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H I G H L I G H T S

• Identified the average retention indices for positional isomers of 25C- and 25I-NBOMe.

• Established the ortho effect as a mechanism to differentiate positional isomers.

• Demonstrated effectiveness of discriminant analysis for classification of NBOMes.

• When mass spectra are ideal classification rates exceed 99.9%.

A B S T R A C T

Synthetic phenethylamine derivatives known as 2,5-dimethoxy-N-(N-methoxybenzyl)phenethylamines (NBOMes) are a common class of novel psychoactive sub-
stances (NPS) that are causing many accidental deaths across the United States. Many derivatives are now banned at the federal and state levels, but such control
requires reliable identification of the different positional isomers. This manuscript helps establish retention indices and characteristic ion ratios that can be used to
distinguish between the positional isomers of 25C-NBOMe and 25I-NBOMe. This manuscript also provides additional support for the ortho effect as a reliable,
general, fragmentation mechanism to differentiate positional isomers of NBOMes in electron ionization (EI) mass spectra.

The retention indices and fragment ion abundances of the positional isomers of 25C-NBOMe and 25I-NBOMe were measured on two instruments using three
different GC columns and parameters. The measured retention indices for the six compounds on three different 5% diphenyl columns are as follows: ortho-25C-
NBOMe = 2614 ± 15; meta-25C-NBOMe = 2666 ± 13; para-25C-NBOMe = 2692 ± 13; ortho-25I-NBOMe = 2821 ± 16; meta-25I-NBOMe = 2877 ± 15; and
para-25I-NBOMe = 2904 ± 12, where the errors represent the 95% confidence interval of the measurements. Principal component analysis (PCA) and canonical
discriminant analysis (CDA) were used, respectively, to assess the variance and classification of NBOMe isomers based on the 15 most abundant ions relative to the
base peak. The CDA classification accuracy for the six NBOMe compounds was 99.5% when the data set included spectra from three instrumental setups and the
widest range of concentrations. Isomer classification was greater than 99.9% within an instrument and excluding low abundance spectra. These results support the
use of chemometric approaches for the classification of unknown compounds, even when non-ideal lower-abundance spectra are used for classification.

1. Introduction

2,5-Dimethoxy-N-(N-methoxybenzyl)phenethylamines (NBOMes)
are a class of synthetic phenethylamine derivatives, or novel psy-
choactive substances (NPSs), that have become increasingly popular in
Europe, the United States, and Asia [1]. NBOMes are derivatives of the
larger “2C” class of compounds, so named by Dr. Alexander Shulgin
because of the two carbon atoms between the benzene ring and the
amino group on the phenethylamine [1,2]. This 2C structure is common
among other classes of drugs, such as amphetamines, catecholamines,
cathinones, and many designer drugs since the 1970s. Over time there

has been continued substitution to the generic phenethylamine struc-
ture, which has led to an abundance of 2C designer drugs. The sub-
stitutions made to the generic phenethylamine structure are responsible
for the different physiological and psychological effects of 2C designer
drugs [3].

NBOMes are low dosage hallucinogenic drugs, which has made
them popular for recreational drug use [1]. Recognizing this trend, the
Drug Enforcement Administration (DEA) temporarily placed three
NBOMes in the Schedule I category of the Controlled Substances Act in
November of 2013. The three NBOMes scheduled were 25I-, 25C-, and
25B-NBOMe, the three most common NBOMes on the market at the
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time [4]. This temporary scheduling was then extended in November of
2015 [5].

The first reported synthesis of an NBOMe was in 2003 by Dr. Ralf
Heim of the University of Berlin who synthesized 25I-NBOMe as a
pharmacological tool to study the 5-HT2A receptor [1,2,4]. The 5-HT2A

receptor is also known to be responsible for the hallucinogenic effects of
LSD [1]. However, LSD is only a partial agonist of the 5-HT2A receptor,
which means NBOMes actually produce a stronger hallucinogenic effect
[6]. The hallucinogenic effects experienced from NBOMes are altered
by the different substituents attached to their common structure [3,7].

NBOMes first became available over the internet in 2011 and were
marketed as either legal highs or research chemicals that were not for
human consumption [1]. Abusers of NBOMes are typically young males
between the ages of 14–29 years old. When under the influence, abusers
typically present symptoms of a serotonin-like syndrome, including
violent physical and mental episodes that can be so extreme that they
ultimately lead to death [1,2]. NBOMes are usually distributed as a
powder or diluted to sub-milligram doses and laced into blotter paper
[2]. The blotter paper is marked with identifying artwork and cut into
tiny squares. These blotter paper squares are then administered sub-
lingually, to gain direct entry into blood vessels under the tongue, or
placed against the cheek to permit absorption through the cheek
membranes in a method known as buccal administration. Another way
to increase the bioavailability is to complex NBOMes with hydro-
xypropyl-beta-cyclodextrin (HPBCD) [1,8]. The price of a single 500 µg
hit can be as low as $5 [1].

Between June of 2011 and June of 2013, 959 reports containing
25I, 25C, or 25B NBOMes from across 35 states were reported to the
National Forensic Laboratory Information System (NFLIS) [4]. Ac-
cording to NFLIS, there were no submissions containing any type of
NBOMe prior to June of 2011. Furthermore, the United States Customs
and Border Protection data indicates bulk quantities of 25I, 25C, and
25B NBOMes have been seized from shipments originating from over-
seas, particularly from Asian countries [4]. Not only are NBOMes be-
coming increasingly available within the United States, but 11 states
have implicated some combination of 25I, 25C, or 25B NBOMes in the
death of at least 17 individuals. Despite an increasing effort to ban
NBOMe use and trafficking in many countries, intoxications and fatal-
ities have continued to increase worldwide [4]. Despite the decline in
casework since being placed on the list of scheduled drugs, the DEA has
reported more than 4000 cases involving 25I, 25C, or 25B NBOMes
between January 2014 and April 2018 [9].

The increasing prevalence of NBOMe intoxications and fatalities has
necessitated an increased emphasis on the characterization and iden-
tification of different NBOMes [10–14]. Several sub-classes of NBOMes
have been characterized using liquid chromatography-tandem mass
spectrometry (LC-MS/MS) and gas chromatography-electron ioniza-
tion-mass spectrometry (GC-EI-MS) [15–21]. However, there is a gen-
eral lack of information regarding the differentiation of positional iso-
mers within a sub-class of each NBOMe.

This project describes the analysis and discrimination of ortho,
meta, and para isomers of both 25C- and 25I-NBOMe to contribute to
the understanding of NBOMe identifications, and it builds on the
comprehensive study by Casale and Hays [2]. The development of
characteristic retention indices for each isomer, as well as the varia-
bility of the relative ion abundances, is assessed by analyzing standards
of each isomer on different instruments and on different days. The
reason characterization of isomers is so important is because the sub-
stitution and arrangement of substituents dictates the hallucinogenic
potency of these drugs [4]. The trends observed in this work could help
provide more general rules for mass spectral interpretation of unknown
NPSs in the future.

Principal component analysis (PCA) and canonical discriminant
analysis (CDA) are used to visualize natural clustering of the data and to
perform an assessment of the classification of NBOMe isomers based on
the relative ion abundance data. PCA is an unsupervised data reduction

technique that is commonly used to find natural patterns within a data
set by maximizing the total variance between data points in the reduced
dimensionality of multivariate data sets [22]. CDA is a supervised
multivariate discriminant analysis technique that determines how best
to separate or discriminate between two or more groups by maximizing
the between-group variance and minimizing the within-group variance
[23]. The application of multivariate analysis approaches to drug
classification has been demonstrated by Setser and Waddell Smith [24],
Harris et al. [25] and Bonetti [26].

In addition to conventional GC-EI-MS, this manuscript also com-
pares fast GC–MS with traditional GC–MS. Fast GC–MS employs nar-
rower and shorter columns, faster oven temperature ramp rates and
higher carrier gas velocities to achieve faster separations, without sa-
crificing resolution [27]. The interest in fast GC–MS is primarily driven
by the desire to reduce the cost per analysis through higher throughput,
better utilization of high-cost instrumentation, and the need for fewer
analysts [28]. Fast GC–MS has applications in the analysis of pesticides
in fruit [29], contaminated drinking water [30], fatty acid methyl esters
[31], antidepressants [32], and even field portable instrumentation
[33]. Forensic applications of fast GC–MS include the screening of
controlled substances in urine [34,35] and the analysis of seized drugs
[36].

2. Methods

2.1. Background

This study employed two different GC–MS instruments, an Agilent
Technologies 7890B GC/5977A MS and a PerkinElmer Clarus 680 GC/
SQ8S MS. The Agilent instrument was operated under both traditional
and fast GC conditions, whereas the PerkinElmer instrument was only
operated under traditional GC conditions. The instrument conditions
represented realistic conditions including split and splitless modes of
sample introduction, conventional and narrow capillary columns, and
different temperature gradients in oven temperature.

The concentrations of the samples analyzed were 12.5 ppm
(0.0125 mg/mL), 125 ppm (0.125 mg/mL), and 1250 ppm (1.2 mg/mL)
in HPLC grade methanol (Fisher Scientific). Each solution was analyzed
at least twice a week for one or two months, depending on the tech-
nique and instrument availability. When the samples were not actively
being analyzed, they were stored in a refrigerator to reduce sample
degradation. A new cap was added after each injection to prevent sol-
vent evaporation. For quality control, a chloroform blank, methanol
blank, and an n-alkane ladder were analyzed at the beginning and end
of each sequence. Between each sample analysis, a solvent rinse with
both chloroform and methanol was used to clean the injection syringe.
All samples were analyzed in a random order and a blank was run after
each 1250 ppm solution to ensure that carryover did not occur. The
randomization process was carried out using Microsoft Excel (Microsoft
Corporation) version 14.

2.2. Chemicals and reagents

The ortho (o), meta (m), and para (p) isomers of 25C-NBOMe and
25I-NBOMe were provided by the DEA Special Testing and Research
Laboratory [2]. Scheme 1 shows the generic NBOMe structure where
the substituent at location R1, either chlorine or iodine, differentiates
25C-NBOMe and 25I-NBOMe, respectively, and the location of the
methoxy substituent (R2, R3, or R4) determines the positional isomer.
The methanol and chloroform solvents used for blanks were supplied by
Fisher Scientific (Palo Alto, CA). The C7-C30 n-alkane ladder was
supplied by Supelco (Bellefonte, PA).

2.3. Agilent fast GC–MS method

Fast GC on the Agilent system used a VF-5MS column of dimensions
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10 m × 0.15 mm × 0.15 µm. The GC–MS parameters were as follows:
an injection volume of 1 µL, an injection temperature of 250 °C and a
100:1 split ratio. The initial oven temperature was 150 °C, which was
ramped to 280 °C at 25 °C/min, then held for 1 min. The carrier gas was
ultra-high-purity helium (Matheson) with a flow rate of 1 mL/min. The
mass spectrometer was scanned from m/z 25–500 after a 0.5 min sol-
vent delay. The transfer line and ion source temperatures were 280 °C
and 250 °C, respectively. The scan rate was 1500 Da/sec and the total
run time for the fast GC–MS analysis was 6.20 min.

2.4. Agilent traditional GC–MS method

Traditional GC on the same Agilent system used an HP-5
30 m × 0.25 mm × 0.25 µm column for separation. The GC–MS para-
meters were as follows: an injection volume of 1 µL, an injection tem-
perature of 250 °C and a 40:1 split ratio. The initial oven temperature
was 150 °C, which was ramped to 280 °C at 15 °C/min, then held for
3 min. The carrier gas was ultra-high-purity helium (Matheson) with a
flow rate of 1 mL/min. The mass spectrometer was scanned from m/z
25–500 after a 2 min solvent delay. The transfer line and source tem-
peratures were 280 °C and 250 °C, respectively. The scan rate was
1500 Da/sec and the total run time for the Agilent traditional analysis
was 12.67 min.

2.5. PerkinElmer traditional GC–MS method

The column used for the PerkinElmer traditional analysis was a ZB-
5MS column of dimensions 20 m × 0.18 mm × 0.18 µm. The GC–MS
parameters were as follows: an injection volume of 1 µL, an injection
temperature of 250 °C and analyzed in splitless mode. The initial oven
temperature was 150 °C, which was ramped to 280 °C at 15 °C/min,
then held for 3 min. The carrier gas was ultra-high-purity helium
(Matheson) with a flow rate of 1 mL/min. The mass spectrometer was
scanned from m/z 25–500 after a 2 min solvent delay. The transfer line

and source temperatures were 250 °C and 200 °C, respectively. The scan
rate was 1800 Da/sec and the total run time for the PerkinElmer tra-
ditional analysis was 12.67 min.

2.6. Data analysis

The retention times were extracted via auto-integration at the peak
apex. MSD ChemStation version C.01.01 or TurboMass version 6.1.0
were used to export the retention time information as well as the ex-
tracted ion abundances into Microsoft Excel (Microsoft Corporation)
version 14. Excel and SPSS version 25 were used for the remaining data
analysis, including the normalization of the 15 most abundant ions to
the m/z 121 base peak. The most abundant fragments were used to
minimize random variance; it is well-known that the least abundant
ions in a spectrum display larger range measurement uncertainty than
the most abundant ions in a spectrum [37,38]. Also, anecdotal evidence
suggests that EI mass spectra will almost always contain at least 15 ions
in a spectrum, and McLafferty et al. have demonstrated that using 15
ions in a spectral search algorithm can be at least 87% as accurate as
using all the ions in a spectrum [39]. The relative ion abundances were
used as covariates in principal component analysis (PCA) and canonical
discriminant analysis (CDA), respectively, to examine any natural
clustering and the classification accuracy of the isomers based on the
relative ion abundances.

The inclusion of an n-alkane ladder enabled the calculation of re-
tention indices (RI) for each isomer using each method [40]. The
equation used to calculate the retention indices is shown below in Eq.
(1), and the equation uses the retention time of the unknown (tr x( ) ), the
retention time of the adjacent n-alkane with a shorter retention time
(tr n( ) ), the adjacent n-alkane with a longer retention time ( +tr n( 1) ), and
the number of carbon atoms in the adjacent n-alkane with a longer
retention time (n). For the purpose of providing retention indices in-
dependent of instrumental setup the 95% confidence interval retention
index for each isomer was calculated with the combined data.

= +
+

t t
t t

RI 100n 100
r x r

r r

( ) n

n n

( )

( 1) ( ) (1)

3. Results and discussion

3.1. Chromatographic results

Fig. 1 shows total ion chromatogram (TIC) of the separation of all
six isomers performed with both Agilent fast GC–MS and Agilent

Scheme 1. Chemical structure of a generic NBOMe [2].

Fig. 1. Comparison of the total ion chromatograms of a 125 ppm mixture of all six compounds using (a) Agilent fast GC–MS and (b) Agilent traditional GC–MS. The
elution order is the same in both chromatograms: o-25C-NBOMe, m-25C-NBOMe, p-25C-NBOMe, o-25I-NBOMe, m-25I-NBOMe, p-25I-NBOMe.
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traditional GC–MS. Each isomer is present at 125 ppm in the mixture.
The separation was performed in 6.20 min for the fast analysis and
12.67 min for the traditional analysis. Several minor peaks were ob-
served that are consistent with degradation products or column/septum
bleed. Two main trends are notable in these exemplar chromatograms.
First, the elution of each NBOMe is always in the order of ortho, meta,
para, and second, the 25C-NBOMe isomers have a shorter retention
time than the 25I-NBOMe isomers.

An important aspect in the argument for the implementation of fast
GC–MS in crime labs is the demonstration of the decrease in analysis
time without the loss of chromatographic separation efficiency.
Whereas the definition of baseline resolution (R = 1.50) was only
routinely met for the ortho- and meta- isomers of each NBOMe in each
mode of GC analysis, Fig. 1 shows that the resolution is visually suffi-
cient to permit differentiation between the six compounds. The quali-
tative identification of these six NBOMes can be accomplished more
than twice as fast with fast GC compared to traditional GC; i.e. > 50%
shorter retention times. The full width at half maximum (FWHM) for
the traditional GC peaks are on average 1.62 times larger than the fast
GC peaks, whereas the peak width at the base is on average 5.60 times
larger for the traditional GC than fast GC peaks. These non-systematic
reductions in retention times and peak widths reveal that fast GC peaks
are more symmetrical that the traditional GC peaks. Whether one uses
the FWHM or peak width at the base for efficiency calculations [41],
the traditional GC provides around 1.4 times more theoretical plates
than fast GC, so is more efficient. However, the retention time variance
here is on the order of 0.05%, which is typical of a crime laboratory
[38], and adequate for discrimination of these six NBOMe compounds.

The measured retention times can be standardized/normalized to
the retention times of n-alkanes to generate a retention index, as de-
scribed in Eq. (1). The derived retention index is designed to permit
direct comparisons of retention behavior between different instru-
ments. However, deviations in retention index measurements on the
order of 0.35% are common [42]. Retention index measurements are
particularly helpful in casework situations in which the EI mass spec-
trum may provide more than one possible identity from a database
search, but only one possible identity when the retention index is taken
into account. In this manner, retention indices add an additional level
of confidence against false positive identifications. To take advantage of
these combined benefits, NIST employs a combination of retention
index similarity and mass spectral similarity to great effect in their
AMDIS compound identification software [43].

Fig. 2 shows the results for the combined retention indices across all
methodologies studied. The boxes show the interquartile range of the
data and the whiskers show the upper and lower levels for the non-
rejected data points. Three data points were rejected based on obvious
grouping with other isomers indicative of a clerical error. Even with the
increased uncertainty caused by the use of different instrument setups,
the difference between isomers is clear. An even better separation of
retention indices is observed when the retention indices are calculated
within a single instrument (Fig. S1). The 95% confidence intervals for
the retention indices of the combined data are as follows: o-25C-
NBOMe = 2614 ± 15; m-25C-NBOMe = 2666 ± 13; p-25C-
NBOMe = 2692 ± 13; o-25I-NBOMe = 2821 ± 16; m-25I-
NBOMe = 2877 ± 15; and p-25I-NBOMe = 2904 ± 12, with all va-
lues significantly different at the 95% confident level based on pairwise
t-tests.

3.2. Mass spectrometry results

Fig. 3 shows the results for the three 25C-NBOMe isomers analyzed
with the Agilent instrument operated in fast GC mode at 1250 ppm.
Spectra for the 25I isomers are shown in Fig. S2. For each isomer in
Fig. 3, the base peak is m/z 121 and the molecular ions are below the
detection threshold. The ions at m/z 150 and m/z 91 are the second and
third most abundant ions, respectively. The spectra are truncated to the

window m/z 50 to m/z 300 to eliminate most of the background ions.
One contamination peak that is still present is at m/z 207, which is
known to originate from column and septum bleed. The relative
abundance of the m/z 150 and m/z 91 peaks are of particular im-
portance because these two ions can help distinguish the positional
isomers of 25C-NBOMe [2].

There are several trends of note in the example spectra of Fig. 3 (and
Fig. S2). First, none of the 25C-NBOMe or 25I-NBOMe isomers pro-
duced a molecular ion peak. These findings are consistent with the
works of Zuba and Sekula [44] and Casale and Hays [2], although the
molecular ions are occasionally detectable in the range of 0.05–1.0%
relative abundance in the previous studies.

Another trend in the current work is that the fragment at m/z 91 is
always most abundant for the ortho isomer and least abundant for the
para isomer of both 25C-NBOMe and 25I-NBOMe. This phenomenon,
related to the ortho effect, has been described previously by Harris et al.
for the synthetic cannabinoid JWH 250 [25] and observed experi-
mentally for NBOMe isomers by Casale and Hays [2]. Additionally,
there are significant differences in the relative abundance of m/z 150
and m/z 91, and unique ions are also present in the spectra that could
be used to indicate the presence of 25C-NBOMe vs 25I-NBOMe. As
described in detail below, the most discriminating ions are m/z 185 &
186 for the 25C-NBOMe spectra and m/z 277 & 278 for the 25I-NBOMe
spectra.

3.3. Multivariate analysis

PCA was used to analyze the natural clustering of the relative ion
abundances based on the isomer factor. A correlation plot between the
m/z variables and the first two PCs shows which ions contributed sig-
nificantly to the natural clustering. Fig. S3 shows the PCA and corre-
lation plots. Based on the strong natural clustering that is observed
between the relative ion abundances and the isomer factor, CDA was
used to analyze the classification of the NBOMes into six isomer
groupings based on the relative ion abundances.

Fig. 4a shows a CDA plot of the first two discriminant functions
when the 15 most abundant ions are used as variables to discriminate
between the six different isomer groupings. Fig. 4b shows the ion cor-
relation values with the same discriminant functions. The group cen-
troids for each isomer grouping are shown as black squares. The cor-
relation plot in Fig. 4b provides insight into which ions correlate with
each isomer grouping. For example, m/z 278 (bottom center orange

Fig. 2. Box and whisker plot showing the combined (across three concentra-
tions) retention indices results for all methodologies studied.
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circle) has the strongest negative correlation with the second dis-
criminant function. This fragment correlates with the 25I-NBOMe po-
sitional isomers. Likewise, the fragment at m/z 186 (top left gray circle)
has the strongest positive correlation with the second discriminant
function, which correlates with the 25C-NBOMe positional isomers. The
fragments atm/z 150 and m/z 91 have the strongest positive correlation
with the first discriminant function, which correlates strongest with the
ortho isomers of 25C-NBOMe and 25I-NBOMe.

SPSS software was used to generate classification results based on
the predicted group membership for both the original and the cross-
validated grouped cases. The original grouped cases refer to the situa-
tion where the same observations are used for both the training set and
validation set. Leave-one-out cross-validation (LOOCV) refers to the
situation wherein each observation is used sequentially for external
validation. The remaining spectra are used as the training set. This
process is then repeated so that each spectrum serves as an external
validator once.

When all three sample concentrations were included, 99.5% of the
cases were correctly classified for both the original and cross-validated

groupings. Of the seven cases where misclassification occurred, only a
single misclassification was between positional isomers within a spe-
cific compound; i.e. six of the seven misclassifications could be dis-
tinguished with RI. However, based on the spread of the natural clus-
tering seen in the PCA plot and the variation observed in the CDA plot,
the data showed that the lowest concentration samples often contained
peak drop-out and larger-than-average deviations from the typical peak
abundances. The irreproducibility of low-abundance spectra has been
reported before [26,37], and for this reason the lowest concentration
samples were removed from the data set to generate a ‘premium’ data
set, which consisted of only the 125 ppm and 1250 ppm samples.

Fig. S4 contains the PCA and ion correlation plots generated for the
premium data set. The premium data set in Fig. S4 shows the same
natural clustering of each isomer grouping, but slightly better separa-
tion between the isomer groupings than when the low-abundance
spectra were included in data set (i.e. Fig. S3).

Fig. 5a shows the a CDA plot of the first two discriminant functions
when the 15 most abundant ions are used as variables to discriminate
between the six different isomer groupings of the premium data set.

Fig. 3. 1250 ppm 25C-NBOMe Agilent fast GC–MS spectra corresponding to (a) o-25C, (b) m-25C, and (c) p-25C.
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This data set excludes the 12.5 ppm data. Fig. 5b shows the ion corre-
lation values with the same discriminant functions. The group centroids
for each isomer grouping are shown as black squares. In contrast to the
CDA plot using all three concentrations (Fig. 4a), the premium data set
shows better separation between the isomer grouping factors. The
correlations in Fig. 5b again show that the 25C-NBOMe and 25I-NBOMe
positional isomers are correlated with the fragments at m/z 186 and m/
z 278, respectively, and the ortho isomers correlate with m/z 91 and m/
z 150.

The classification results based on the predicted group membership
for both the original and the cross-validated grouped cases were gen-
erated using SPSS software. The classification results for the premium
data set demonstrated that 100.0% of the original grouped cases were
classified correctly and 99.9% of the cross-validated grouped cases were
classified correctly. The lone misclassification was between an ortho
and meta isomer of 25I-NBOMe. The premium data set provides su-
perior classification results compared to the full data set, and this result
indicates that when the two highest concentration samples are used for
spectral comparisons, classification rates are nearly errorless for these
six compounds. Similarly, when CDA classification is used for de-
termining group membership from the data collected within only a
single instrument, the classification results are 100.0% for both the
original grouped and cross-validated grouped cases (Fig. S5). Fig. S6
(25C-NBOMe) and Fig. S7 (25I-NBOMe) demonstrate the CDA classifi-
cation results for the three positional isomers when classified within a

single compound. The separation between groups is enhanced and the
resulting classification is 100.0% for both the original and cross-vali-
dated groups. Given the ease of distinguishing between 25C and 25I
isomers, these superior CDA models and prediction rates (100.0%) offer
a more realistic comparison to casework situations.

Based on the structure matrix correlation values from the CDA
classification m/z 91, m/z 150, m/z 186, and m/z 278 are major con-
tributors towards the classification of NBOMes. The relationship be-
tween the intensity of these four ions and the m/z 121 base peak allows
for the differentiation of the positional isomers of 25C-NBOMe and 25I-
NBOMe. The relative abundance of m/z 91 and m/z 150 helps with the
differentiation of the ortho, meta, and para isomers of these two
NBOMe compounds. For example, Fig. 6a and b show the box and
whisker plots for the relative ion abundances of fragment ions at m/z 91
and m/z 150 for the positional isomers of both 25C-NBOMe and 25I-
NBOMe. The ortho effect is highlighted in Fig. 6a wherein the relative
abundance of the m/z 91 fragment ion is always most abundant for the
ortho isomer and least abundant for the para isomer. Fig. 6b also shows
visual differences in the relative ion abundance of the fragment at m/z
150 for these two compounds. Fig. 6a and b include the variance caused
by a factor of 10 range in concentration and differences caused by
different instruments and settings. Even with these additional sources of
variance, the positional isomers display visual differences in the relative
abundance of the m/z 91 and m/z 150 fragment ions. In a crime la-
boratory, the performance of the mass spectrometer and the

Fig. 4. Canonical discriminant analysis (CDA) showing the classification of (a)
the NBOMe isomer groupings based on the relative ion abundances, and (b) the
structure matrix correlation values where function 1 and 2 are the pooled
within group correlations between the discriminant variables and the stan-
dardized canonical discriminant functions. N = 1514 for the entire data set,
which includes concentrations of 12.5 ppm, 125 ppm and 1250 ppm.

Fig. 5. Canonical discriminant analysis (CDA) showing (a) the classification of
the NBOMe isomer groupings based on the relative ion abundances of 15 ions,
and (b) the structure matrix correlation values where function 1 and 2 are the
pooled within group correlations between the discriminant variables (m/z
abundances) and the standardized canonical discriminant functions. N = 1026
for the premium data set, which contains only the 125 ppm and 1250 ppm
samples.
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concentration of the unknown sample are likely to contain more var-
iance than in a typical research setting, so, from a practical perspective,
it is important to establish—as we have done here—that isomer dif-
ferentiation is still possible even when the known sources of variance
are not tightly controlled.

To contribute to the knowledge about the positional isomers of 25C-
NBOMe and 25I-NBOMe 95% confidence intervals were calculated for
the relative ion abundances of the m/z 91, m/z 150, m/z 186, and m/z
278 characteristic ions ratios. These four discriminating ions were se-
lected from the 15 most abundant ions for each isomer based on the
structure matrix correlation values from the CDA classification.
Significant differences between group means were detected for all
pairwise comparisons using t-tests, except for the ortho isomers of 25C-
NBOMe and 25I-NBOMe and the ortho, meta, and para isomers of 25C-
NBOMe and 25I-NBOMe for m/z 186 and m/z 278, respectively. Table
S1 shows the calculated 95% confidence interval of the mean abun-
dances for these four characteristic ions. The mean abundance of all six
isomers can be differentiated based on these statistically significant
95% confidence interval relative ion abundances. However, it is im-
portant to emphasize that these 95% confidence interval characteristic
ion ratios of the mean are not to be used as acceptance criteria for the
identification of 25C-NBOMe or 25I-NBOMe positional isomers, but
rather an assessment of the population mean for each characteristic ion

identified over the course of more than 250 replicate samples.
For the purpose of compound differentiation, the ion abundances at

m/z 186 and m/z 278 are the most discriminating because they are
related to the 25C-NBOMe and 25I-NBOMe isomers, respectively. The
correlation plot for the premium CDA data in Fig. 5b shows that m/z
278 correlates most strongly with the 25I isomers in the upper right-
hand quadrant of the CDA plot, and m/z 186 correlates most strongly
with the 25C isomers on the left-hand side of discriminant function 1.
The two ions with the most significant impact on the differentiation of
the NBOMe positional isomers analyzed are m/z 91 and m/z 150. These
two ions are the second and third most abundant fragments for the six
NBOMes analyzed, after the base peak at m/z 121, and they have strong
correlations to discriminant functions 1 and 2 in the entire NBOMe data
set and the premium NBOMe data set.

3.4. Structural characterization

The next step is to understand why the relative ion abundance of
these four ions are characteristic for the six NBOMe compounds. Fig. 7
shows the proposed mechanisms for the generation of these four
characteristic ions, where each pathway is highlighted in a different
color and the “X” represents either chlorine—for 25-C isomers—or io-
dine for the 25-I isomers. The presence of m/z 186 indicates the 25C-

Fig. 6. Box and whisker plot showing the relative ion abundance for the fragments at (a)m/z 91 (b) m/z 150 for the ortho, meta, and para isomers of 25C-NBOMe and
25I-NBOMe.
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NBOMe isomers and m/z 278 indicates the 25I-NBOMe isomers. A
common mechanism forms both ions. This mechanism, highlighted in
green, involves a McLafferty rearrangement and is not very favorable;
the relative ion abundances of these fragments are typically less than
15%. However, the positional isomers can be distinguished based on
the favorability of other pathways, such as through the formation of a
tropylium ion at m/z 91 from substituted aromatic methyl ethers
[45–47].

The red arrows show the most favorable pathway for all six
NBOMes, which is through the fragment at m/z 150 with a simple ra-
dical-directed α-cleavage adjacent to the ionized nitrogen atom. The
combination of the relative ion abundance of m/z 150 and m/z 91 al-
lows the positional isomers of both 25C and 25I-NBOMe to be easily
distinguished. The base peak at m/z 121 forms through charge-directed
σ-bond cleavage adjacent to the nitrogen radical, and the relative
abundance of the tropylium ion (m/z 91) is based on the proximity of
the methoxy substituent to the carbocation. The rearrangements ne-
cessary to eliminate the 30 Da formaldehyde neutral from the methyl
ether is strongly favored when the methoxy group is adjacent (ortho) to
the substituent group [25,48–52]. The mechanistic understanding of
the origin of these characteristic ions provides the chemical knowledge
in support of the multivariate classification and structure matrix cor-
relation conclusions.

4. Conclusions

The determination of distinct retention indices and characteristic
ion ratios is an important contribution to the knowledge about
NBOMes. The ability to differentiate between NBOMe isomers with

retention indices allows crime labs using different instrumental setups
and parameters to differentiate between the positional NBOMe isomers.
The demonstration of fast GC nearly doubling the speed of analysis
without a significant loss of chromatographic separation efficiency
provides further support for the application of fast GC–MS to crime
laboratories.

The identification of four characteristic ion ratios that allow for the
differentiation of population mean abundances for the six NBOMes
analyzed is also a significant contribution to the knowledge about
NBOMes. However, these 95% confidence interval characteristic ion
ratios of the mean are not to be applied as acceptance criteria within a
crime lab, but rather an assessment of the population mean for each
characteristic ion identified over the course of more than 250 re-
plicates. This manuscript also further establishes the ortho effect as a
reliable fragmentation mechanism to differentiate positional isomers of
NBOMes in electron ionization (EI) mass spectra.

The inclusion of the classification study performed with the CDA
relative ion abundance results indicates that at higher concentrations,
where less variability is present, the classification of the positional
isomers of 25C-NBOMe and 25I-NBOMe increased to nearly errorless
classification. Classification rates were also errorless when data from
within a single instrument was used for the CDA classification.
However, even when poor quality, low concentration samples were
included in the training and validation test sets, the classification rate
was still better than 99.5% accurate. These results demonstrate that the
use of multivariate classification shows great promise for the differ-
entiation and possible identification of similar chemical structures
based on the EI-MS mass spectral fragmentation.

Fig. 7. Proposed mechanism for the generation of the m/z 91, m/z 150, m/z 186, and m/z 278 characteristic ions from ortho isomers of NBOMe.
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