaves compared to the corresponding powder 

sample (blue, A and B). 

As mentioned before, the purpose of the F-LC was to separate the main component from related 

synthesis impurities. The main component can then further be used for a comprehensive 

profiling via IRMS. However, similar to the impurity profile it was necessary to prove, that the 

extraction and clean-up had no influence on the isotopic composition of the main component 

through isotopic fractionation and no contaminant plant components falsify the measured 

isotope ratios. For this separate study, again several self-produced SPs were manufactured with 

the synthetic cannabinoids MDMB-CHMICA Publication 5, Cumyl-PeGaClone Publication 5 and 5F-

PB-22 Publication 4 of known isotopic composition in the same manner as it was done for the 

impurity profiling. After extraction and clean-up via preparative column chromatography (for 

5F-PB-22) and F-LC, the isotopic composition of the extracts was compared to the 

corresponding original material. It was found, that the sample preparation had no influence on 

the isotopic composition of any synthetic cannabinoid. Furthermore, the purity (absence of by-

products or matrix components from herbal material) of the main components were validated 

via UHPLC-MS and GC-MS prior to IRMS measurements. 

The extraction of synthetic cannabinoids and related impurities from EL was more complex 

compared to the SPs, due to the liquid nature of the matrix. Although the EL samples could be 

injected directly in the F-LC system, the highly polar PG and VG would directly bind to the 

silica gel solid phase and clog the column. Hence, it was necessary to remove the majority of 

polar matrix components from the synthetic cannabinoid and related synthesis impurities. For 

this extraction the same validation parameters were set as for the extraction from herbal 

material. It was necessary to reproducibly extract all important substances without disruption 

of the F-LC or UHPLC-MS. For this study the synthetic cannabinoid Cumyl-5F-PINACA was 

chosen that belongs to the class of indazole carboxamides and is a liquid at room temperature, 

making it a prime candidate for mixing with a liquid matrix. One pure sample was available for 

the complete method development and assessment of suitable key-impurities for batch 

discrimination. Via HR-MS/MS experiments, twelve related impurities were tentatively 

identified. Several self-made EL were prepared with PG, VG and ethanol and varying 
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concentrations of Cumyl-5F-PINACA (0.1, 0.2, 0.5, 0.7 and 1.0 % (w/w)) with the known 

impurity composition. To remove the matrix, small quantities of EL were diluted with water 

and chloroform was added. After vortexing, the chloroform phase was removed and evaporated 

to dryness, yielding a resinlike residue of the synthetic cannabinoid and related components, 

which can be injected into the F-LC for further sample preparation. The pooled impurity 

fractions are then measured on UHPLC-MS to record the chromatographic impurity signatures. 

The complete sample preparation sequence (F-LC + UHPLC-MS) was validated by comparing 

the semi-quantitative signal integrals of the chromatographic impurity signatures of the five 

self-made e-liquids with the original material of Cumyl-5F-PINACA, giving an average signal 

relative standard deviation of 10.5 % between the measurements of the five preparations with 

different concentrations with no loss of any important signal or ion suppression through matrix 

components. On the basis of the previously assessed twelve key-impurities for Cumyl-5F-

PINACA, fifteen seized and online test-purchased EL samples were analyzed for potential 

links. It was found that date of purchase, the identity of the online shop and brand name were 

the critical factors for differences in the by-product profiles of samples and the type flavor was 

insignificant. With the given data, a hypothetical modus operandi for the production of EL was 

deduced as follows: One large batch of e-liquid matrix is prepared and pure material of Cumyl-

5F-PINACA is dissolved. This large batch is then split into smaller aliquots and mixed with 

various flavors. These aliquots are filled into small bottles with equal brand names but different 

flavor types and sold. This process is repeated whenever an e-liquid runs out of stock.  

3.3 Comprehensive profiling using impurity and isotopic signatures Publication 4 

and 5 

In an early short communication Publication 4, the general applicability of IRMS to discriminate 

synthesis batches of pure and SP samples of synthetic cannabinoids, in particular 5F-PB-22, 

was investigated. As the active ingredient had to be extracted from the herbal material, a sample 

clean-up by preparative column chromatography (self-packed) was developed and validated to 

not influence the isotopic composition of the synthetic cannabinoid. The extracted 5F-PB-22 

from fourteen SP samples obtained from police seizures were analysed for their δ13C, δ15N and 

δ2H isotope ratios and could be discriminated into three clusters which presumably have been 

manufactured from individual batches.  

With the applicability proven, a larger sample pool of overall 61 pure and 118 SP samples of 

MDMB-CHMICA and 1 pure and 30 SP samples of Cumyl-PeGaClone were measured on 

IRMS for their δ13C and δ15N isotope ratios. Furthermore, the three precursor substances 

TLME, indole and cumylamine were purchased from different global vendors and measured on 

IRMS to assess the overall diversity of their isotopic composition, helping to better understand 

variations in the corresponding synthetic cannabinoids.  
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Figure 19 shows the δ13C and δ15N ratios for 

MDMB-CHMICA, Cumyl-PeGaClone and 

5F-PB-22. The synthetic cannabinoids were 

found to form individual clusters, 

independent from their source, formulation 

or date of acquisition. In respect to the high 

diversity of isotopic composition for the 

individual precursor substances, it was 

concluded that each of these cannabinoids 

were synthesized by one manufacturer, who 

repeatedly uses bulk material of precursor 

substances from a specific provenance. Slight 

variations in isotopic composition are most 

probably the result of a different synthesis 

procedure leading to slight isotopic 

fractionation or the manufacturer supplementing his precursor stock. By focusing on the IRMS 

data of MDMB-CHMICA and implementing the corresponding dates of purchase/seizure for 

each SP, a tendency for agglomeration was observed for samples from similar periods (Figure 

18). Each of the agglomerates was expected to represent at least one synthesis batch of MDMB-

CHMICA shipped from Asia to Europe, which then was distributed amongst the European SP 

producers, indicated by the unspecificity of agglomerates for individual product brands or 

online-shops. Although the IRMS data shown in Figure 18 suggest the presence of three 

individual shipments, the impurity profiling of the corresponding SP revealed the fine-structure 

of the dataset. It was found, that each IRMS agglomerate consisted of multiple synthesis 

batches, distinguishable by differences in the 

chromatographic impurity signatures. The 

samples in Agglomerate B and C showed 

only minor differences between the 

individual identified batches, whereas the 

batches in agglomerate A could be separated 

into two larger groups through major 

differences for two of the fifteen key-

impurities for MDMB-CHMICA. One of the 

groups comprised for all products of the 

period between September 2014 to February 

2015 and the majority of products from 

March to July 2015. The second for the 

majority of products from August to 

December 2015. In conclusion, it is expected 

that four larger shipments of pure synthetic 

cannabinoids, similar to the seizure in 

Luxembourg, were delivered by a single manufacturer to the European market in intervals of 

several month in the course of the years 2014 and 2015.  

 

Figure 19: δ13C and δ15N values for all samples of MDMB-

CHMICA (green), Cumyl-PeGaClone (red) and 5F-PB-22 

(orange). Each synthetic cannabinoid clustered individually. 

 

Figure 18: δ13C and δ15N values for all “Spice-Products” of 

MDMB-CHMICA, either measured via EA- or GC-IRMS. 

Colouring of samples is corresponding to the date of purchase 

or seizure of the “Spice-Products” in intervals of 5 month (● 

September 2014 to February 2014; ● March 2015 to July 2015; 

● August 2015 to December 2015). 
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4. Summary and outlook 

In the presented work, a novel profiling workflow for synthetic cannabinoids was developed, 

validated and exercised for powder, Spice-product (SP) and E-liquid (EL) samples of different 

synthetic cannabinoids. The final workflow consisted of a sample preparation step, either a 

liquid-liquid extraction for E-liquids or a solid extraction for SP. The powder samples and 

extracts of synthetic cannabinoids were then submitted to Flash-chromatography (F-LC), to 

isolate related synthesis impurities from the main component. The chromatographic impurity 

signatures were assessed via ultra-high-pressure liquid chromatography coupled to mass 

spectrometry (UHPLC-MS). In the first cycle of the self-optimizing workflow, the 

automatically integrated LC-MS data was submitted to multivariate data analysis, in particular 

principle component analysis (PCA), to assess a selection of key-impurities with high 

discrimination potential. These key-impurities were then selectively isolated in larger quantities 

for structural elucidation via high resolution MS (HR-MS) and nuclear magnetic resonance 

spectroscopy (NMR). In parallel, controlled synthesis were carried out to better understand 

variations in impurity signatures and to assess the significance of variations in the impurity 

patterns of seized samples. As comprehensive profiling approach, the previously isolated main 

component was measured via isotope ratio mass spectrometry (IRMS). The chromatographic 

impurity signatures and the corresponding isotopic composition of the main component can 

either be evaluated individually or can again be combined in a single evaluation model to 

deduce as much strategic information about the origin, number of different manufacturers, types 

of different synthesis, batch sizes and distribution networks of the finished products as possible 

from a given sample pool.  

Although the initial development of the profiling workflow was the main topic of this thesis, 

by exemplarily exercising the workflow for the highly prevalent synthetic cannabinoid MDMB-

CHMICA, a valuable portion of police intelligence could be acquired about synthetic 

cannabinoids and the new psychoactive substances (NPS) phenomenon as such. From the 

obtained results it could be concluded, that the European market is supplied by consecutive 

shipments of bulk material of synthetic cannabinoid (collection of several individual synthesis 

batches) in periods of several month. This material is then divided amongst the European 

intermediaries for further distribution. For each individual synthetic cannabinoid, a single 

manufacturer is expected, producing pure material in batch sizes between 5-10 kg. 

One of the major requirements for the workflow was a high adaptability to various types of 

substances. Thus, in the future other highly pure drugs can be profiled by their synthesis 

impurities and isotopic composition such as counterfeit pharmaceuticals or crystalline 

methamphetamine with purities over 99 %. Although the framework for other applications is 

described in this work, every new substance that is to be profiled by means of the workflow 

requires a certain amount of work, e.g. assessment and characterization of key- impurities, 

controlled synthesis and adaptability to typical types of formulations. 
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7. Appendix 

7.1 List of Abbreviations 

 

Abbreviations for synthetic cannabinoids will not be listed in this work. A good reference for 

names and structures of classical and modern synthetic cannabinoids is the chemical supplier 

Cayman Chemicals (https://www.caymanchem.com/). 

 

ATS 

 

amphetamine-type stimulants 

NPS new psychoactive substances 

UNODC United Nations Office on Drugs and Crime 

THC Δ9-tetrahydrocannabinol 

CB1/CB2 cannabinoid receptor 1/2 

MDMA 3,4-methylenedioxymethamphetamine 

RC research chemical 

EL E-liquids 

SP Spice-Product 

EWS Early Warning System 

EMCDDA European Monitoring Centre for Drugs and Drug Addiction 

AMG Medicinal Products Act (Arzneimittelgesetz) 

BtMG Narcotic Drugs Act (Betäubungsmittelgesetz) 

BtMÄndV Betäubungsmittelrechts-Änderungsverordnung 

NpSG New Psychoactive Substance Law (Neue-psychoaktive-Stoffe-Gesetz) 

CP Charles Pfizer 

HU Hebrew University 

WIN Sterling-Winthrop 

JWH John William Huffman 

AM Alexander Makriyannis 

IC50 specific inhibitory concentration 

PG propylene glycol 

VG vegetable glycerin 

HS headspace 

GC gas chromatography 

(U)HPLC (ultra) high pressure liquid chromatography 

MS mass spectrometry 

CE capillary electrophoresis 

UV ultraviolet 

IR infrared spectroscopy 

ICP inductive coupled plasma 

AES atomic emission spectroscopy 

SNIF site-specific isotope fractionation 

NMR nuclear magnetic resonance spectroscopy 

IRMS isotope ratio mass spectrometry 
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LLE liquid-liquid extraction 

SPE solid phase extraction 

HR-MS high resolution MS 

BKA Federal Criminal Police Office 

FR University Medical Center Freiburg 

INPS Institut National de Police Scientifique 

F-LC flash chromatography 

ESI electro-spray ionization 

MDA multivariate data analysis 

TLME tert-leucine methyl ester 

RLP Land Office of Criminal Investigation of Rhineland Palatine 

RP reverse phase 

m/z mass to charge ratio 

ISD in-source decay 

RT retention time 

BPC base peak chromatogram 

TIC total ion chromatogram 

PCA principle component analysis 

PC principle component 

HCA hierarchical cluster analysis 

FWHM full width at half-maximum 

TOF time of flight 

FT-ICR Fourier transform ion cyclotron resonance spectroscopy 

COSY 1H-1H correlation spectroscopy 

HSQC heteronuclear single quantum coherence 

NOESY nuclear overhauser enhancement and exchange spectroscopy 

DCC N-N-dicyclohexylcarbodiimide 

EDC 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride 

HOBt hydroxybenzotriazole 

HATU O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate 

EI electron impact 

IAEA International Atomic Energy Agency in Vienna 

V-PDB Vienna Pee Dee Belemnite 

V-SMOW Vienna Standard Mean Ocean Water 
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Abstract 

In this study, we utilized elemental analyser (EA) and gas-chromatography (GC) isotope ratio 

mass spectrometry (IMRS) and ultra-high-performance liquid chromatography coupled to mass 

spectrometry (UHPLC-MS) in a comprehensive profiling approach assessing the 

chromatographic impurity signatures and δ13C and δ15N isotope ratios of synthetic cannabinoids 

from police seizures and internet test purchases. Main target of this study was the highly 

prevalent synthetic cannabinoid MDMB-CHMICA (methyl (2S)-2-([1-(cyclohexylmethyl)-

1H-indol-3-yl]formamido)-3,3-dimethylbutaoate). Overall, 61 powder and 118 herbal blend 

(also called “Spice-Products”) samples were analysed using both analytical techniques and 

evaluated in a joint model to link samples from a common source. As a key finding, three 

agglomerates of Spice-product samples with similar dates of purchase were identified in the 

IRMS data, possibly representing larger shipments of MDMB-CHMICA, each produced with 

the same precursor material, successively delivered to the European market. The three 

agglomerates were refined into multiple sub-clusters based on the impurity profiling data, each 

representing an individual synthesis batch. One of the agglomerates identified in the IRMS data 

was found to consist two groups of four sub-clusters, respectively, with majorly different 

impurity profiles, demonstrating the necessity for both analytical techniques to extract the 

maximum amount of information from a limited sample pool. Additionally, 31 samples 

containing the recently surfaced synthetic cannabinoid Cumyl-PeGaClone (5-pentyl-2-(2-

phenylpropan-2-yl)-2,5-dihydro-1H-pyrido[4,3-b]indol-1-one) were analysed for their and 

δ13C and δ15N isotope ratios to put the isotopic data recorded for MDMB-CHMNICA in a more 

global perspective. Three building blocks of precursor chemicals (indole, tert-leucine, 

cumylamine) potentially used for the synthesis of the two named synthetic cannabinoids were 
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acquired from different global vendors and measured for their δ13C and δ15N isotope ratios to 

better understand variations in the isotopic composition of the synthetic cannabinoids and to 

trace their origin. 

 

 

1. Introduction 

Classic drugs like Cannabis, cocaine, heroin or amphetamine type stimulants (ATS) make up 

the largest amount of seized drugs of abuse worldwide [1]. Forensic profiling is a well-

established method for law enforcement agencies to obtain basic information on the 

manufacturing and trafficking of these drugs. The two most frequently used analytical 

techniques are profiling of synthesis-related chemical impurities (impurity profiling) and stable 

isotope ratio analysis (SIRA), each providing orthogonal information on the history of a sample. 

Chemical profiling mainly targets the arising natural and synthetic by-products and impurities 

as a result of the synthesis pathway and chosen precursor material [2-6]. The analysis of the 

composition of stable isotopes for elements like carbon, nitrogen or hydrogen via isotope ratio 

mass spectrometry (IRMS) can provide information on the origin of precursor compounds of 

synthetic drugs like amphetamine [7, 8] or methamphetamine [9, 10] and was used to 

geographically narrow down the cultivation area of plant-based drugs like cocaine [11, 12] or 

heroin [13]. Buchanan et al. [14] published one of the few available literature sources where 

both techniques were used individually and as combination to discriminate between in-house 

produced samples of 3,4-methylenedioxymethamphetamine (MDMA), synthesized using two 

batches of piperonyl methyl ketone (PMK) and three different synthetic routes (Al/Hg, NaBH4 

and Pt/H2). Via impurity-profiling it was possible to discriminate between the three synthesis 

routes due to differences in the chemical impurity composition. According to the authors, the 

IRMS data did not allow for unambiguous discrimination between neither the synthesis 

pathway, nor the starting material due to isotopic fractionation. However, a combination of 

impurity profiling and stable isotope analysis data allowed for the discrimination between both, 

the origin of the precursor material and the applied synthesis route, using pattern recognition 

techniques such as principle component analysis (PCA). In the work presented here, we 

investigated, to which extent the combination of these two analytical techniques can support 

the strategical evaluation, in particular the discrimination of batches and synthesis pathways, of 

new psychoactive substances (NPS). Since 2006, the appearance of new classes of NPS on the 

illicit drug market significantly increased in number of individually reported substances (overall 

803 NPS in the period of 2009-2017) as well as in seized volume (22 tons in 2016), growing to 

a major drug-related issue of the twenty-first century [1]. Most of these substances, including 

synthetic cathinones, opioids or cannabinoids, were originally developed in legitimate 

pharmaceutical research and are now misused as recreational drugs [15-17]. The exact modi 

operandi of manufacturing, sourcing of precursor chemicals and trafficking of NPS are yet a 

topic of ongoing research and are expected to be majorly different to other synthetic drugs such 

as ATS, which are typically produced in clandestine laboratories in Europe. The majority of 

NPS are presumably produced by chemical companies in Asia, typically China, with 

professional instrumentation and trained chemists, reflected by the high purity of NPS on the 

market [18]. The pure drug substances are then shipped by air or sea to Europe where they are 

employed as active ingredients of designer drug products sold openly in internet-shops as so-
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called “legal-highs” or “research chemicals”. In Germany, synthetic cannabinoids are the most 

prevalent NPS subclass and are mostly sold as herbal smoking blends, known as “Spice-

Products” (SP) [19, 20]. The pure cannabinoids are sprayed onto an inactive dried plant matrix 

such as Damiana (Turnera diffusa Willd. Ex Schults. var aphrodisica) or strawberry leaf and 

packed into plastic sachets with professionally designed logos and recurrent branding. From the 

perspective of forensic investigation, tracing back the source of seized material of synthetic 

cannabinoids (either in pure form or laced onto herbal material) by analysis of the impurity 

composition or isotopic profile is very difficult, as usually no authentic reference materials from 

the original manufacturing sites are available. The history of each sample can be regarded as 

“black-box” which only enables the generation of links between individual seizures, but not 

reveals the original source. However, pure material from a single synthesis batch of synthetic 

cannabinoids carries a specific impurity profile and isotopic composition, which is maintained 

even though sprayed onto a herbal matrix [21, 22]. Multiple batches synthesized from the same 

precursor material also should exhibit a similar isotopic composition, when using the same 

synthesis pathway [23, 24]. Thus, by IRMS analysis it can be possible to link seized samples 

that were synthesized in different batches, but come from a single manufacturing site using the 

same precursor material for all syntheses. By analysis of the impurity composition, it can be 

possible to additionally discriminate between the individual synthesis batches even though the 

same precursor material was used. In this study, we aimed at interpreting both techniques 

individually for their discrimination potential and finally combine the information of both 

datasets to link Spice products from internet test purchases and obtain general information about 

underlying distribution channels and market structures. By implementing metadata into the data 

evaluation, for example the date of purchase of a specific SP, a time dependant correlation 

might be revealed.  

IRMS profiling of three cathinone derivatives [25] and of the synthetic cannabinoid 5F-PB-22 

[21] 3 (5F-QUPIC, 1-pentylfluoro-1H-indole-3-carboxylic acid-8-quinolinyl ester, Figure 1) 

were published, using the stable isotope ratios of δ2H, δ13C and δ15N to link seizures. 

Differences in isotopic composition for the presented sample pool of both the cathinone 

derivatives and the synthetic cannabinoid are expected to be a result of a different synthesis 

procedure or in the case of multiple consecutive batches with the same synthesis route, the use 

of multiple lots of a specific precursor material with altering isotopic composition. Recently, 

we demonstrated based on an impurity profiling study on the synthetic cannabinoids MDMB-

CHMICA 1 (Methyl (2S)-2-([1-(cyclohexylmethyl)-1H-indol-3-yl]formamido)-3,3-

dimethylbutanoate, Figure 1), that NPS manufacturers produce multiple synthesis batches to 

supply the demand on the drug market  [22]. A large police seizure by Luxembourg customs in 

December 2014 of forty 1 kg bags of pure 1 stacked into two barrels was analysed for 

chromatographic impurity compositions. By comparative multivariate data analysis it was 

found, that the complete seizure comprised of at least six synthesis batches in sizes of 5 to 10 

kg. Whether the manufacturers used the same precursor material for these syntheses is yet 

unknown, which is why we analysed samples of the named 40 bags of MDMB-CHMICA 

additionally via IRMS in the study presented here to obtain orthogonal information to the 

impurity data. The results from both techniques will provide a deeper insight into the 

manufacturing process for this specific sample pool and help to better interpret the correlation 

of isotopic and impurity composition of other seized samples. Although the Luxembourg 
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seizure alone comprised for around 40 million single doses, still numerous RC and SP 

containing 1 could be found on the European market from 2014 to 2016, proving that other 

shipments of this synthetic cannabinoid have reached its destination in Europe. Considering the 

scenario of successive synthesis of large batches of 1, over the period of two years it is likely 

that the manufacturer of 1 was forced to restock their depleted precursor material, which again 

might carry a different isotopic composition. This replacement cycle in the precursor material 

should be detectable in the isotopic data of the corresponding material of 1 found in street 

samples. Therefore, seized and online test-purchased pure samples and SPs containing 1 from 

the end of 2014 to the end of 2015 were analyzed for their impurity composition and δ13C and 

δ15N isotope ratio data to identify potential links of samples from a common source. Although 

a large number of online-shops sell a variety of different SPs products with varying brands and 

logos, the synthetic cannabinoid material used to produce these SPs might come from a 

common source.  

Cumyl-PeGaClone 2 (5-pentyl-2-(2-phenylpropan-2-yl)-2,5-dihydro-1H-pyrido[4,3-b]indol-1-

one [26], Figure 1) was one of the highly prevalent synthetic cannabinoids in 2017 after the 

German NPS law was put into force, specifically launched to circumvent the generic submission 

of indole and indazole core structures of synthetic cannabinoids. Multiple SPs and one RC of 2 

were available at that time, which is why we measured these samples via IRMS to assess their 

overall diversity in isotopic composition and put the isotopic data recorded for 1 in a more 

global perspective. 

Additionally, we measured the δ13C and δ15N isotope ratios of precursor material potentially 

used in the synthesis of 1 (indole, tert-leucine and tert-leucine methyl ester) and 2 

(cumylamine), acquired from different global vendors. Our aim was to assess the diversity of 

isotopic data in this precursor material, to better understand the variations in the final products 

and, thus, to validate the data interpretation and generated links. Only material in crystalline 

form was measured. Other potential precursors, such as cyclohexyl methyl bromide or pentyl 

bromide are liquids and were not included in this study.  

This work combines the different analytical methodologies we developed in a series of previous 

publications targeting the impurity profiling and stable isotope analysis of synthetic 

cannabinoids. The experimental procedures will not be stated in their full length and can be 

taken from the corresponding literature [21, 22, 27].  

 

 
Figure 1: Structural formulas of MDMB-CHMICA and Cumyl-PeGaClone  
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2. Materials and methods 

2.1 Synthetic cannabinoids 

2.1.1 MDMB-CHMICA 

Overall 61 pure samples of 1 were available, of which 40 were from one large seizure by 

Luxembourg customs in December 2014 (MDMB-01 to MDMB-40), 17 from seizures by the 

Finish customs (MDMB-41 to MDMB-57), 3 from online test-purchases by the University 

Medical Center in Freiburg (MDMB-58 to MDMB-60) and 1 from a seizure in Slovenia 

(MDMB-61).  

Furthermore, 118 SP samples containing 1 as sole cannabinoid were available. 74 samples were 

from online test purchases by the University Medical Center in Freiburg between November 

2014 and December 2015 (SP_MDMB-001 to SP_MDMB-74) and 44 from seizures by the 

Land Office of Criminal Investigation of Rhineland Palatine between September 2014 and June 

2015 (SP_MDMB-75 to SP_MDMB-118).  

 

2.1.2 Cumyl-PeGaClone 

One pure sample of 2 from a police seizure by the Federal Criminal Institute (Peg-01) and 30 

SPs from internet test-purchases containing 2 as sole cannabinoid by the University Medical 

Center in Freiburg between December 2016 and July 2017 (SP_Peg-01 to SP_Peg-30) were 

available. 

 

2.2 Precursor chemicals 

Indole was purchased from eight different global vendors: Sigma Aldrich (US), TCI (Japan), 

ABCR (Germany), Merck (Germany), Acros Chemicals (Belgium), Alfa Aeser (United 

Kingdom), BePharm (China) and MP Biomedicals (France). Tert-leucin was purchased once as 

(L) from and in triplicate as (D) form (same lot) from Alfa Aeser (United Kingdom). Tert-

leucine methyl ester was purchased from two different Asian vendors BePharma (China) and 

TCI (Japan). Cumylamine was purchased from four different global vendors: ABCR 

(Germany), Acella (China), Enamine (Ukraine) and TCI (Japan) in liquid form and 

subsequently crystallized as cumylamine hydrochloride for measurements on EA-IRMS. 

 

2.3 Extraction procedure 

For both the seized and bought SPs, the material was poured onto a clean, plane surface and 

evenly divided into aliquot of ca. 500 mg. If less than 500 mg were available, the complete 

sample was extracted. The herbal material was rinsed twice with MeCN, once with 5 mL and 

again with 2 mL. The two extracts were combined and evaporated to dryness and dissolved 

again in 1.5 mL ethyl acetate/hexane (1:2, v:v) for injection into the flash-chromatography (F-

LC).  

Self-made SPs were prepared for 1 (MDMB-07, 97.5 ± 2 % purity [28]) and 2 (Peg-01 98.4 ± 

2 % purity [28]) by dissolving 300 mg of pure substance in 10 mL Acetone and impregnating 

3 g of damiana herb. After drying for 24 hours, each of these SPs were prepared according to 

the sample preparation procedure of seized SP. Each self-made SP was extracted and cleaned 



7.6 Scientific publications (submitted) 

 

103 

 

up in triplicate. The corresponding isotopic data can be taken from the supplementary material. 

A maximum difference of 0.15 ‰ for δ13C and 0.20 ‰ for δ15N between all measurements for 

1, and 0.12 ‰ for δ13C and 0.13 ‰ for δ15N between all measurements for 2 was calculated. 

Hence, neither the extraction from herbal material, nor the subsequent clean up via F-LC had 

influence on the isotopic composition of any synthetic cannabinoid.  

 

2.4 Isolation of the main component and assessment of impurity signatures 

In comparison to our previous IRMS measurements of synthetic cannabinoids [21], the manual 

preparative column chromatography was replaced with automated preparative F-LC as sample 

preparation tool as reported in a previous study [22]. By precise fractionation of the F-LC 

(Sepacore X50, Büchi Labortechnik), the main component fraction can be selectively cut out 

of the chromatographic run and is available for analysis via IRMS. The remaining fractions 

containing related synthesis impurities are pooled again for analysis of the chromatographic 

impurity signatures via UHPLC-MS (Dionex 3000, Thermo Scientific; AmaZon Speed, 

Bruker). Further data treatment was done by an automated bucketing algorithm (Profile 

Analysis, Bruker) that integrates the LC-MS run in distinct pairs of m/z and retention time. A 

set of previously assessed fifteen key impurities are then semi-quantitatively compared on 

multivariate basis (Unscrambler X, Camo) to discriminate between individual synthesis 

pathways or production batches.  

The F-LC gradient program used for 1 to separate related synthesis impurities from the main 

component and 2 for main component clean-up can be taken from the supplementary material. 

The purity (absence of by-products or matrix components from herbal material) of the main 

components were validated via UHPLC-MS and GC-MS prior to IRMS measurements. 

 

2.5 Isotope ratio mass spectrometry 

Stable isotope ratios were recorded on an EA-IRMS and GC-IRMS. Generally, EA-IRMS is 

the preferred technique as it is faster, easier to handle and less prone for malfunction compared 

to GC-IRMS. However, in some cases, the quantity of purified main component did not exceed 

6-8 mg, which was the minimum sample amount for weighting enough solid material into the 

tin cups (in triplicate) for EA. These specific samples were dissolved as whole in acetonitrile 

and diluted adequately for subsequent analysis via GC-IRMS. 

 

2.5.1 Elemental Analyser - Isotope Ratio Mass Spectrometry (EA-IRMS) 

EA-IRMS analysis of pure and extracted material of synthetic cannabinoids was performed in 

triplicate for δ15N and δ13C, expressed as average ± SD, as reported in our previous study [21].  

 

2.5.2 Gas Chromatography - Isotope Ratio Mass Spectrometry (GC-IRMS) 

For GC-IRMS, the Isotope ratio mass spectrometer Delta V plus with gas chromatograph 

TRACE 1310 (including autosampler TriPLUS RSH), ISQ LT (Single Quadrupole Mass 

Spectrometer) and Interface Conflo IV (all Thermo Fisher Scientific, Bremen, Germany) was 

used.  
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All injections were conducted splitless into a hot injector (250°C) with constant flow (constant 

flow 1.5 mL/min). The analytical column was a Zebron ZB-5MSi (30 m x 0.32 mm ID x 

0.50µm film thickness; phenomenex, Made in USA). The Combustion reactor for 13C- and 

15N- measurements was a NiO tube/CuO-NiO reactor (Thermo Fisher Scientific, P/N 

1255321). This reactor consists of a ceramic tube filled with a Ni-tube and NiO/CuO and 

Platinum wires. As it contains both an oxidation and a reduction unit in contrast to the EA, an 

additional reduction reactor was not necessary for nitrogen measurements (NOx reduction to 

N2). The operating temperature of the reactor was set to 1000°C. The reactor was initially 

oxidized for 6h at 600°C, 4h at 900°C, and 2h at 1000°C (as recommended by Thermo Fisher 

Scientific). Repeated oxidation was routinely performed at the beginning of each sequence [for 

13C 30 min oxidation (60 min Backflush mode) and for 15N 1 to 5 min oxidation (30 min 

Backflush mode)].  

As validation and quality control (QC) standards, MDMB-07 (previously isotopically 

characterized by EA-IRMS for comparative purposes), Methyl-N-methylanthranilat (M-MA) 

(for 15N) and Dodecane (for 13C) were analyzed. The injection volume is 10 µL for each run. 

The isotope ratios of carbon and nitrogen were measured in separate runs. Each sample was 

analysed at least four times and averaged. Cannabinoid samples were dissolved in 1 mL 

acetonitrile with concentration ranges of 80-100 µg mL-1 for δ13C and 600-700 µg mL-1 for 

δ15N. The GC temperature programs for the samples and QC standards are shown in Table 1. 

 

Table 1 GC temperature program for synthetic cannabinoids (in Acetonitrile), M-MA (in MTBE) and Dodecane (in hexane) 

 Synthetic cannabinoid M-MA Dodecane 

 Rate 

(°C 

min-1) 

T 

(°C) 

Hold 

(min) 

Rate 

(°C 

min-1) 

T 

(°C) 

Hold 

(min) 

Rate 

(°C 

min-1) 

T 

(°C) 

Hold 

(min) 

Initial  70 2  40 2  80 2 

1 15 270 0 15 280 0 15 250 1 

2 5 320 8 50 40 4 70 40 3 

 

To validate that both IRMS instruments are able to measure isotopic compositions with 

equal results apart from the regularly checked QC standards, thirteen randomly chosen 

herbal blend samples containing 1 were extracted, cleaned up and measured with both 

techniques. The corresponding isotopic data can be taken from the supplementary material. EA-

IRMS shows a good precision for both elements with a maximum STD of 0.06 ‰ for δ13C and 

0.11 ‰ for δ15N. The GC-IMRS measurements showed increased maximum STDs of 0.24 ‰ 

for δ13C and 0.40 ‰ for δ15N. The maximum Δ between the averaged values for GC-IRMS and 

EA-IRMS measurements were 0.18 ‰ for δ13C and 0.34‰ for δ15N. Despite the increased 

measurement uncertainty of the GC-IMRS, on average the results obtained with both 

instruments are comparable and in acceptable limits for the purposes of this work.  
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3. Results and discussion 

3.1 Isotope ratios of precursor material of MDMB-CHMICA and Cumyl-PeGaClone 

Since the identification of JWH-018 in SPs in 2008, the general structure of newly appearing 

synthetic cannabinoids has followed a recognizable pattern. They can be synthesized by a 

modular system consisting of a core structure, aliphatic residue, linker and linked residue, 

following similar synthesis procedures as published in various patents and publications by the 

pharmaceutical industry [16, 29]. Although most of the published syntheses start from the 

native core molecule like indole or indazole, it is yet unknown which exact precursor material 

the NPS manufacturers use. However, it is generally considered, that a minimum of two 

synthesis steps are taken: the coupling of the aliphatic residue to the N-atom of the core structure 

and the coupling of the linked residue to the linker (and thus the core), necessitating at least 

three individual precursor substances. Figure X shows the structural elements of 1 and 2 which 

are expected to be used in the course of their respective synthesis. In the case of 1, these 

precursors should be indole or an indole derivative (indole-3-carboxylic acid, carboxylate or 

carbaldehyde), (bromomethyl)cyclohexane and tert-leucine methyl ester (TLME). In the case 

of 2, a 2-methyl-indole or a derivative (2-methyl-indole-3-carboxylic acid, carboxylate or 

carbaldehyde), 1-bromopentyl and cumylamine. 

  
Figure 2: Potential precursor substances for MDMB-CHMICA (left) and Cumyl-PeGaClone (right) 

 

Counting the number of carbon atoms in each precursor for 1, their influence on the overall 

δ13C value is nearly equal (Indole: C8; Cyclohexyl methyl: C7; TLME: C7). For δ15N, only the 

indole and TLME, each with one nitrogen, have an impact on the corresponding isotope ratios. 

The synthesis of 2 is slightly more complex in comparison to synthetic cannabinoids with indole 

or indazole core structures. The gamma-carboline-1-one structure is expected to be synthesized 

by ring formation of a 2-methyl-indole derivative, following general synthesis instructions from 

Clark et al. [30] (Figure 3). Bristol-Meyer Squibb Co. patented the synthesis of a broad 

spectrum of gamma-carboline-1-one based cannabinoid receptor agonists similar to 2 [31]. This 

pathway is considered to be likely used by the NPS manufacturers as it is convenient to adapt 

the synthesis procedures of indole or indazole based core structures (such as Cuyml-5F-PICA) 

to 2-methyl-indoles with limited effort.  Thus, in the stated synthesis, cumylamine (2-phenyl-

2-propanamine) should be one of the precursors, contributing one of the two nitrogen and nine 

of the twenty-five carbon (36%) present in the molecule.  
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Jasper et al. analysed a set of active pharmaceutical ingredients (API) from different 

manufacturers and lots for their stable isotope ratios of δD, δ13C, δ15N and δ18O and found that 

each manufacture synthesized material with a specific isotopic composition, independent from 

the lot number [32]. It is generally agreed, that it is virtually impossible to artificially synthesize 

compounds with a target isotopic composition, considering the difficulty to even predetermine 

the ratio of a single isotope. Wokovitch et al. analysed the isotope ratios of the API Naproxen® 

and found a maximum inter-batch variation of 2.52 ‰ for δ13C for five different batches form 

a manufacturer in India [33]. It is not stated whether these differences are the result of an 

isotopically different precursor material or a poorly conducted or even different synthesis 

pathway. However, it was still possible to clearly discriminate all five batches from material of 

five other manufactures for Naproxen. With a global range of > 140 ‰ δ13C [34], 2.52 ‰ only 

make up for approximately 2 % of the naturally occurring range. Thus, we expect that two 

samples of synthetic cannabinoids with similar isotopic compositions to be produced by a single 

manufacturer, and material with indistinguishable isotopic compositions to be produced by a 

single manufacturer in a single batch or by the same combination of precursor material with 

distinct isotopic composition in multiple batches. A scenario, where two individual 

manufactures produce isotopically equal synthetic cannabinoids from precursor material of 

different sources is considered unlikely.  

 

 
Figure 3: Sketched synthesis of Cumyl-PeGaClone from a 2-methyl-indole derivative of Cumyl-PICA following the synthesis 

instructions from Clark et al. [30] 

 

Indole was purchased from eight different global vendors. Tert-leucine was obtained in (L) and 

(D), both from AlfaAeser. (D)-tert-leucine was purchased three-fold, whereas the lot number 

on all three containers were equal, thus they came from a single synthesis or biotransformation 

batch. TLME was purchased from two different Asian vendors and cumylamine from four 

different global vendors. Table 2 shows the δ13C and δ15N measured via EA-IRMS for all 

available precursor substances. Whether the manufactures obtain their precursors from other 

wholesalers or produce them on their own is unknown. 

The measured values of δ13C for all precursors of 1 ranged from -32.91 to -21.04 ‰ (Δ 11.87 

‰), which is the typical range of petro- or plant-based chemicals[35-37]. δ15N ranged from 

2.00 to 9.66 ‰ (Δ 7.66 ‰) for the indoles, and from -2.34 to 0.74 ‰ (Δ 3.08 ‰) for the tert-

leucines.  
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Indole can be synthesized by several pathways in industrial scale. Thus, the origin of the 

nitrogen cannot be assessed. Tert-leucine can be produced on industrial scale by reductive 

amination of ammonium trimethyl pyruvate by a semi-synthetic route involving leucine 

dehydrogenase as reducing enzyme, NADH as cofactor and format dehydrogenase for cofactor 

regeneration[38].  Ammoniac or ammonium is the source of nitrogen in this bio catalytic 

reaction, which itself is most probably manufactured by the Haber-Bosch process from 

atmospheric nitrogen, explaining the δ15N values close to zero (atmospheric N2 is defined as 

standard with 0.0 ‰ for δ15N). All three samples of (D)-tert-Leucine from the same lot exhibit 

indistinguishable isotopic composition, indicating batch homogeneity. 

The measured values of cumylamine ranged from -26.43 to -40.77 ‰ (Δ 14.34 ‰) for δ13C and 

-19.05 to 8.34 ‰ (Δ 27.39 ‰) for δ15N, which is, compared to the other precursor substances, 

a significantly broader range. The low values for both elements are unexpected, however, agree 

with the measured values for 2 as listed in Table A-2 and shown in Figure 5.  

 

Table 2: δ13C and δ15N values including standard deviation of triplicate measurements on EA-IRMS for potential precursor 

substances of MDMB-CHMICA and Cumyl-PeGaClone, purchased from different global vendors.  

 Vendor 

δ13CV-PDB[‰] 

average ± STD 

δ15NAIR[‰] 

average ± STD 

Indole 

Sigma Aldrich -21.04 ± 0.05 6.83 ± 0.04 

TCI -26.80 ± 0.02 3.09 ± 0.13 

ABCR -30.85 ± 0.04 2.08 ± 0.03 

Merck -21.81 ± 0.02 8.78 ± 0.05 

Acros Chem. -21.56 ± 0.03 9.15 ± 0.05 

AlfaAeser -30.82 ± 0.04 2.00 ± 0.06 

BePharm -22.25 ± 0.02 8.36 ± 0.03 

MP Biomed. -28.99 ± 0.02 9.66 ± 0.05 

(D)-tert-Leucine 
AlfaAeser 

(same lot) 

-29.81 ± 0.02 0.37 ± 0.03 

-29.84 ± 0.03 0.35 ± 0.02 

-29.84 ± 0.03 0.34 ± 0.05 

(L)-tert-Leucine AlfaAeser -24.32 ± 0.02 -2.34 ± 0.02 

(L)-TLME 
TCI -32.91 ± 0.02 0.74 ± 0.02 

BePharm -24.02 ± 0.10 -1.57 ± 0.05 

Cumyl-amine 

ABCR -26.43 ± 0.02 -13.11 ± 0.03 

Acella -40.77 ± 0.02 -19.05 ± 0.07 

Enamine -32.23 ± 0.01 8.34 ± 0.02 

TCI -26.74 ± 0.02 -9.20 ± 0.04 

 

3.2 Isotopic composition of 40 kg pure MDMB-CHMICA from a large seizure by Luxembourg 

customs 

In a previously published profiling study, forty kilograms of 1 from a police seizure in 

Luxembourg in December 2014 (MDMB-01 to 40) were assigned into individual synthesis 

batches of 5-10 kg due to their organic impurity signatures [22]. For three of those forty 

kilograms, the impurity signatures were majorly different to the remaining sample complex, 

presumably the result of a differently conducted synthesis. After EA-IRMS analysis of the 

corresponding δ13C and δ15N values, the same three samples (MDMB-14, MDMB-21 and 

MDMB-37, batch 1 marked black in Figure 4) were outliers to the cluster of the remaining 
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thirty-seven samples (batches 2 to 6 in Figure 4) ranging from -27.87 to -27.51 ‰ (Δ 0.36 ‰) 

for δ13C and 3.25 to 3.79 ‰ (Δ 0.54 ‰) for δ15N. A similar linear “dilution” pattern of MDMB-

21 and MDMB-14 could be observed in the impurity profiling, with MDMB-37 showing the 

most dissimilar impurity composition to the remaining sample pool. The two “intermediate” 

samples MDMB-21 and MDMB-14 seem to be blends in varying composition of MDMB-37 

with at least one of the thirty-seven other samples. Hypothetically, MDMB-37 was mixed with 

batch 4 (violet), indicated by the increased values for δ13C and δ15N of one of the violet samples 

in comparison to the remaining samples from batch 4. Mixing of batches, either with the same 

or a different isotopic composition might occur, e.g. when the finished products from multiple 

synthesis batches are stored in larger containers for interim storage, leading to a blurring of both 

the corresponding isotopic and impurity composition. Considering the isotope ratios of the 

measured precursor substances for 1 (Table 2), it is unlikely that material from alternative 

providence was used to synthesize the batches 2-6 (Figure 4), as already the exchange of the 

indole core would significantly influence the isotopic composition, either by the nitrogen or 

carbon or both values, and would let the corresponding samples stick out of the collective. 

This seizure is of special interest as it represents a unique collection of samples with previously 

known connection. In this case, both the impurity profiling and the stable isotope analysis show 

their individual strengths to draw conclusions about the sample history. IRMS allows to 

conclude that thirty-seven of the samples were synthesized using the same combination 

precursor material and three samples seem to be different, either by their origin of precursor or 

by a different synthesis. However, no further information can be extracted at that point. Via 

impurity profiling, the same three samples were identified as outliers with distinct impurity 

signatures as the result of a different synthesis and the remaining thirty-seven samples could be 

divided into individual synthesis batches by minor but still significant variations in their 

impurity signatures. Structural identification of specific impurities can provide valuable 

information about the applied synthesis pathway[27]. However, no information about the 

provenance of the precursor material is obtained and thus no conclusions about a common 

origin of the different batches can be drawn, although the relatively similar impurity 

compositions of the thirty-seven samples are highly indicative. Combining the information 

obtained from both techniques in a larger forensic context, also considering the information 

about the shipment as such (e.g. packaging), provides unique insights into the manufacturing 

of this sample collective. As shown in Figure 4, IRMS data provides an overview of the 

precursor relationship, impurity profiling reveals the fine structure of the underlying synthesis 

batches. It validates our previous assumption that only one manufacturer synthesized and 

shipped the forty kg material of 1 seized by Luxembourg customs. The whole material was 

packed equally into 1 kg packages without any visual difference (apart from the colour of the 

powder). The clustering thirty-seven samples were synthesized in multiple batches, repeating a 

specific synthesis procedure, using the same combination of precursor material (Indole, TLME 

and cyclohexyl methyl). One batch was synthesized by another synthesis procedure and mixed 

with other batches, which again indicates a common location of storage and/or packaging and 

thus validates the idea of a common source for this material.  
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Figure 4: Measured δ13C and δ15N values for the 40 kg seizure (40 individual samples) of MDMB-CHMICA conducted by 

Luxembourg customs in December 2014. Each samples was coloured according to the batch discrimination by the impurity 

profiling conducted in a previous study [22].  

 

3.3 Isotopic data for the complete sample pool of MDMB-CHMICA and Cumyl-PeGaClone 

No IRMS measurements were published for synthetic cannabinoids so far, apart from our early 

work on 5F-PB-22[21]. Thus, we collected a large sample pool of seized and online test-

purchased pure samples and SPs of 1 (61 pure, 120 SP) and 2 (1 pure, 30 SP), two highly 

prevalent synthetic cannabinoids in Germany from 2014 to 2017, and assessed their isotope 

ratios for δ13C and δ15N via EA-IRMS and GC-IRMS with the intention to identify potential 

links between samples that share a common history or origin. Secondly, we wanted to generate 

an overview of the overall isotopic range for these two synthetic cannabinoids and investigate 

if there is a large scattering or tight clustering of samples from different sources and dates of 

receipt. In a previous chapter, we have proven that neither the extraction from the herbal matrix, 

nor the clean-up via F-LC had an influence on the δ13C and δ15N values of the synthetic 

cannabinoids. 

Figure 5 shows the measured δ13C and δ15N values of all available samples of 1 and 2 and the 

previously assed values for 5F-PB-22 [21]. A clustering of the individual synthetic 

cannabinoids can be observed. The values for all samples of 1 ranged from -27.87 to -25.94 ‰ 

(Δ 1.93 ‰) for δ13C and 2.39 to 6.35 ‰ (Δ 3.97 ‰) for δ15N. All samples of 2 (December 2016 

to July 2017) showed values ranging from -33.83 to -35.26 ‰ (Δ 1.43 ‰) for δ13C and -10.34 

to -12.70 ‰ (Δ 2.36 ‰) for δ15N, clearly separating them from the other two synthetic 

cannabinoids.  

Comparing the samples on the outer boarders of the respective clusters of 1 and 2, their overall 

delta is higher than the measurement uncertainty, indicating multiple reaction batches with 

precursor material with different isotopic composition or, as already known for 1, different 

synthesis. However, despite these significant intra-cluster variations, the individual clustering 

of the synthetic cannabinoids cannot be considered as pure coincidence. We expect that each of 

these cannabinoids were synthesized by one manufacturer, in the case of 1 the same that is 

responsible for the 40kg seizure by Luxembourg customs, who repeatedly uses bulk material 

of precursor substances from a specific provenance. Slight variations in isotopic composition 
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are most probably the result of a different synthesis procedure leading to isotopic fractionation 

or the manufacturer supplementing his precursor stock. The latter is considered as very likely 

scenario. We already have proven that the 40 kg seizure by Luxembourg customs consisted of 

multiple reaction batches, indicating a successive production of this cannabinoid. As this 

delivery was taken from the European market, the manufacturers had to substitute the lost 

material. The high prevalence of 1 through 2015 is evidence for other deliveries reaching the 

European market, either as large shipments or small packages. The here presented values of 

precursor substances from different global vendors, especially those of carbon (e.g. the indoles 

with an overall Δ of 11.87 ‰ for δ13C), and the comparatively tight clustering of the individual 

synthetic cannabinoids are a clear indication that the precursor material for each cannabinoid is 

coming from a single producer, who synthesizes large batches with only minor isotopic 

varieties. 

  

Figure 5: δ13C and δ15N values for all samples of MDMB-CHMICA (green), Cumyl-PeGaClone (red) and 5F-PB-22 [21] 

(orange). All samples of synthetic cannabinoids of the same type clustered individually. 

 

The isotopic composition for all samples of 1 fit the isotopic range of the corresponding 

precursor substances if no excessive isotopic fractionation occurs while synthesizing. The 

unusually low levels of δ15N for both 2 and three of the four cumylamines validate our assumed 

synthesis procedure involving this precursor, especially considering the low values of -40.77 

‰ for δ13C and -19.05 for δ15N of the cumylamine from Acella.  

 

3.4 Impurity profiling and isotope ratios and of “Spice-Products” of MDMB-CHMICA 

Via IRMS analysis of police seizures and online test-purchases of SPs, in our case with focus 

on 1, links between samples with synthetic cannabinoids of a common source can be generated. 

These links do not necessary describe co-operations between specific internet-shops or single 

SP brands, but provide a bigger-picture of the relationships between all available SP samples 

of 1.  

All samples of 1 extracted from SP ranged from -27.83 to -26.37 ‰ (Δ 1.46 ‰) for δ13C and 

3.29 to 5.39 ‰ (Δ 2.10 ‰) for δ15N (Table A.3, Figure 6). Three agglomerations of samples 
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can be observed. The agglomerate nomenclature in the following discussion is dependent on 

which of the following Figures (Figure 6 or Figure 7)  is referred to, as the combined 

information of both Figures might be discussed (A-C: The agglomerates as such, A1-C1: Figure 

6 showing the IRMS data including the time correlation, A2-C2: Figure 7 showing the same 

IRMS data, this time including sub-clustering according to the impurity profiling). For all 

nomenclatures, the same set of samples are described.  

The branding and origin of samples in each of these agglomerates are highly diverse, e.g. some 

of the SP were police seizures in mail items and search of persons and other were test-purchases 

in online shops. Thus, the complete distribution channel between online-shop and customer is 

displayed by our sample collective. Interpretation of isotopic data was aided by implementing 

the dates of online test-purchase or date of seizure. All SPs were labelled in intervals of five 

months, starting from September 2014 until December 2015. It should be kept in mind that this 

timely classification is dependent on the acquisition date of samples and is not a description of 

the actual date of synthesis. The online-market is regulated by demand and some products sell 

faster than others do, thus SP with “old” material of 1 might be sold month after the initial 

production of the SP or the corresponding synthesis. Agglomerate B1 in Figure 6 shows an 

isotopic composition within the range of the already identified clusters of the large seizure by 

Luxembourg customs with approximately 3.6 ‰ for δ15N. Aliquots of pure material of 1 with 

this distinct isotopic composition, most probably from the same respective manufacturer, might 

be shipped in larger quantities to Europe either before or after the seizure in Luxembourg was 

made. The majority of SPs in this isotopic range were bought or seized in the late 2014 and 

early 2015 (the Luxembourg seizure was December 2014). Agglomerate C1 primarily consists 

of samples seized or bought between March and July 2015, whereas agglomerate A1 mainly 

comprises samples from the period from August to December 2015. As mentioned before, this 

timely classification is not exact, however, a tendency of agglomeration of samples from similar 

periods can be observed. Possibly, each agglomerate represents one or multiple synthesis 

batches similar to the seizure in Luxembourg, which were delivered by a single manufacturer 

to the European market in intervals in the course of the years 2014 and 2015. This conclusion 

has several implications on larger scale: Keeping in mind that each agglomerate consists of 

samples from different internet-shops and seizures, including a large variability of product 

brands, single larger shipments would need to be distributed amongst the European SP 

producers, who then use this specific delivery/batch of 1 for their SP in a given period. The pre-

packaging in 1 kg bags of the 40 kg from Luxembourg is an indication for the intention of 

reselling or distributing single bags of pure material to multiple SP producers. That again 

implies that the majority of SP producers have some kind of co-operation or internal distribution 

network, at least for ordering and distributing new pure material from the original manufacturer. 

Hypothetically, placing the delivery order of material in each agglomerate into a rough timeline 

according to the date of purchase or seizure for their respective samples, B1 would be the first 

delivery that reached Europe, C1 the second, and A1 the most recent. However, with this 

classification and no further data, it is difficult to explain the presence of samples from the 

period September 2014 to February 2015 in agglomerate A1.  
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Figure 6: (Top) δ13C and δ15N values for all “Spice-Products” of MDMB-CHMICA, either measured via EA- or GC-IRMS. 

Colouring of samples is corresponding to the date of purchase or seizure of the “Spice-Products” in intervals of 5 month (● 

September 2014 to February 2014; ● March 2015 to July 2015; ● August 2015 to December 2015). (Bottom) Summarizing 

overview of the origin for samples located in each corresponding agglomerates A, B and C. 

Therefore, as for the seizure of 40 kg pure 1, an impurity profiling was carried out for all 

samples shown here in order to determine the fine structure of the dataset, with special interest 

in agglomerate A. Considering the hypothesis that each agglomerate represents a large shipment 

like the Luxembourg seizure, this shipment should include multiple synthesis batches. Our 

target was the identification of the individual batches in the agglomerates of isotopically 

indistinguishable samples. No reference material of multiple reaction batches under controlled 

conditions from the original manufacturer were available which could provide a scientific basis 

to classify samples of unknown source into individual batches. Thus, we used the relative 

distance set for the batch discrimination of the Luxembourg seizure as “calibration” for the here 

presented pool of SPs. The chromatographic impurity signatures of the previously assessed 15 

key-impurities for both the Luxembourg seizure (excluding the three outliers MDMB-14, 

MDMB-21 and MDMB-37, as they would disrupt the chemometric model) and the individual 

SPs were analysed via PCA and HCA. In this model, the relative distance at which the thirty-

seven samples from the Luxembourg seizure were classified into their individual synthesis 

batches was also set as relative distance for the classification of SPs into individual batches. 

This way, fourteen sub-clusters were identified for the 118 SPs, which again were implemented 

into the IRMS data to reveal the fine structure of the three individual agglomerates, as shown 

in the three zooms of agglomerate A, B and C in Figure 7. The impurity-profiling sub-cluster 
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are numbered consecutively from 1 to 14 and coloured differently for each zoom, respectively. 

The samples located in one of the agglomerates in the IRMS data (A, B or C) always clustered 

in the impurity profiling with other samples from the same agglomerates and never with a 

sample from one of the other two agglomerates. That again validates the IRMS measurement 

accuracy to some extent, although a few deviations between impurity and isotopic data can be 

found, for example the two intermediate samples between agglomerate A and B that are rated 

to B2 according to the impurity data or the single sample with 5.4 ‰ for δ15N in agglomerate 

A2 that is rated to samples with δ15N values of approximately 4.6 ‰. Logically speaking, the 

impurity profiling cannot suggest a batch relationship of two samples that are clearly 

distinguishable via IRMS as both samples should come from different reaction batches. As 

already described for the Luxembourg seizure before, a mixing of batches is always a possibility 

to consider, in addition to the measurement uncertainty, which leads to a blurring of both the 

isotope values and impurity signatures.  

 
Figure 7: Zoom of the sample agglomerations A2, B2, and C2 in the IRMS data with implemented sub-clusters according to the 

organic impurity-profiling. The fourteen assessed sub-clusters were numbered from 1 to 14 and coloured differently in each 

zoom for better visualisation. Agglomerate A2 consist of eight sub-clusters, possibly representing individual synthesis batches, 

whereas the impurity signatures of sub-cluster 1-4 were majorly different from sub-cluster 5-8 (refer to Figure 8 for more 

information). In agglomerate B2, four sub-cluster were assigned, each possibly representing an individual synthesis batch. In 

agglomerate C2, two potential synthesis batches were found. 
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Agglomerate B2 as such is subdivided into four sub-clusters of four, five, nine and sixteen SP 

samples. Agglomerate C2 is divided into two sub-clusters of seven and twenty-two SP samples. 

The sub-clustering of samples in both B2 and C2 was due to minor differences in their overall 

impurity signatures, indicating individual synthesis batches with the same precursor material 

(evidenced by IRMS analysis) and the same synthesis procedure (evidenced by impurity 

profiling), similar to the thirty-seven samples from the Luxembourg seizure.  

In agglomerate A1, eight sub-clusters were identified ranging between four and eighteen 

samples. However, compared to the agglomerates B2 and C2, a major difference in impurity 

composition was observed. Figure 8 shows a PCA of the chromatographic impurity signatures 

for all samples located in agglomerate A, clearly dividing the sample set in (at least) two 

sections with high and low scores on PC1, respectively. The corresponding Loadings plot 

showed, that majorly the two impurities I11 (methyl 2-(1-(cyclohexylmethyl)-1H-indole-3-

carboxamido)butanoate) and I4 (tentatively identified as methyl 2-(1H-indole-3-carboxamido)-

3,3-dimethylbutanoate with C2H5 attached to the indole)[27] were responsible for this division. 

On the right part of Figure 8, the average relative intensity of I11 and I4 for the respective 

samples of both sub-cluster groups are shown, to visualize the corresponding difference in 

abundance.   

 
Figure 8: On the left a PCA of the chromatographic impurity signatures for the samples located in the IRMS agglomerate A 

(referring to Figure 6 and 7). The sample collective is subdivided into eight individual sub-cluster, each possibly representing 

an individual synthesis batch. However, between sub-cluster 1 to 4 and 5 to 8 a major difference in abundance of the two 

impurities I11 and I4 (as numbered and characterized in a previous study[27]) was found. On the right, the relative intensity 

of I11 and I4 for the respective samples of both sub-cluster groups are shown). Possibly, the samples assigned to sub-cluster 

1 to 4 were synthesized by a different instrumentation, chemist or synthesis pathway than sub-cluster 5 to 8, although the IRMS 

data (referring again to Figure 6 and 7) suggests a relationship between both sub-cluster groups. 

 

We concluded, that the sub-cluster 1 to 4 and 5 to 8 belong to two separate synthesis series, 

although the IRMS data suggests a relationship between both sub-cluster groups. This 

conclusion is further validated by including the dates of purchase for the samples in each sub-

cluster. All samples in agglomerate A1 from the early period of September 2014 to February 

2015 (marked black in Figure 6) are included by sub-cluster 4. Furthermore, sub-cluster 1, 2 

and 3 primarily consist of SP bought or seized in the period between March and July 2015 

(marked red in Figure 6), and sub-cluster 5 to 8 consist of the majority of SPs from the period 

between August and December 2015. This implies that the previous placement of the 

agglomerates, presumably representing individual larger shipments of 1, on the timeline was 

not 100% accurate. With the additional information from the impurity profiling, agglomerate 
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A is expected to consist of two larger shipments of multiple successive synthesis batches, one 

reaching the European market in 2014, explaining the seized and bought SP from this period 

falling into agglomerate A, and another shipment in 2015, which was used to produce the 

majority of SP from the end of 2015.  

 

4. Conclusion 

IRMS analysis of a larger sample collective of the two synthetic cannabinoids MDMB-

CHMICA and Cumyl-PeGaClone consisting of both Spice-product extracts and pure material 

suggested that for each of these cannabinoids only one manufacturer is responsible. This 

hypothesis is validated by the diverse isotope ratios of precursor substances, making it virtually 

impossible for two different manufacturers to synthesize material within the specific isotopic 

range as it was found for these two cannabinoids. 

From the larger strategic perspective, the time dependant resolution of the data provided the 

most valuable implication for the supply and distribution of the synthetic cannabinoid MDMB-

CHMICA. Larger batches of pure material seem to be delivered consecutively to the European 

market in intervals of multiple months. These deliveries are then distributed amongst the 

European Spice-Products producers, indicated by the variety of different sources for the 

samples (multiple internet-shops, street seizures) and individual products brands that are 

assigned into the respective agglomerates. On the basis of the synthesis batch discrimination 

carried out for the seizure of 40 kg pure MDMB-CHMICA by Luxembourg customs, the 

MDMB-CHMICA in Spice-product samples was assigned to corresponding synthesis batches. 

After implementation of this fine structure, two larger groups of sub-clusters were identified in 

one of the agglomerates observed in IRMS, which otherwise would be indistinguishable. 

Combining IRMS and impurity profiling as analytical tools, generating orthogonal information, 

provides unique insights into the structure of a sample pool of unknown origin. Both techniques 

target a different part of the sample history, IRMS the origin of the precursor material and 

impurity profiling the corresponding synthesis pathway in which these precursors were used. 

By implementing the batch discrimination of the impurity profiling into the isotope ratio 

agglomerates or clusters, the fine-structure of the observed sample pool is visualized. 

 

 

5. Acknowledgements 

All presented data, if not cited otherwise, were generated within the project “SPICE-profiling”, 

funded within the EU’s ISEC 2013 programme (Directorate-General 

JUST/2013/ISEC/DRUGS/AG/ISEC/4000006421). Our thanks are due to Serge Schneider, 

Ilmari Szilvay and Dr. Sonja Klemenc who kindly provided us with aliquots from seizures of 

MDMB-CHMICA. Furthermore, we want to thank Dr. Verena Angerer and Prof. Volker 

Auwärter from the University Medical Clinic Freiburg for providing us with pure and “Spice-

Product” samples from internet test-purchases and Siegfried Zörntlein and Sonja Metternich for 

providing us with seizures of “Spice-Products” from Rhineland-Palatine. 

 

6. References 

[1] UNODC, UNODC World drug report 2018, (2018). 



7.6 Scientific publications (submitted) 

 

116 

 

[2] V. Kunalan, N. Nic Daéid, W.J. Kerr, H.A.S. Buchanan, A.R. McPherson, Characterization of Route 

Specific Impurities Found in Methamphetamine Synthesized by the Leuckart and Reductive Amination 

Methods, Analytical Chemistry, 81 (2009) 7342-7348. 

[3] J. Ballany, B. Caddy, M. Cole, Y. Finnon, L. Aalberg, K. Janhunen, E. Sippola, K. Andersson, C. 

Bertler, J. Dahlen, I. Kopp, L. Dujourdy, E. Lock, P. Margot, H. Huizer, A. Poortman, E. Kaa, A. Lopes, 

Development of a harmonised pan-European method for the profiling of amphetamines, Sci. Justice, 41 

(2001) 193-196. 

[4] L. Stromberg, L. Lundberg, H. Neumann, B. Bobon, H. Huizer, N.W. van der Stelt, Heroin impurity 

profiling. A harmonization study for retrospective comparisons, Forensic Sci. Int., 114 (2000) 67-88. 

[5] A.L. Pikkarainen, Systematic approach to the profiling analysis of illicit amphetamine, Forensic Sci. 

Int., 82 (1996) 141-152. 

[6] J.J. Zacca, T.S. Grobério, A.O. Maldaner, M.L. Vieira, J.W.B. Braga, Correlation of Cocaine 

Hydrochloride Samples Seized in Brazil Based on Determination of Residual Solvents: An Innovative 

Chemometric Method for Determination of Linkage Thresholds, Analytical Chemistry, 85 (2013) 2457-

2464. 

[7] J.F. Carter, E.L. Titterton, H. Grant, R. Sleeman, Isotopic changes during the synthesis of 

amphetamines, Chemical Communications, (2002) 2590-2591. 

[8] S. Schneiders, T. Holdermann, R. Dahlenburg, Comparative analysis of 1-phenyl-2-propanone 

(P2P), an amphetamine-type stimulant precursor, using stable isotope ratio mass spectrometry, Science 

and Justice, 49 (2009) 94-101. 

[9] N. Kurashima, Y. Makino, S. Sekita, Y. Urano, T. Nagano, Determination of Origin of Ephedrine 

Used as Precursor for Illicit Methamphetamine by Carbon and Nitrogen Stable Isotope Ratio Analysis, 

Analytical Chemistry, 76 (2004) 4233-4236. 

[10] H. Salouros, G.J. Sutton, J. Howes, D.B. Hibbert, M. Collins, Measurement of Stable Isotope Ratios 

in Methylamphetamine: A Link to Its Precursor Source, Analytical Chemistry, 85 (2013) 9400-9408. 

[11] J.R. Ehleringer, J.F. Casale, M.J. Lott, V.L. Ford, Tracing the geographical origin of cocaine, 

Nature, 408 (2000) 311. 

[12] J.R. Mallette, J.F. Casale, J. Jordan, D.R. Morello, P.M. Beyer, Geographically Sourcing Cocaine’s 

Origin – Delineation of the Nineteen Major Coca Growing Regions in South America, Sci. Rep., 6 

(2016) 23520. 

[13] S. Dautraix, R. Guilluy, H. Chaudron-Thozet, J.L. Brazier, A. Lamotte, 13C Isotopic analysis of an 

acetaminophen and diacetylmorphine mixture, J. Chromatogr. A, 756 (1996) 203-210. 

[14] H.A.S. Buchanan, W.J. Kerr, W. Meier-Augenstein, N.N. Daéid, Organic impurities, stable 

isotopes, or both: A comparison of instrumental and pattern recognition techniques for the profiling of 

3,4-methylenedioxymethamphetamine, Analytical Methods, 3 (2011) 2279-2288. 

[15] S.D. Brandt, L.A. King, M. Evans-Brown, The new drug phenomenon, Drug. Test. Anal., 6 (2014) 

587-597. 

[16] J.W. Huffman, D. Dai, B.R. Martin, D.R. Compton, Design, Synthesis and Pharmacology of 

Cannabimimetic Indoles, Bioorganic & Medicinal Chemistry Letters, 4 (1994) 563-566. 

[17] R. Mechoulam, J.J. Feigenbaum, N. Lander, M. Segal, T.U.C. Järbe, A.J. Hiltunen, P. Consroe, 

Enantiomeric cannabinoids: stereospecificity of psychotropic activity, Experientia, 44 (1988) 762-764. 

[18] T.M. Brunt, A.M. Atkinson, T. Nefau, M. Martinez, E. Lahaie, A. Malzcewski, M. Pazitny, V. 

Belackova, S.D. Brandt, Online test purchased new psychoactive substances in 5 different European 

countries: A snapshot study of chemical composition and price, Int. J. Drug Policy, 44 (2017) 105-114. 

[19] V. Auwarter, S. Dresen, W. Weinmann, M. Muller, M. Putz, N. Ferreiros, 'Spice' and other herbal 

blends: harmless incense or cannabinoid designer drugs?, J. Mass Spectrom., 44 (2009) 832-837. 

[20] EMCDDA, Synthetic cannabinoids in Europe (Perspectives on drugs),  Perspectives on Drugs 

(PODs), EMCDDA, Lisbon, 2017. 

[21] S. Münster-Müller, N. Scheid, T. Holdermann, S. Schneiders, M. Pütz, Profiling of new 

psychoactive substances by using stable isotope ratio mass spectrometry: Study of the synthetic 

cannabinoid 5F-PB-22, Drug. Test. Anal., 10 (2018) 1323-1327. 



7.6 Scientific publications (submitted) 

 

117 

 

[22] S. Münster-Müller, R. Zimmermann, M. Pütz, A Novel Impurity-Profiling Workflow with the 

Combination of Flash-Chromatography, UHPLC-MS, and Multivariate Data Analysis for Highly Pure 

Drugs: A Study on the Synthetic Cannabinoid MDMB-CHMICA, Anal. Chem., 90 (2018) 10559-10567. 

[23] H.A.S. Buchanan, N.N. Daéid, W. Meier-Augenstein, H.F. Kemp, W.J. Kerr, M. Middleditch, 

Emerging Use of Isotope Ratio Mass Spectrometry as a Tool for Discrimination of 3,4-

Methylenedioxymethamphetamine by Synthetic Route, Anal. Chem., 80 (2008) 3350-3356. 

[24] N. NicDaeid, W. Meier-Augenstein, H.F. Kemp, O.B. Sutcliffe, Using isotopic fractionation to link 

precursor to product in the synthesis of (+/-)-mephedrone: a new tool for combating "legal high" drugs, 

Anal. Chem., 84 (2012) 8691-8696. 

[25] M. Collins, A. Doddridge, H. Salouros, Cathinones: Isotopic profiling as an aid to linking seizures, 

Drug Testing and Analysis, 8 (2016) 903-909. 

[26] V. Angerer, L. Mogler, J.-P. Steitz, P. Bisel, C. Hess, C.T. Schoeder, C.E. Müller, L.M. Huppertz, 

F. Westphal, J. Schäper, V. Auwärter, Structural characterization and pharmacological evaluation of the 

new synthetic cannabinoid CUMYL-PEGACLONE, Drug. Test. Anal., 10 (2018) 597-603. 

[27] S. Münster-Müller, S. Hansen, T. Opatz, R. Zimmermann, M. Pütz, Chemical profiling of the 

synthetic cannabinoid MDMB-CHMICA: Identification, assessment, and stability study of synthesis-

related impurities in seized and synthesized samples, Drug Test. Anal., 11 (2019) 1192-1206. 

[28] T. Schoenberger, Determination of standard sample purity using the high-precision 1H-NMR 

process, Anal. Bioanal. Chem., 403 (2012) 247-254. 

[29] P. Buchler, Indazole derivatives, WO2009106980, US, 2009 

[30] R.D. Clark, A.B. Miller, J. Berger, D.B. Repke, K.K. Weinhardt, B.A. Kowalczyk, R.M. Eglen, 

D.W. Bonhaus, C.H. Lee, 2-(Quinuclidin-3-yl)pyrido[4,3-b]indol-1-ones and isoquinolin-1-ones. 

Potent conformationally restricted 5-HT3 receptor antagonists, J. Med. Chem., 36 (1993) 2645-2657. 

[31] S.T. Wrobleski, P. Chen, J. Hynes, S. Lin, D.J. Norris, C.R. Pandit, S. Spergel, H. Wu, J.S. 

Tokarski, X. Chen, K.M. Gillooly, P.A. Kiener, K.W. McIntyre, V. Patil-koota, D.J. Shuster, L.A. Turk, 

G. Yang, K. Leftheris, Rational Design and Synthesis of an Orally Active Indolopyridone as a Novel 

Conformationally Constrained Cannabinoid Ligand Possessing Antiinflammatory Properties, J. Med. 

Chem., 46 (2003) 2110-2116. 

[32] J.P. Jasper, B.J. Westenberger, J.A. Spencer, L.F. Buhse, M. Nasr, Stable isotopic characterization 

of active pharmaceutical ingredients, J. Pharm. Biomed. Anal., 35 (2004) 21-30. 

[33] A.M. Wokovich, J.A. Spencer, B.J. Westenberger, L.F. Buhse, J.P. Jasper, Stable isotopic 

composition of the active pharmaceutical ingredient (API) naproxen, J. Pharm. Biomed. Anal., 38 

(2005) 781-784. 

[34] T.B. Coplen, J. Hopple, J. Boehike, H. Peiser, S. Rieder, Compilation of minimum and maximum 

isotope ratios of selected elements in naturally occurring terrestrial materials and reagents, US Geology 

Survey, (2002). 

[35] J.A. Calder, P.L. Parker, Stable carbon isotope ratios as indexes of petrochemical pollution of 

aquatic systems, Environ. Sci. Technol., 2 (1968) 535-539. 

[36] Z. Sofer, Stable carbon isotope compositions of crude oils: application to source depositional 

environments and petroleum alteration, AAPG bulletin, 68 (1984) 31-49. 

[37] T.B. Coplen, J. Hopple, J. Boehike, H. Peiser, S. Rieder, Compilation of minimum and maximum 

isotope ratios of selected elements in naturally occurring terrestrial materials and reagents, (2002). 

[38] H. Slusarczyk, S. Felber, M.R. Kula, M. Pohl, Stabilization of NAD-dependent formate 

dehydrogenase from Candida boidinii by site-directed mutagenesis of cysteine residues, Eur. J. 

Biochem., 267 (2000) 1280-1289. 

 

 

 

 

 



7.6 Scientific publications (submitted) 

 

118 

 

Table A.1 δ13C and δ15N values including standard deviation of triplicate measurements for all pure samples of MDMB-

CHMICA 

 

δ13CV-PDB[‰] 

average ± STD 

δ15NAIR[‰] 

average ± STD 

  δ13CV-PDB[‰] 

average ± STD 

δ15NAIR[‰] 

average ± STD 

MDMB-01 -27.76 ± 0.01 3.64 ± 0.08  MDMB-32 -27.76 ± 0.03 3.32 ± 0.08 

MDMB-02 -27.51 ± 0.01 3.60 ± 0.10  MDMB-33 -27.55 ± 0.03 3.55 ± 0.07 

MDMB-03 -27.75 ± 0.05 3.56 ± 0.14  MDMB-34 -27.82 ± 0.02 3.57 ± 0.04 

MDMB-04 -27.61 ± 0.02 3.71 ± 0.03  MDMB-35 -27.69 ± 0.05 3.58 ± 0.13 

MDMB-05 -27.77 ± 0.02 3.71 ± 0.08  MDMB-36 -27.67 ± 0.01 3.51 ± 0.00 

MDMB-06 -27.77 ± 0.03 3.71 ± 0.08  MDMB-37 -26.90 ± 0.02 5.02 ± 0.09 

MDMB-07 -27.64 ± 0.01 3.45 ± 0.05  MDMB-38 -27.56 ± 0.03 3.48 ± 0.10 

MDMB-08 -27.68 ± 0.02 3.47 ± 0.09  MDMB-39 -27.74 ± 0.03 3.25 ± 0.04 

MDMB-09 -27.53 ± 0.03 3.64 ± 0.09  MDMB-40 -27.66 ± 0.03 3.44 ± 0.09 

MDMB-10 -27.71 ± 0.03 3.41 ± 0.04  MDMB-41 -26.65 ± 0.12 2.39 ± 0.30 

MDMB-11 -27.64 ± 0.04 3.64 ± 0.10  MDMB-42 -27.69 ± 0.03 5.02 ± 0.06 

MDMB-12 -27.59 ± 0.01 3.60 ± 0.03  MDMB-43 -27.45 ± 0.01 5.23 ± 0.08 

MDMB-13 -27.55 ± 0.01 3.59 ± 0.02  MDMB-44 -27.56 ± 0.04 4.72 ± 0.07 

MDMB-14 -27.43 ± 0.21 4.08 ± 0.27  MDMB-45 -27.56 ± 0.04 4.72 ± 0.04 

MDMB-15 -27.65 ± 0.01 3.62 ± 0.10  MDMB-46 -27.53 ± 0.03 4.82 ± 0.07 

MDMB-16 -27.71 ± 0.03 3.42 ± 0.07  MDMB-47 -27.55 ± 0.02 4.72 ± 0.16 

MDMB-17 -27.73 ± 0.01 3.57 ± 0.04  MDMB-48 -27.57 ± 0.04 4.82 ± 0.21 

MDMB-18 -27.52 ± 0.19 3.79 ± 0.29  MDMB-49 -27.66 ± 0.01 3.57 ± 0.10 

MDMB-19 -27.67 ± 0.01 3.74 ± 0.15  MDMB-50 -27.61 ± 0.02 3.59 ± 0.02 

MDMB-20 -27.65 ± 0.07 3.65 ± 0.05  MDMB-51 -26.95 ± 0.04 6.22 ± 0.04 

MDMB-21 -27.18 ± 0.07 4.61 ± 0.22  MDMB-52 -26.98 ± 0.01 6.25 ± 0.05 

MDMB-22 -27.64 ± 0.00 3.66 ± 0.05  MDMB-53 -26.95 ± 0.02 6.20 ± 0.06 

MDMB-23 -27.83 ± 0.04 3.51 ± 0.08  MDMB-54 -27.48 ± 0.01 4.90 ± 0.05 

MDMB-24 -27.70 ± 0.03 3.51 ± 0.03  MDMB-55 -27.47 ± 0.01 5.01 ± 0.09 

MDMB-25 -27.71 ± 0.04 3.61 ± 0.05  MDMB-56 -27.65 ± 0.02 5.36 ± 0.00 

MDMB-26 -27.87 ± 0.04 3.61 ± 0.02  MDMB-57 -25.94 ± 0.01 6.35 ± 0.01 

MDMB-27 -27.59 ± 0.00 3.52 ± 0.06  MDMB-58 -27.71 ± 0.01 3.63 ± 0.18 

MDMB-28 -27.86 ± 0.01 3.58 ± 0.07  MDMB-59 -27.67 ± 0.04 3.66 ± 0.04 

MDMB-29 -27.86 ± 0.02 3.62 ± 0.06  MDMB-60 -27.46 ± 0.03 4.88 ± 0.08 

MDMB-30 -27.70 ± 0.01 3.49 ± 0.02  MDMB-61 -27.04 ± 0.01 4.62 ± 0.04 

MDMB-31 -27.65 ± 0.03 3.49 ± 0.05     

 

Table A.2 δ13C and δ15N values including standard deviation of triplicate measurements for one pure sample and all “Spice-

Products” of Cumyl-PeGaClone 

 

δ13CV-PDB[‰] 

average ± STD 

δ15NAIR[‰] 

average ± STD 

  δ13CV-PDB[‰] 

average ± STD 

δ15NAIR[‰] 

average ± STD 

Peg-01 -34.65 ± 0.09 -11.83 ± 0.05  SP_Peg-16 -34.73 ± 0.19 -10.80 ± 0.12 

SP_Peg-01 -34.21 ± 0.01 -12.69 ± 0.07  SP_Peg-17 -34.74 ± 0.03 -10.91 ± 0.01 

SP_Peg-02 -34.23 ± 0.27 -12.70 ± 0.22  SP_Peg-18 -34.98 ± 0.21 -10.87 ± 0.11 

SP_Peg-03 -34.69 ± 0.16 -10.54 ± 0.12  SP_Peg-19 -34.64 ± 0.01 -10.56 ± 0.02 

SP_Peg-04 -34.43 ± 0.28 -10.77 ± 0.10  SP_Peg-20 -34.25 ± 0.03 -12.58 ± 0.04 

SP_Peg-05 -34.39 ± 0.15 -10.34 ± 0.02  SP_Peg-21 -34.89 ± 0.08 -10.91 ± 0.06 

SP_Peg-06 -33.88 ± 0.01 -10.68 ± 0.01  SP_Peg-22 -35.21 ± 0.02 -10.59 ± 0.02 

SP_Peg-07 -34.49 ± 0.13 -10.51 ± 0.13  SP_Peg-23 -35.01 ± 0.10 -10.58 ± 0.03 
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SP_Peg-08 -34.77 ± 0.29 -10.85 ± 0.08  SP_Peg-24 -34.98 ± 0.16 -10.98 ± 0.02 

SP_Peg-09 -34.67 ± 0.22 -10.97 ± 0.08  SP_Peg-25 -34.75 ± 0.12 -10.46 ± 0.01 

SP_Peg-10 -34.57 ± 0.09 -10.62 ± 0.08  SP_Peg-26 -34.86 ± 0.03 -12.04 ± 0.11 

SP_Peg-11 -34.34 ± 0.23 -10.38 ± 0.02  SP_Peg-27 -35.26 ± 0.02 -10.63 ± 0.02 

SP_Peg-12 -34.43 ± 0.14 -10.46 ± 0.02  SP_Peg-28 -35.11 ± 0.13 -10.51 ± 0.16 

SP_Peg-13 -34.54 ± 0.08 -10.49 ± 0.06  SP_Peg-29 -35.00 ± 0.03 -11.47 ± 0.07 

SP_Peg-14 -34.41 ± 0.13 -10.87 ± 0.03  SP_Peg-30 -35.26 ± 0.02 -10.83 ± 0.05 

SP_Peg-15 -33.83 ± 0.14 -11.36 ± 0.11     

 

 

Table A.3 δ13C and δ15N values including standard deviation of triplicate measurements for all “Spice-Products” of MDMB-

CHMICA 

 

δ13CV-PDB[‰] 

average ± STD 

δ15NAIR[‰] 

average ± STD 

  δ13CV-PDB[‰] 

average ± STD 

δ15NAIR[‰] 

average ± STD 

SP_MDMB-01 -27.67 ± 0.02 3.54 ± 0.05  SP_MDMB-60 -27.54 ± 0.01 4.89 ± 0.02 

SP_MDMB-02 -27.62 ± 0.04 3.51 ± 0.06  SP_MDMB-61 -27.54 ± 0.02 4.82 ± 0.02 

SP_MDMB-03 -27.65 ± 0.04 3.58 ± 0.09  SP_MDMB-62 -27.54 ± 0.06 4.79 ± 0.05 

SP_MDMB-04 -27.65 ± 0.04 3.53 ± 0.04  SP_MDMB-63 -27.61 ± 0.04 4.67 ± 0.07 

SP_MDMB-05 -27.63 ± 0.03 3.51 ± 0.06  SP_MDMB-64 -27.63 ± 0.03 4.71 ± 0.00 

SP_MDMB-06 -27.65 ± 0.02 3.69 ± 0.07  SP_MDMB-65 -27.65 ± 0.02 4.85 ± 0.02 

SP_MDMB-07 -27.70 ± 0.04 3.66 ± 0.12  SP_MDMB-66 -27.30 ± 0.07 4.48 ± 0.29 

SP_MDMB-08 -27.72 ± 0.02 3.40 ± 0.10  SP_MDMB-67 -26.71 ± 0.02 4.10 ± 0.07 

SP_MDMB-09 -27.71 ± 0.02 3.56 ± 0.04  SP_MDMB-68 -27.56 ± 0.04 4.86 ± 0.07 

SP_MDMB-10 -27.59 ± 0.05 4.01 ± 0.01  SP_MDMB-69 -27.51 ± 0.04 4.66 ± 0.08 

SP_MDMB-11 -27.66 ± 0.01 3.63 ± 0.04  SP_MDMB-70 -27.58 ± 0.01 4.74 ± 0.07 

SP_MDMB-12 -27.74 ± 0.03 3.41 ± 0.10  SP_MDMB-71 -27.69 ± 0.03 4.66 ± 0.03 

SP_MDMB-13 -27.61 ± 0.03 3.70 ± 0.13  SP_MDMB-72 -26.42 ± 0.02 4.04 ± 0.14 

SP_MDMB-14 -27.69 ± 0.01 3.43 ± 0.06  SP_MDMB-73 -27.47 ± 0.02 3.63 ± 0.15 

SP_MDMB-15 -27.77 ± 0.02 4.75 ± 0.08  SP_MDMB-74 -26.47 ± 0.08 4.30 ± 0.31 

SP_MDMB-16 -27.81 ± 0.03 4.59 ± 0.09  SP_MDMB-75 -27.52 ± 0.10 4.75 ± 0.30 

SP_MDMB-17 -27.76 ± 0.05 4.73 ± 0.10  SP_MDMB-76 -27.39 ± 0.07 4.86 ± 0.27 

SP_MDMB-18 -27.37 ± 0.07 3.47 ± 0.19  SP_MDMB-77 -27.29 ± 0.04 5.01 ± 0.17 

SP_MDMB-19 -27.49 ± 0.05 3.61 ± 0.05  SP_MDMB-78 -27.65 ± 0.02 4.63 ± 0.06 

SP_MDMB-20 -27.49 ± 0.13 3.51 ± 0.16  SP_MDMB-79 -27.23 ± 0.08 5.03 ± 0.21 

SP_MDMB-21 -27.70 ± 0.02 3.73 ± 0.11  SP_MDMB-80 -27.44 ± 0.14 4.72 ± 0.15 

SP_MDMB-22 -27.66 ± 0.04 3.58 ± 0.13  SP_MDMB-81 -27.46 ± 0.08 4.93 ± 0.10 

SP_MDMB-23 -27.70 ± 0.04 3.41 ± 0.12  SP_MDMB-82 -26.47 ± 0.11 4.08 ± 0.39 

SP_MDMB-24 -27.70 ± 0.02 4.40 ± 0.09  SP_MDMB-83 -26.50 ± 0.10 4.04 ± 0.24 

SP_MDMB-25 -27.73 ± 0.02 3.39 ± 0.10  SP_MDMB-84 -26.37 ± 0.09 3.92 ± 0.25 

SP_MDMB-26 -27.83 ± 0.06 4.45 ± 0.07  SP_MDMB-85 -27.64 ± 0.06 4.35 ± 0.09 

SP_MDMB-27 -26.72 ± 0.01 4.02 ± 0.01  SP_MDMB-86 -27.67 ± 0.10 3.66 ± 0.13 

SP_MDMB-28 -27.63 ± 0.04 4.69 ± 0.01  SP_MDMB-87 -27.56 ± 0.08 4.50 ± 0.14 

SP_MDMB-29 -26.64 ± 0.06 3.99 ± 0.03  SP_MDMB-88 -26.78 ± 0.05 4.19 ± 0.14 

SP_MDMB-30 -26.79 ± 0.07 4.06 ± 0.06  SP_MDMB-89 -27.60 ± 0.02 3.76 ± 0.05 

SP_MDMB-31 -26.78 ± 0.04 4.08 ± 0.05  SP_MDMB-90 -27.54 ± 0.06 4.11 ± 0.40 

SP_MDMB-32 -26.74 ± 0.03 4.09 ± 0.13  SP_MDMB-91 -27.50 ± 0.08 3.83 ± 0.27 

SP_MDMB-33 -26.76 ± 0.07 4.15 ± 0.12  SP_MDMB-92 -26.52 ± 0.11 4.34 ± 0.19 

SP_MDMB-34 -26.76 ± 0.05 3.99 ± 0.01  SP_MDMB-93 -27.51 ± 0.17 3.84 ± 0.11 
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SP_MDMB-35 -26.76 ± 0.02 4.05 ± 0.15  SP_MDMB-94 -27.53 ± 0.10 4.95 ± 0.10 

SP_MDMB-36 -27.67 ± 0.02 4.76 ± 0.09  SP_MDMB-95 -27.55 ± 0.07 3.58 ± 0.22 

SP_MDMB-37 -26.80 ± 0.02 3.89 ± 0.06  SP_MDMB-96 -27.61 ± 0.07 4.91 ± 0.20 

SP_MDMB-38 -26.64 ± 0.03 4.19 ± 0.09  SP_MDMB-97 -27.46 ± 0.08 5.08 ± 0.18 

SP_MDMB-39 -26.72 ± 0.02 4.05 ± 0.02  SP_MDMB-98 -27.57 ± 0.10 4.81 ± 0.14 

SP_MDMB-40 -27.15 ± 0.04 4.55 ± 0.07  SP_MDMB-99 -26.44 ± 0.21 4.05 ± 0.24 

SP_MDMB-41 -27.54 ± 0.01 4.82 ± 0.02  SP_MDMB-100 -27.40 ± 0.16 3.82 ± 0.32 

SP_MDMB-42 -27.27 ± 0.01 4.67 ± 0.06  SP_MDMB-101 -26.43 ± 0.22 4.42 ± 0.27 

SP_MDMB-43 -26.85 ± 0.04 4.14 ± 0.07  SP_MDMB-102 -26.64 ± 0.22 4.33 ± 0.04 

SP_MDMB-44 -27.44 ± 0.05 4.76 ± 0.05  SP_MDMB-103 -27.42 ± 0.05 3.80 ± 0.35 

SP_MDMB-45 -27.41 ± 0.01 4.79 ± 0.07  SP_MDMB-104 -26.59 ± 0.11 3.89 ± 0.21 

SP_MDMB-46 -27.50 ± 0.31 3.40 ± 0.11  SP_MDMB-105 -27.38 ± 0.11 4.84 ± 0.14 

SP_MDMB-47 -27.21 ± 0.02 4.57 ± 0.03  SP_MDMB-106 -27.18 ± 0.09 4.62 ± 0.20 

SP_MDMB-48 -27.16 ± 0.02 4.57 ± 0.07  SP_MDMB-107 -26.65 ± 0.15 4.09 ± 0.10 

SP_MDMB-49 -27.56 ± 0.03 4.79 ± 0.12  SP_MDMB-108 -26.61 ± 0.06 4.15 ± 0.15 

SP_MDMB-50 -27.56 ± 0.03 4.66 ± 0.05  SP_MDMB-109 -26.75 ± 0.04 4.37 ± 0.23 

SP_MDMB-51 -27.60 ± 0.03 4.79 ± 0.03  SP_MDMB-110 -26.71 ± 0.18 3.86 ± 0.04 

SP_MDMB-52 -27.58 ± 0.01 4.60 ± 0.10  SP_MDMB-111 -27.56 ± 0.08 3.73 ± 0.23 

SP_MDMB-53 -27.41 ± 0.01 4.85 ± 0.04  SP_MDMB-112 -27.67 ± 0.06 3.59 ± 0.05 

SP_MDMB-54 -27.53 ± 0.01 4.85 ± 0.02  SP_MDMB-113 -27.57 ± 0.09 4.77 ± 0.13 

SP_MDMB-55 -27.55 ± 0.03 4.74 ± 0.03  SP_MDMB-114 -26.54 ± 0.08 3.96 ± 0.16 

SP_MDMB-56 -27.36 ± 0.07 5.39 ± 0.06  SP_MDMB-115 -27.52 ± 0.09 4.53 ± 0.39 

SP_MDMB-57 -27.52 ± 0.03 4.85 ± 0.03  SP_MDMB-116 -27.52 ± 0.07 3.69 ± 0.14 

SP_MDMB-58 -27.47 ± 0.02 4.77 ± 0.11  SP_MDMB-117 -27.21 ± 0.07 4.98 ± 0.09 

SP_MDMB-59 -27.50 ± 0.01 4.81 ± 0.10  SP_MDMB-118 -27.14 ± 0.10 4.82 ± 0.19 
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