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Abstract
Seized samples of illegally produced cocaine have a very large variability in composition; a fact that may result in a challenge to
their analysis. We demonstrate here a simple and fast method to detect the presence of cocaine in both hydrochloride and free-
base forms in illicit drug samples by nuclear magnetic resonance (NMR) spectroscopy. This is achieved by combining the
commonly used 1D spectra and diffusion-ordered spectroscopy and introducing the 2D maximum-quantum NMR approach to
forensic analysis. The protocol allows the facile determination of the cocaine forms even in the presence of multiple adulterants.
By relying on non-uniform sampling acceleration of 2D spectroscopy, the identification can be obtained in less than 3 min for
10 mg of product. Moreover, we show that intermolecular interactions of the sample constituents, while affecting the analysis
result, do not interfere with the quality of the detection of the proposed protocol.
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Introduction

One of the goals of the analysis and characterization of samples
under suspicion of containing illicit drugs is the positive iden-
tification of the psychoactive component. In the case of seized
street samples, this must be performed in the presence of com-
mon adulterants and impurities. Cocaine in street samples can
be found in either hydrochloride salt and/or in the freebase
form, and its concentration is typically around 30% (w/w)
[1]. Whatever its molecular form, cocaine acts as a strong
stimulant substance that can cause drug addiction and irrevers-
ible effects on health. Cocaine is routinely cut with a variety of
agents, mainly phenacetin, levamisole, lidocaine, caffeine, and

sugars (e.g., mannitol, lactose, or glucose), although several
other compounds may be found in seized samples, depending
on the producer and the country. For instance, in France, phen-
acetin and caffeine are the adulterants most frequently found in
seizures, followed by levamisole and procaine [2]. Protocols
for the positive identification of cocaine have thus to deal with
the complexity of sample composition. If the target compo-
nents are thermally stable between 265 and 300 °C, the deter-
mination of the overall cocaine content can be addressed using
GC-MS [2, 3] on extracts. Otherwise, liquid phase separation
[4] such as capillary electrophoresis [5], high-performance liq-
uid chromatography [6], and direct analysis using ambient
mass spectrometry [7, 8] have been also widely employed to
this purpose. Speciation of the cocaine forms is typically
achieved by FT-IR, monitoring specific band shifts at
1730 cm−1, 1712 cm−1, and a side peak at 1230 cm−1 for
hydrochloride cocaine. On the other hand, chromatographic
protocols may suffer from the creativity demonstrated in the
choice of the cutting agents, so that it may be convenient to
explore alternative identification techniques capable of achiev-
ing speciation without the need for a full compound separation.
Recently, nuclear magnetic resonance (NMR) spectroscopy
has experienced a strong reviving for the analysis of mixtures
of small organic molecules, including illicit drug samples [9,
10]. For instance, a recent chemometric study used 1D 1H
NMR spectra to achieve a partial identification of the

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00216-018-1175-7) contains supplementary
material, which is available to authorized users.

* Mehdi Yemloul
mehdi.yemloul@univ-amu.fr

* Stefano Caldarelli
s.caldarelli@univ-amu.fr

1 Aix-Marseille Univ, CNRS, Centrale Marseille, iSm2, Avenue
Escadrille Normandie Niemen, 13013 Marseille, France

2 Service Commun des Laboratoires du Ministère des Finances,
Laboratoire de Marseille, 13388 Marseille, France

Analytical and Bioanalytical Chemistry
https://doi.org/10.1007/s00216-018-1175-7

http://crossmark.crossref.org/dialog/?doi=10.1007/s00216-018-1175-7&domain=pdf
https://doi.org/10.1007/s00216-018-1175-7
mailto:mehdi.yemloul@univ-amu.fr
mailto:s.caldarelli@univ-amu.fr


provenance of seized cocaine samples [11]. If the focus of the
NMR analysis is on a positive identification of the presence of
the drug, problems can arise from signal overlap and resonance
shifts due to variations in the chemical environment.
Multidimensional NMR provides increased resolution, and it
is thus potentially a good avenue to explore for the analysis of
complex mixtures. Specifically, the NMR experiment that
carries the closest analogy to chromatography is diffusion-
ordered spectroscopy (DOSY) [12–14]. Here, molecules are
tagged by their square mean displacement along a privileged
direction (typically the long axis of the NMR tube). This in
turn can be interpreted in terms of molecular self-diffusion,
which is determined by the hydrodynamic radius and thus
roughly by the molecular size [15]. Thus, the NMR spectrum
of the mixture components can be isolated accordingly, if the
differences in the molecular diffusivities are large enough,
without the need for physical separation [16–18]. A powerful
feature of DOSY is that it provides (if the resolution due to
mobility is sufficient) the NMR spectra of pure compounds,
allowing thus a straightforward identification of the mixture
composition. The usefulness of DOSY NMR for narcotics
has been demonstrated in the analysis of heroin [19]. On the
other hand, the resolving power of DOSY has been limited by
technical and signal processing difficulties [20].

Among the alternative NMR approaches providing the
high resolution required for mixture analysis, 1H maximum-
quantum NMR (MaxQ NMR) has shown very good potential,
identifying in favorable cases up to tens of molecules with
strongly overlapping signals [21, 22]. This method isolates,
in the signal-rich NMR spectrum of a mixture, the resonances
belonging to molecular fragments carrying at least a specific
number of protons, p. As the selected value of p is increased,
more andmoremolecular fragments are filtered away from the
NMR spectrum, in what is known as a multiple-quantum fil-
ter. A further property of the full, bi-dimensional, multiple-
quantum experiment, is that the highest possible number of
excitable quanta (the maximum quantum, MaxQ), provides
layouts very simple to analyze. Indeed, similar to DOSY, a
single signal in the second (Bindirect^) dimension correlates
and allows to reveal the peaks belonging to a specific fragment
in the regular 1D 1H NMR spectrum [9, 21–23]. A systematic
study using MaxQ NMR would consist in a series of 2D
spectra; covering all possible fragment sizes. Such a full anal-
ysis is not necessary if a few target molecules of known com-
position are the object of the identification. It appears thus that
MaxQ NMR is an excellent candidate to unveil the presence
of cocaine in seized samples.

In order to achieve the desired spectral resolution in MaxQ
NMR, typically long experimental times are required. However,
in recent years, algorithms have been proposed that enable sam-
pling of a fraction of the data points required for a Bclassic^
multidimensional experiment. This approach is known as
non-uniform sampling (NUS), and it allows compression

factors up to an order of magnitude in acquisition time [24],
compatible with the requirements of fast identification.

In this article, we explore DOSY, which has already been
validated in the context of the characterization of illicit drug
samples [19], and MaxQ NMR as tools to detect easily and
without ambiguity the cocaine fingerprint in seized speci-
mens, characterized by GC-MS for reference, with minimal
sample preparation.

Materials and methods

Samples

Deuterated solvents were provided by Eurisotop (Saint-
Aubin, France).

Seven samples from illicit drug seizures were provided by
the Service Commun des Laboratoires (SCL-Marseille) and
were analyzed by the GC-MS reference method leading to the
following composition (w/w):

sample 1: cocaine (29.85%), phenacetin (37.31%), le-
vamisole (1.79%), caffeine (11.94%), procaine
(13.13%), tetracaine (5.97%); sample 2: cocaine
(31.98%), phenacetin (10.36%), lidocaine (2.65%), le-
vamisole (5.56%), mannitol (50.55%); sample 3: cocaine
(71.21%), levamisole (28.79%); sample 4: cocaine
(41.02%), levamisole (9.92%), caffeine (49.06%); sam-
ple 5: cocaine (54.15%), phenacetin (45.85%); sample 6:
cocaine (97.33%), cis-cinnamoylcocaine (1.71%), trans-
cinnamoylcocaine (0.96%); sample 7: cocaine (95.80%),
levamisole (4.20%).

GC-MS

Samples were identified on a GC-MS QP2010 SE Shimadzu
Japan gas chromatograph equipped with split injector and a
DB-5MS fused silica capillary column (10-m × 0.10-mm, i.d.,
film thickness 0.1 μm) (J&W Scientific). Data were obtained
by software GC-MS real time analysis in mode SIM-SCAN.
The transfer line was held at 300 °C and the source at 240 °C.
Electron impact mass spectra were acquired at 70 eV from 40
to 600 Da. Helium was used as carrier gas at a constant flow
rate of 0.5 mL/min.

ATR-IR

ATR-infrared analyses were performed using the Bruker
Alpha diamond as follows: scan range 500–4000 cm−1, reso-
lution 4 cm−1, 24 background scans, and 24 sample scans.
ATR crystal is Ge, KBr is used as separator, and DLaTGS is
used as detector.
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Preparation of samples for NMR analysis

The analysis focused on single solvent dissolution.Most spec-
tra shown here used chloroform-d, with the exception of
DOSY, which is shown in CD3-OD to highlight aggregation
phenomena (vide infra). About 10 mg of the seized samples
were diluted in 1 mL of chloroform-d and introduced in a
NMR tube of 5 mm external diameter.

NMR recording conditions

All experiments were performed at room temperature on a
Bruker Avance III-600 MHz spectrometer equipped with a
triple resonance high-resolution probe producing pulse field
gradients with a maximum strength of 60 G cm−1. All NMR
datasets were processed with the inbuilt software TOPSPIN
3.2 version (Bruker BioSpin, Germany). MaxQ (2D MQ/SQ
correlation) spectra were acquired with a standard pulse se-
quence 90×-d2/2-180×-d2/2-90ϕ, with ϕ = x or y for even or
odd order excitation, respectively). The coherence order (p)
selection was carried out by a pulse field gradient (PFG) sand-
wich around the last 90° pulse, by selecting the intensity of the
second PFG equal to p times the first one [25]. The interval d2
was optimized visually to obtain the highest signal intensity.
For the 5Q-1Q spectra, this corresponded to 340 ms. A scale

reduced by the observed p-quantum order, δRmaxQ ¼ ∑p
i¼1

δi1Q
p ,

was used in the indirect dimension, to facilitate comparison
among different multiple-quantum spectra [21]. Eight dummy
scans, 2 scans, and a relaxation delay of 1 s were used. Two
hundred fifty-six t1 points were acquired with TD2 = 4096
points to encompass the whole duration of the MQ signal,
i.e., approximately 1 s, leading to about 22 min of total acqui-
sition time. NUS experiments were performed using the in-
built capability of the TOPSPIN software. Processing and
spectral reconstruction used the compressed sensing option
(CS). A compression level of 8 was used, allowing to record
the spectrum in 2 min and 45 s.

DOSY spectra were recorded at 298 K, by a conventional
pulse sequence, based on the stimulated echo and incorporat-
ing bipolar gradient pulses and an Eddy current delay (BPP-
LED) [26]. The shape of all gradient pulses was smoothed
square and the LED delay was of 5 ms. The diffusion delay
Δ was set at 130 ms, the gradient strength, g, was linearly
incremented in 72 steps from 2 to 98% of its maximum value
with a constant duration of 2 ms, and 8 scans were recorded
for each experiment. The sum of the acquisition time and the
relaxation delay was equal to 4 s, leading to a total experiment
time of 45 min. Data were then processed using DOSY
Toolbox (GNU General Public License) [27] with 512 points
for the self-diffusion axis.

Results and discussion

The chemical structure of cocaine and the most common cut-
ting agents for the samples analyzed here is shown in Fig. 1.
Since the seized samples were dissolved in chloroform, a first
filtering effect is achieved due to the low solubility of some of
the additives. With the exception of the sugars, the adulterants
possess a C6 aromatic ring. The corresponding NMR signals
are particularly discriminant and the analysis will thus focus
on their spectral region, extended to include the proton of the
azabicyclo portion, characteristic of cocaine in both forms.
The series of 1H NMR subspectra in CDCl3 for the analyzed
batch are shown in Fig. 2. Samples 1, 2, 5, 6, and 7 have been
determined by IR spectroscopy to be almost pure in cocaine
hydrochloride, the most common form of cocaine found in
street seizing. Conversely, samples 3 and 4 are the only ones
for which cocaine freebase was found. The difference in the
nature of cocaine is clearly reflected in the corresponding 1H
NMR subspectra, where the four groups of relevant protons
show specific resonance shifts. Notably, in going from the
hydrochloride to the freebase, the doublet around 8 ppm is
found to be located low-field in the freebase form, while the
multiplet at 5.45 ppm is up-field. These observations allow to
assess that both forms of cocaine are present in samples 1–5,
as identified by the two doublets around 8 ppm.

Minor changes in the frequency of the resonance corre-
sponding to the protons of the aromatic ring of cocaine of
the same form are observed along the series, especially for
samples S6 and S7. This can be tentatively explained by rec-
ognizing that these protons are positioned in the cone of an-
isotropy of the C=O (e), which contributes to determine their
chemical shift. Small variations in the position of these signals
are thus likely linked to conformational variations or to inter-
actions with the remaining mixture components. At any rate,
the variations in signal positions are not of a size such as to
induce confusion in the assignment.

Further characterization of the batch was sought by apply-
ing NMR diffusometry, as the DOSY experiment has been
successfully demonstrated in the context of pharmaceutically
relevant samples, including recreational drugs [19].

In guise of example of the typical outcome of DOSY inves-
tigations on the samples of interest here, we provide the relative
spectra of samples 1 and 2 (Fig. 3). As expected, the dimension
reporting the self-diffusion coefficients in these spectra could be
used to obtain a partial spectral separation according to the mo-
lecular translational mobility, which is determined by the molec-
ular hydrodynamic radius. While, ideally, all signals of a given
molecule should appear at the same value for the diffusion co-
efficient, instabilities in the data processing introduces deviations
from this behavior. Thus, it may become challenging to single
out the mixture components or the presence and type of cocaine.
Data processing of DOSY, however, is more complicated in the
presence of signal overlaps from different molecules.

Rapid characterization of cocaine in illicit drug samples by 1D and 2D NMR spectroscopy



Thus, for the samples with a simple composition, DOSY is
expected to be capable of providing an adequate speciation.
This is confirmed by inspection of Fig. 3a, corresponding to
NMR diffusometry of sample 1. At any rate, even in the
presence of processing glitches, information about local pro-
ton of the spectra (adjacent signals) is readily available. The
presence of the two cocaine forms is confirmed in both sam-
ples, as the two doublets detected around 8.1 ppm appear to
belong to molecular species with very similar molecular
weight. For more complex samples, particularly of unknown
composition, the differences in molecular weight and size of
cocaine and the cutting agents are not always large enough to
provide a clear distinction of the mixture components. In
principle, a more precise data processing along with an expert
spectral analysis could provide a better resolved DOSY chart,
but was not attempted here [27]. Figure 3b highlights another

specific analytical feature of DOSY. All signals from cocaine
and cutting agents have diffusion coefficients in between
about 7 10−10 m2 s−1 (lidocaine) and 8.5 10−10 m2 s−1 (phen-
acetin). The group of signals detected at less than 6
10−10 m2 s−1 point towards the presence of aggregation, con-
firmed by the broader linewidth observed for these same res-
onances in the 1D spectrum. This is in line with the very
strong content in mannitol of sample 2, in which this sugar
is the most abundant component.

To provide a simplified and robust detection of the pres-
ence of cocaine, we resorted to maximum-quantum (MaxQ)
NMR, an experiment that has been demonstrated extensively
for a very accurate description of aromatic molecular frag-
ments [9]. More details about the experiments can be found
in the literature [9, 21, 28–30] and thus in the following, we
shall provide just a few guidelines to the interpretation of the

Fig. 2 Stacked plot of the
relevant portion of 1H NMR
spectra of the studied samples

Fig. 1 Chemical structure of: from left to right and from top to bottom: freebase cocaine, hydrochloride cocaine, levamisole, phenacetin,
procaine, and tetracaine
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spectra. MaxQNMR is very effective in isolating the signal of
a spin system, a molecular fragment in which the protons are
mutually coupled. This is achieved by a 2D experiment excit-
ing all of these protons bundled in a single signal, a multiple-
quantum coherence of the order equal to the number of
coupled protons. All resonances from other fragments with a
smaller number of coupled of protons are filtered away.
Particularly, for the case of six-membered aromatic rings, the
MQ NMR signals can survive increasingly high p-quantum
filters as the number of ring substituents decreases. According
to this principle, the molecules in the analyzed batch (Fig. 1)
can be organized in two groups. The first one is characterized
by the presence of a di-substitute aromatic ring including
phenacetin, procaine, and tetracaine, allowing the recording
of up to 4Q-1Q correlation spectra (the MaxQ order for these
compounds). A second group, with a mono-substituted aro-
matic ring (spin system composed of five protons) includes
levamisole and cocaine.

Figure 4 reports the 4Q-1Q and 5Q-1Q correlation spec-
tra for sample 1. In the first spectrum (Fig. 4a, 4Q-1Q cor-
relation), the compounds possessing a disubstituted aromatic
ring (phenacetin, procaine, and tetracaine) are recognizable
since all of their peaks in the 1Q dimension correlate with a
singlet in the MQ dimension. This is the typical shape of a
MaxQ signal, which allows the simplified assignment of the
molecular fragments, and thus of the corresponding com-
pound. The 4Q-1Q correlations of cocaine (red circle in
Fig. 5a) have a different behavior (non-MaxQ signal, see
ref. [21] for details), since this molecule can achieve higher
coherence orders than four.

The 5Q-1Q quantum spectrum of sample 1 (Fig. 4b) con-
versely contains MaxQ signals for the two forms of cocaine
and for levamisole. It is noteworthy that in the 1D spectrum of
Sample 1 the (b) peak of freebase cocaine overlaid with those
of phenacetin and levamisole. The 5Q-1Q spectra of the other
six samples are presented in the Electronic Supplementary

Fig. 3 2D DOSY 1H NMR spectra of sample 1 (a) and sample 2 (b)

Rapid characterization of cocaine in illicit drug samples by 1D and 2D NMR spectroscopy



Material (ESM, Fig. S1). Although the position of the reso-
nances of these two compounds is mildly affected by the

mixture composition, a positive assignment can be achieved
by inspection of the region around 8 ppm, since the freebase

Fig. 4 4Q-1Q correlation (a) and
5Q-1Q (b) spectra of sample 1

Fig. 5 Non-uniformly sampled
(NUS) 5Q-1Q spectrum of
sample 1 recorded with a total
acquisition time of 2 min and 45 s
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always appears at a downfield relative position with respect to
the hydrochloride.

The duration required to achieve highly resolved multidi-
mensional NMR experiments can be reduced by resorting to
specific acquisition schemes, such as non-uniform sampling
(NUS). Indeed, the total acquisition time of the 2D-MaxQ in
Fig. 4 was 22 min. Upon application of the NUS approach, we
found that a compression factor of 8 produced spectra, recorded
in 2 min 45 s, which were faithful to the ones acquired with the
regular acquisition (Fig. 5). The same compression factor was
satisfactorily applied to 4Q-1Q correlation spectra (not shown).

Conclusion

2D NMR has the potential to detect the presence of both forms
of cocaine in illicit drug samples. For cases with a limited
number of cutting agents, DOSY NMR can properly detect
cocaine, but the technique suffers for complex sample compo-
sitions. On the other hand, the 2D-MaxQ experiment appears
to be of general and robust implementation for a rapid detec-
tion of the presence of both forms of cocaine. To this respect,
we believe that it may be proposed as a valid complement to
the standard infrared spectroscopy. Indeed, outstanding resolu-
tion and excellent signal to noise ratio could be obtained in less
than 3 min, with the application cryo-cooled probe heads and
non-uniform sampling acceleration, for 10 mg of the seized
samples, with an estimated content of about 30% in cocaine.
It is interesting to note that further and significant improve-
ments on the sensitivity (and thus the duration) of the method
could be achieved through optimization of the experimental
parameters for the cocaine detection [30].
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