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Abstract Gas chromatography-mass spectrometry (GC—
MS) in electron ionization (EI) mode is one of the most
commonly used techniques for analysis of synthetic
cannabinoids, because the GC-EI-MS spectra contain
characteristic fragment ions for identification of a com-
pound; however, the information on its molecular ions is
frequently lacking. To obtain such molecular ion infor-
mation, GC-MS in chemical ionization (CI) mode is
frequently used. However, GC-CI-MS requires a relatively
tedious process using reagent gas such as methane or
isobutane. In this study, we show that GC-MS in pho-
toionization (PI) mode provided molecular ions in all
spectra of 62 synthetic cannabinoids, and 35 of the 62
compounds showed only the molecular radical cations.
Except for the 35 compounds, the PI spectra showed very
simple patterns with the molecular peak plus only a few
fragment peak(s). An advantage is that the ion source for
GC-PI-MS can easily be used for GC-EI-MS as well.
Therefore, GC-EI/PI-MS will be a useful tool for the
identification of synthetic cannabinoids contained in a
dubious product. To the best of our knowledge, this is the
first report to use GC-PI-MS for analysis of synthetic
cannabinoids.
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Introduction

In recent years, the harmful effects on human health from
new psychoactive substances (NPSs), including synthetic
cannabinoids, have become a serious social problem
worldwide. Although almost all head shops selling the
NPSs have been closed due to stringent control by the
Ministry of Health, Labour and Welfare, as well as other
organizations in Japan, such shops are still active in other
countries. In addition, online sales activities continue at a
rapid pace. The fastest and simplest method for identifi-
cation of these NPSs is to record the electron ionization
(EI) mass spectrum of a compound in question by gas
chromatography—mass spectrometry (GC-MS) at 70 eV
and to conduct a data search using the SWGDRUG Mass
Spectral Library, for example, or Cayman Chemical
Compounds Database. These databases are largely limited
to EI mass spectra at 70 eV obtained by GC-MS, because
of their excellent reproducibility. The only drawback of the
EI mass spectra is that molecular or pseudo-molecular
peaks are frequently very small or missing. For designer
drugs including synthetic cannabinoids, there are many
compounds showing very similar patterns of fragment
peaks. In such cases, the appearance of a distinct molecular
peak will be very useful for differentiating compounds with
similar structures except for regioisomers.

The photoionization (PI) technique for MS is not new,
having been developed about 60 years ago by Lossing and
Tanaka [1]. After their discovery, PI received very little


http://orcid.org/0000-0001-9277-3630
http://crossmark.crossref.org/dialog/?doi=10.1007/s11419-016-0342-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11419-016-0342-9&amp;domain=pdf

Forensic Toxicol (2017) 35:94-103

95

attention from the scientific community. However, in 2010,
interest in PI was reignited with the description of the
attachment of PI detection to “microfabricated planar glass
GC”; the detection limit of mono-aromatics was sub-ng on
columns [2]. A similar connection of PI to a portable GC
system reported in 2013 showed a low detection limit less
than 5 ppb for volatile organic compounds such as benzene,
toluene, and styrene [3]. During our literature search on PI,
we were surprised to find as many as seven articles on
applications of PI published in international scientific
journals in 2015-2016 [4-10]. Among these reports, vari-
ous combinations of PI with atmospheric pressure MS
[6, 7, 9] and with low-pressure MS [4, 10] were reported to
provide extremely high sensitivity. It appears that PI
technology is now under rapid development.

In the current study, we present GC—PI-MS spectra of as
many as 62 kinds of synthetic cannabinoids, compared with
those of GC-EI-MS spectra for the first time.

Materials and methods
Chemicals and their preparation

Sixty-two synthetic cannabinoids (for structures, see Fig. 1)
were purchased from Cayman Chemical (Ann Arbor, MI,
USA), and analytical-grade methanol and acetonitrile were
obtained from Kanto Chemical (Tokyo, Japan). All but five
synthetic cannabinoids were dissolved in methanol at a
concentration of 100 pg/mL, to be used for mass spectra
measurements; the exceptions were the five carboxylate
compounds (FDU-PB-22, 5-fluoro-SDB-005, 5- fluoro-
NPB-22, BB-22 and PB-22), each of which was dissolved
in acetonitrile to give the same concentration in order to
avoid thermal hydrolytic degradation in the presence of
methanol [11].

GC-MS conditions

GC-MS analysis was conducted using an Agilent 7890B
gas chromatograph (Agilent Technologies, Santa Clara,
CA, USA) connected to a JEOL JMS-Q1050 mass spec-
trometer with an EI/PI combination ion source (JEOL,
Akishima, Japan) (Fig. 2). GC-PI-MS conditions were as
follows: separation column, DB-5MS fused-silica capillary
30 m x 0.25 mm id., 0.25 pm film thickness; Agilent
Technologies); injector temperature, 230 °C; interface
temperature, 150 °C; injection mode, splitless; injection
volume, 2 pL; helium carrier gas flow rate, 1.0 mL/min;
oven temperature program, initial temperature at 60 °C (1-
min hold) followed by ramping at 10 °C/min to 150 °C (3-
min hold) and then ramping at 10 °C/min to 300 °C (22-
min hold); MS ionization mode, PI; wavelength range of

Fig. 1 Sixty-two synthetic cannabinoids classified into 13 types on »
the basis of structure. Compounds subjected to gas chromatography—
mass spectrometry (GC-MS) in electron ionization (EI) mode (20
compounds in total) are shown by double underlines

vacuum ultraviolet (VUV) beam for PI by a deuterium
lamp, 115-400 nm; transparent window between the VUV
lamp and ion source, MgF,; PI energy, 10.3 eV; ion source
temperature, 150 °C; identification, scan mode; scan range,
m/z 10-600. GC-EI-MS conditions were as follows: sep-
aration column, carrier gas flow rate, and oven temperature
program, the same as those for GC—PI-MS; injector tem-
perature, 250 °C; interface temperature, 200 °C; injection
mode, split at 1:20; injection volume, 1 pL; electron
energy, 70 eV; ion source temperature, 200 °C; identifi-
cation, scan mode; scan range, m/z 40-500.

Results and discussion
Mass spectra obtained by GC-PI-MS

As an initial step in the GC-PI-MS methodology, it is very
important to know the likelihood of molecular ion pro-
duction for each target compound, depending on the
ionization potential and the detector photon energy. In this
work, we used 10.3 eV of photoionization energy that is
used for general applications [12]. It is of great interest to
obtain the mode of ionization for each synthetic cannabi-
noid. The 62 synthetic cannabinoids dealt with in this study
encompassed almost every type of compounds. The GC—
PI-MS protocol used here allowed us to observe the
molecular ions for all 62 synthetic cannabinoids. The
compounds used in this work can be categorized into three
groups.

Group 1 comprises 35 compounds that generated only
single molecular ions, including naphthoylindoles (19 com-
pounds), carboxamide derivatives (5 compounds),
benzoylindoles (5 compounds), naphthoylindazoles (2 com-
pounds), naphthoylpyrroles (2 compounds), a naphthoy-
Ibenzimidazole (1 compound), and a naphthoylnaphthalene (1
compound) (Table 1).

Group 2 compounds generated molecular ions as the
base peak as well as smaller fragment ion(s): carboxamide
derivatives (5 compounds), cyclopropyls (4 compounds),
quinolinyl carboxylates (3 compounds), phenylacetylin-
doles (2 compounds), carboxyindoles (2 compounds), a
naphthoyl carboxylate (1 compound), and a cyclo-
hexylphenol (1 compound).

Group 3 compounds generated a small molecular ion
and a fragment ion as a base peak: carboxamide derivatives
(3 compounds), phenylacetylindoles (2 compounds), a
naphthoylindole (1 compound), a benzoylindole (1

@ Springer
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Fig. 2 Schematic illustration of the EI and photoionization (PI)/EI
combination source. a EI ion source: irradiation by thermal electrons
generated from the filament to the sample. b PI/EI combination
source: irradiation by vacuum ultraviolet (VUV) light from the
ultraviolet lamp to the sample. It was possible to continuously obtain
fragment ion information by EI and molecular ion information by PI

compound), a carboxyindole (I compound), and a naph-
thoyl carboxylate (1 compound) (Table 1).

The PI technique is unique in that the radical cation is
produced by ultraviolet light radiation by depriving one
electron from a target molecule with a low ionization
threshold [6], while EI requires the deprivation of two
electrons at a time for ion formation with relatively high
ionization threshold. Therefore, the PI technique has been
used as a convenient method for detecting stable neutral
compounds such as volatile organic compounds or neutral
oil components [2, 3, 6, 7, 9].

In the present study, which dealt with 62 synthetic
cannabinoids, all compounds were able to be detected by
GC-PI-MS. Furthermore, as many as 35 compounds
showed only the molecular ions in their mass spectra,
without the appearance of any fragment peaks, as described
above. The compounds with fewer functional groups ten-
ded to show single molecular peaks in their mass spectra,
such as the group of naphthoylindoles (19 compounds)
(Table 1).

Figure 3 shows examples of mass spectra in the PI and
EI modes for eight selected synthetic cannabinoids. While
there were various types of mass spectra observed in the PI
mode, all spectra showed peaks of molecular ions. In
contrast, in the EI mode, the molecular/quasi-molecular
peaks were not detected in two of the eight spectra (Fig. 3b,

@ Springer

g). When fragment peak(s) appeared in a PI spectrum, the
same fragment peak(s) also appeared in the corresponding
EI spectrum (Fig. 3b, c, g).

In the EI mode, 70 eV of ionization energy is typically
used, because the high energy provides the most stable and
reproducible results. Such a phenomenon is also the case
for the PI mode; ionization energy of 10.0-10.6 eV is
typically used for general applications [1, 12]. In the pre-
sent study, 70 eV EI and 10.3 eV PI were used. Except for
the ease in producing the molecular radical cations, the
fragmentation modes in the EI and PI modes seem essen-
tially similar, as exemplified with AB-CHMINACA, XLR-
12, and AM1220 (Fig. 3b, c, g). As shown in the PI mode
(Table 1), many synthetic cannabinoids showed a molec-
ular radical cation together with a fragment ion (Fig. 3b, d,
e—g), but only a few PI spectra showed more than one
fragment peak (Fig. 3c). This means that most of the free
electrons that played a role in creating a fragment ion
became extinct at this stage. In the EI mode, the multiple
free electrons generated have no capability of producing a
molecular radical cation, but act to produce various types
of fragment ions via the cleavage of bonds in a- and/or -
position against a heteroatom. It seems correct that frag-
mentation is nearly the same between the PI and EI modes
at the early stage (Fig. 4), except for the unique capacity of
the PI to produce molecular radical cations with a low
threshold.

Here, we must mention GC-MS in chemical ionization
(CI) mode. This technique is used to estimate the
molecular weight of a target compound, and actually
gives an intense peak due to [M + HJ', but sometimes
gives an adduct ion produced by molecular binding with a
reagent gas or its fragment, which makes the interpreta-
tion complicated. In addition, GC-CI-MS requires a
reagent gas such as methane or isobutane, various con-
ditions of which should be optimized beforehand; such a
procedure is tedious (e.g., reagent gas selection, flow rate
adjustment). Although it is possible for GC-CI-MS to
share the same ionization chamber with GC-EI-MS, it is
now common to use different GC-EI-MS and GC-CI-MS
systems in order to use them under their optimal analyt-
ical conditions. In this respect, the PI device can be
attached to most GC-EI-MS instruments under optimal
conditions to share the same ionization chamber for both
EI and PI modes. In our opinion, attaching the PI system
to the EI chamber is the best option, because of the
absence of adduct formation and low cost of installation.
The PI technique appears to be superior to the CI mode
for obtaining information on the molecular weight of a
target compound.
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Table 1 Grouping of the 13 types of synthetic cannabinoids according to mass spectra by gas chromatography—mass spectrometry in pho-
toionization mode

Group 1 Molecular ion only (35 compounds)
(DNaphthoylindoles (19 compounds)

AM2232, EAM-2201, JWH-007, JWH-015, JWH-016, JWH-019, JWH-020, JWH-022, JWH-072, JWH-080, JWH-081, JWH-098, JWH-
149, JWH-182, JWH-210, JWH-213, JWH-398, JWH-412, AM1220 azepan isomer

(@Carboxamide derivatives (5 compounds)
SDB-006, APICA, APICA JV-(5-fluoropentyl) derivative, MN-18, 5-fluoro-MN-18
(@Benzoylindoles (5 compounds)
AM679, AM694, RCS-4, RCS-4 ortho isomer, AM2233 azepan isomer
@Naphthoylindazoles (2 compounds)
THJ-018, THJ-2201
(©@Naphthoylpyrroles (2 compounds)
JWH-307, JWH-030
@Naphthoylbenzimidazole (1 compound)
FUBIMINA
®@Naphthoylnaphthalene (1 compound)
CB-13
Group 2 Molecular ion with smaller fragment ion(s) (18 compounds)
(@Carboxamide derivatives (5 compounds)
APINACA, APINACA JV-(5-fluoropentyl) derivative, NNE1, 5-fluoro-NNEI, ADBICA
@Cyclopropyls (4 compounds)
A-836339, FUB-144, UR-144, XLR-12
@Quinolinyl carboxylates (3 compounds)
BB-22, PB-22, 5-fluoro-NPB-22
(BPhenylacetylindoles (2 compounds)
JWH-250, JWH-251
®Carboxyindoles (2 compounds)
MEPIRAPIM, AB-001
®Naphthoyl carboxylate (1 compound)
5-Fluoro-SDB-005
(@Cyclohexylphenol (I compound)
CP-47,497
Group 3 Smaller molecular ions with a fragment ion as base peak (9 compounds)
@Carboxamide derivatives (3 compounds)
AB-CHMINACA, AB-FUBINACA, AB-PINACA
(BPhenylacetylindoles (2 compounds)
JWH-203, cannabipiperidiethanone
(DNaphthoylindole (1 compound)
AM1220
(@Benzoylindole (1 compound)
AM?2233
®Carboxyindole (1 compound)
AM1248
®Naphthoyl carboxylate (1 compound)
FDU-PB-22
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Fig. 3 Examples of mass spectra for synthetic cannabinoids obtained by GC-MS in PI and EI modes and their probable fragmentation pathways

Conclusions

In this study, the mass spectra of 62 synthetic cannabinoids
were recorded by GC-PI-MS, and the mass spectra for 20
compounds were measured by GC-EI-MS for comparison.
Most of the mass spectra obtained from the 62 synthetic
cannabinoids by GC-PI-MS showed very simple patterns
of either molecular ion only or a molecular ion plus only

@ Springer

one fragment peak, providing useful information on the
molecular weight of the target compound. Therefore, GC—
EI/PI-MS will be a useful tool for identifying synthetic
cannabinoids contained in a dubious product. The infor-
mation on the ease of producing molecular radical cations
by GC-PI-MS for synthetic cannabinoids will aid in the
construction of a highly sensitive MS method using PI
technology for analysis of a specific synthetic cannabinoid
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Fig. 4 Proposed mechanism of
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in biological samples. To our knowledge, this is the first
report to use the PI technology for analysis of synthetic
cannabinoids.
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