
Gas chromatographic (GC) optimization studies are conducted for
the 10 methylenedioxyphenethylamine regioisomeric substances
related to the drug of abuse 3,4-methylenedioxymethamphetamine
(MDMA, Ecstasy). These 10 compounds, having the same
molecular weight and equivalent major mass spectral fragments,
are not completely resolved using typical GC–mass spectrometry
screening methods for illicit drugs. MDMA coelutes with at least
one nondrug regioisomer under standard drug screening
conditions. Separation of the 10 regioisomers is studied using
stationary phases of varying polarities. Resolution optimization
shows that very slow program rates give the best separation for the
nonpolar stationary phases, requiring analysis times of as much as
85 min. Narrow-bore columns containing the same nonpolar
stationary phases improve the analysis time to approximately 29
min. The polar stationary phase DB-35MS allows high-temperature
programming rates, yielding complete resolution of all 10
compounds in less than 7 min. Temperature program optimization
studies on the DB-35MS phase allow the separation time to be
reduced to approximately 4.5 min.

Introduction

The mass spectrum is often the confirmatory piece of evi-
dence for the identification of drugs of abuse in the forensic
laboratory. Although the mass spectrum is often considered a
specific “fingerprint” for an individual compound, there may be
other substances capable of producing very similar or almost
identical mass spectra. In a previous study (1), the mass spectra
for ten regioisomeric compounds, the drug of abuse 3,4-meth-
ylenedioxymethamphetamine (MDMA), and nine unique regioi-
someric substances (Figure 1) were reported, showing that all
the major fragment ions and the molecular ion occur at equiv-
alent masses. Furthermore, the previous report (1) pointed

out the similar gas chromatographic (GC) retention properties
for some of these compounds. Indeed, 3,4-MDMA was observed
to coelute with a nondrug regioisomer under some common
analytical conditions. A compound having similar retention
properties (coelution) as the drug of abuse and the same mass
spectrum would represent a serious analytical challenge. If
the forensic scientist does not have retention data on the non-
drug substances, the potential for coelution could not be easily
eliminated. Furthermore, the ability to distinguish between
these regioisomers directly enhances the specificity of the
analysis for the target drugs of abuse (2–5).

The methylenedioxyamphetamines, such as 3,4-methylene-
dioxyamphetamine (MDA) and MDMA, are novel psychoactive
compounds with structural similarities to both amphetamine
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Figure 1. Structures of the regioisomeric 3,4- and 2,3-methylenedioxy-
phenethylamines in this study.



Journal of Chromatographic Science, Vol. 42, July 2004

294

and the psychedelic phenethylamine, mescaline (6,7). There are
nine other methylenedioxy-substituted phenethylamines with
the potential to produce a mass spectrum essentially the same
as 3,4-MDMA (Figure 1). The mass spectrum of phenethy-
lamine drugs of abuse including 3,4-MDMA is characterized by
a base peak formed by an α-cleavage reaction involving the
carbon-carbon bond of the ethyl linkage between the aromatic
ring and the amine. In 3,4-MDMA (MW = 193), the α-cleavage
reaction yields the 3,4-methylenedioxybenzyl fragment at mass
135/136 (for the cation and the radical cation, respectively) and
the substituted imine fragment at m/z 58. Thus, the mass
spectrum for 3,4-MDMA contains major ions at m/z 58 and
135/136, as well as other ions of low relative abundance (Figure
2).The individual mass spectra for compounds 1–10 are
reported in reference 1. In a direct comparison of the 3,4-
regioisomers versus the 2,3-regioisomers with the identical
side chain, the major difference is the greater relative abun-
dance of the radical cation at m/z 136 for the 3,4-substitution
pattern in most cases. Thus, the differentiation between these
drug and nondrug regioisomeric substances must be based on
chromatographic retention properties. This paper reports the
results of our efforts to maximize the GC resolution for this
group of uniquely regioisomeric compounds.

Experimental

GC–mass spectrometry (MS) analyses were performed with
an HP 6890 GC coupled with an HP 5973 mass selective
detector (Hewlett-Packard, Little Falls, DE). The MS was oper-
ated in the electron impact (EI) mode utilizing an ionization
voltage of 70 eV and a source temperature of 230ºC. The sam-
ples were dissolved in pH 8.9 Trizma base buffer (1 mg/mL),
extracted with iso-octane (1 mL), and introduced (1.0 µL) into
the MS via the GC equipped with an HP 7673 automatic
injector. The separation was carried out on a 25 m (l) × 0.20
mm i.d., coated with 0.11 µm 5% phenyl methyl silicone
(Ultra-2) purchased from Hewlett-Packard. The injection was
carried out using splitless mode with an injector temperature
at 250°C, where the split purge valve
opened after 1 min. The injection volume
was 1 µL/column. The temperature pro-
gram started with 1 min isothermal hold
at 60°C, followed by a linear ramp
(8°C/min) to 180°C, and then to the final
temperature 300°C at a rate of 30°C/min
with a hold time of 10 min. The helium
carrier gas was adjusted to 25 cm/s at
60ºC in the constant flow mode.

GC analyses were performed with an
HP 6890 GC equipped with split/splitless
inlet, HP 7683 automatic injector, and
flame ionization detector (FID) (Agilent,
Little Falls, DE). ChemStation software
Rev. A.08.03 (Agilent) was used for data
acquisition and processing. The carrier
gas (hydrogen) was adjusted at 60°C to

give average velocity to the optimum, 50 cm/s. Inlet pressure
was converted according to the constant flow mode, and the
total flow was 60 mL/min. The injection was in the split
mode with an injector temperature at 260°C. The sample
preparation was carried out by dissolving samples in Tris
buffer (pH 8.9) and extracting with iso-octane.

The temperature program optimization was carried out
using DryLab 2000 chromatography optimization software, v.
3.00.06 (LC Resources, Walnut Creek, CA).

Capillary columns used
The conventional columns used were: 100% methyl silicone

(Ultra 1), 25-m (l) × 0.2-mm i.d., df 0.33 µm; 5% phenyl methyl
silicone (Ultra 2) 25-m (l) × 0.2-mm i.d., df 0.33 µm; 35%
phenyl methyl silicone (DB-35MS) 25-m (l) × 0.2-mm i.d., df
0.33 µm; 50% phenyl methyl silicone (HP-50+) 25-m (l) × 0.2-
mm i.d., df 0.33 µm; 50% phenyl methyl silicone (DB-17MS)
30-m (l) × 0.25-mm i.d., df 0.25 µm; and 14% cyanopropy-
lphenyl methyl silicone (HP-1701) 25-m (l) × 0.2-mm i.d., df
0.20 µm. The narrow bore columns used were: 100% methyl
silicone (HP-1) 10-m (l) × 0.1-mm i.d., df 0.1 µm; 5% phenyl
methyl silicone (HP-5) 10-m (l) × 0.1-mm i.d., df 0.17 µm;
50% phenyl methyl silicone (SPB-50) 10-m (l) × 0.1-mm i.d.,

Figure 2. General mass spectral fragmentation for the methylenedioxyphen-
alkylamine regioisomers in this study (compounds 1–10).

Figure 3. GC separation obtained by the screening method using 5% phenyl methyl silicone stationary
phase and 10°C/min temperature program rate.
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df 0.17 µm; and 50% phenyl methyl silicone DB-17 10-m (l) ×
0.1-mm i.d., df 0.2 µm.

Results and Discussion

When other compounds exist that have the potential to
produce the same or nearly identical mass spectrum as the
drug of interest, the separation of the “nondrug regioisomers”
from the actual drug of abuse is of the utmost importance. MS
alone does not provide sufficient information to distinguish
between MDMA and the nine regioisomeric equivalents (1).
These 10 compounds have the same molecular weight (MW =
193) and yield major fragment ions at equivalent masses (m/z
58 and 135/136). Therefore, the identification by GC–MS must
be based primarily upon the ability of the chromatographic
system to separate these ten regioisomeric substances. The
goal of this project was to evaluate a series of GC stationary
phases of varying polarity in an attempt to maximize the res-
olution for these 10 methylenedioxyphenethylamine regioi-
somers.

The chromatogram in Figure 3 clearly demonstrates the
potential problems associated with interference from regioi-
someric compounds in the specific identification of controlled
substances. Figure 3 was obtained using a 5% phenyl methyl

silicone column [25-m (l) × 0.20-mm i.d., df 0.33 µm] and a
temperature program rate of 10°C/min, a method commonly
employed in the forensic analysis of illicit drug substances. The
method does not separate all 10 regioisomers, and 2 pairs of
compounds coelute in this chromatogram, N,N-dimethyl-3,4-
methylenedioxyphenylethanamine (1) and 3,4-methylene-
dioxyphentermine (4), as well as 3,4-MDMA (3) and
N-ethyl-2,3-methylenedioxyphenyl-2-ethanamine (7).
Screening methods of this variety are commonly employed in
forensic drug analysis, and the coelution of 3,4-MDMA with an
uncontrolled regioisomer would be considered a major draw-
back. Such a situation could yield a false-positive analytical
result. The separation of 3,4-regioisomers (compounds 1–5)
from the corresponding 2,3-regiosiomers (compounds 6–10)
was achieved by the temperature program used to generate
Figure 3, with the 2,3-regioisomers eluting much earlier than
the 3,4-isomers of the same side chain structure.

Separation of the 10 regioisomers was studied using various
stationary phases, and optimization was carried out with the
aid of DryLab chromatographic software. The software enables
the prediction of separation with any temperature program
after two initial runs using different linear temperature pro-
grams. Initially, two runs with a starting temperature of 60°C
and program rates of 2ºC and 20°C/min were performed. The
retention data obtained from these two runs was modeled to
produce resolution maps. Resolution maps describe the rela-

Figure 4. DryLab resolution maps of the least-resolved pair of peaks in the separation of 10 regioisomers of MDMA on conventional columns.
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tionship between chromatographic resolution and a variable
separation parameter; in capillary GC, the parameter is usually
the temperature-programming rate. Although resolution
results are obtained for each peak pair only, the critical pairs
(the least-resolved pairs of peaks) are plotted because resolu-
tion for all other peaks would be greater than that shown for
the critical pair.

The minimum resolution maps produced by DryLab opti-
mization studies for each column are shown in Figure 4. The
least-resolved pair of compounds (the “critical pair”) is shown
for the individual line segments in the resolution map using
the same numbering system for the regioisomeric com-
pounds as in Figure 1. For example, in Figure 4, compounds
3 and 7 (3/7) are the critical peak pair between 2ºC and

20°C/min program rate on the Ultra 1
column. The vertical lines at 2ºC and
20°C/min on the resolution map indi-
cate the values from the linear tempera-
ture program input runs. The other
vertical line at less than 2°C/min indi-
cates the limits of extrapolation for mod-
elling.

The highest resolution, obtained at
very slow program rates, provides best
separation power with the nonpolar sta-
tionary phases, such as 100% methyl sil-
icone (Ultra 1) and 5% phenyl methyl
silicone (Ultra 2). The critical peak pair is
3,4-MDMA (3) and N-ethyl-2,3-methyl-
enedioxyphenyl-2-ethanamine (7). The
optimum separation (i.e., minimum res-
olution ≥ 1.5 at the highest possible tem-
perature program rate) was predicted to
be a temperature program rate of
1.35°C/min for the Ultra 1 phase. The
retention time of the last eluting com-
pound would be 47 min, which is a rela-
tively long analysis time. Similar results
were obtained when an Ultra 2 column
[25-m (l) × 0.2-mm i.d., df 0.33 µm] was
used. Separation of critical compound
pairs 3/7 and 1/4 can be achieved at a
rate of 0.65°C/min, but the retention
time of last eluting compound would be
85 min.

The resolution map for 35% phenyl
methyl silicone column (DB-35MS) had a
completely different shape than that for
the nonpolar columns, and, in contrast,
the optimum separation was predicted to
be achieved at fast temperature program
rates. This is indeed generally valid for
polar columns in which ∆tR/∆T is much
more pronounced than for nonpolar
columns. The highest resolution for the
critical pair of compounds (3/7) was pre-
dicted at 25°C/min. The optimum linear
temperature program rate (25°C/min)
was applied, and the results of the pre-
dicted and “real” analyses are shown in
Figures 5 and 6.

The predicted (Figure 5) and experi-
mentally determined (Figure 6) chro-
matograms for the DB-35MS stationary
phase are almost identical. The time of

Figure 5. DryLab predicted chromatogram for the DB-35MS column (25°C/min).

Figure 6. Experimentally obtained separation on DB-35MS column (25°C/min).

Figure 7. Experimentally obtained chromatogram when optimum temperature program (initial temper-
ature 180°C, 0.30°C/min) for DB-35MS column was used.
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the chromatographic separation was further improved by
increasing the initial temperature from 60°C to 180°C and
using the temperature program rate of 0.30°C/min (Figure 7).
The analysis time decreased to 4.5 min, and the resolution of
compounds 3 and 7 remained essentially constant at 1.32.

The more polar columns, HP-50+ and DB-17MS, both have
50% phenyl methyl silicone stationary phases. However, the
selectivity of the two stationary phases is different, and, there-
fore, the resolution maps are somewhat different. The overall
resolution in the HP-50+ column is poor, with a maximum pre-
dicted resolution of only 0.5 for the critical pair. DB-17MS
shows better resolution, and the optimum separation was pre-
dicted at a temperature program rate of 2.1°C/min, suggesting
a fairly long analysis time. Interestingly, the critical peak pair
was 1/8 instead of 3/7, as with less polar columns. Polarity of
the stationary phase seemed to improve the separation of peak
pair 3/7.

The resolution map of 14% cyanopropylphenyl methyl sili-
cone column (HP-1701) showed two resolution maxima at
3.8°C/min and 20°C/min. The critically eluting compounds
were 3,4-MDMA (3), 3,4-phentermine (4), and N-ethyl-2,3-
methylenedioxyphenylethanamine (7), and the elution order of
compounds with slow program rates (less than 9°C/min) was
4, 7, and 3. When the faster program rates (more than
9°C/min) were applied, the elution order of compounds 4 and
7 changed, and, therefore, the separation of compounds 4 and
3 became the crucial one.

Basic studies of capillary GC have demonstrated that the
application of narrow-bore capillary columns (i.d. < 0.1 mm)
has a number of advantages (8). Decreasing the column diam-
eter of open-tubular capillaries is an effective way to speed up
the separation process. Because the optimum reduced plate
heights (hmin) have fixed values, a decrease of d results in a pro-
portionally decreased value of Hmin (H = hd). Therefore, the
column length (L = NH) can be decreased by the same factor,
in order to yield the same plate number N. For example, a 10-
m × 0.10-mm i.d. capillary column has approximately the same
theoretical plate number as a 25-m × 0.25-mm i.d. column.
The advantage of using narrow-bore capillary columns was
applied to improve the analysis time for compounds 1–10. It
was already shown that the separation of compounds 1–10
with standard nonpolar columns [25-
m (l) × 0.2mm i.d., df 0.33 µm] gave
baseline separation of the compounds
using a relatively long analysis time.
When using the corresponding but
narrow-bore columns, the analysis
time was improved significantly
(Figure 8). For example, baseline sep-
aration was obtained over 29 min by
using a rate of 2.1°C/min on 5%
phenyl methyl silicone stationary
phase column (HP-5) when the
dimensions of the column were 10-m
(l) × 0.1-mm i.d., df 0.17 µm (Figure
9). The corresponding standard
column also gave baseline separation,
but the slower temperature program

Figure 8. DryLab resolution maps of the least-resolved pair of peaks in the
separation of 10 regioisomers of MDMA on narrow-bore columns.

Figure 9. Experimentally obtained separation of compounds 1–10 by using the narrow-bore HP-5 column [10-
m (1) × 0.1-mm, df 0.17 µm] with a temperature program rate of 2.1°C/min.
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(0.65°C/min) was needed, and the analysis time was 85 min.
Thus, the narrow-bore column did not only decrease the
analysis time, but it also improved the separation by enabling
the use of faster temperature programs.

Conclusion

The ten methylenedioxyphenethylamine regioisomeric sub-
stances related to MDMA are not completely resolved using typ-
ical GC–MS screening methods of illicit drugs. The drug of
abuse MDMA (Ecstacy) coelutes with at least one nondrug
regioisomer under standard drug screening conditions.
Coeluting molecules having the same mass spectrum represent
serious challenges for forensic drug chemistry.

Separation of the 10 regioisomers was studied using sta-
tionary phases of varying polarities, and resolution optimiza-
tion was carried out with the aid of DryLab software. The
highest resolution, obtained at very slow program rates, pro-
vided the best separation power with the nonpolar stationary
phases, such as 100% methyl silicone (Ultra 1) and 5% phenyl
methyl silicone (Ultra 2). The critical peak pair was 3,4-MDMA
(3) and N-ethyl-2,3-methylenedioxyphenyl-2-ethanamine (7).
When using the corresponding but narrow-bore columns, the
analysis time was improved significantly.

The more polar stationary phase, 35% phenyl methyl sili-
cone column (DB-35MS), gave the best separation, which was
achieved at fast linear temperature program rates (25°C/min),
and, therefore, the analysis time was significantly shorter (less
than 7 min). The critical pair of compounds was also 3/7, but
the elution order was reversed compared to less polar columns.
The time of the chromatographic separation could be decreased
to 4.5 min by increasing the initial temperature from 60°C to
180°C and using the much lower temperature program rate of
0.30°C/min.
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