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ABSTRACT 

The separation of the enantiomers of amphetamine, methamphetamine, ephedrine, pseudoephedrine, norephedrine and norpseu- 
doephedrine in a single run via micellar electrokinetic capillary chromatography (MECC) is described. The procedure, which involves 
preliminary derivatization with 2,3,4,6-tetra-O-acetyl-fi-D-glucopyranosyl isothiocyanate (GITC) followed by MECC analysis, is far 
superior with respect to both resolution and speed of analysis versus similar efforts utilizing high-performance liquid chromatography. 
The MECC separation was obtained at 20 kV on a 48 cm x 50 pm I.D. (26 cm length to detector) capillary at 30°C using a run buffer 
consisting of 20% methanol and 80% sodium dodecyl sulfate (SDS) solution [IO0 mA4 SDS, 10 mM phosphate, 10 mM borate (PH 
9.0)]. The effects of organic modifier type, organic modifier concentration, voltage, temperature and SDS concentration on the resolu- 
tion of the GITC derivatives are described. The application of the above methodology to forensic samples is presented. 

INTRODUCTION 

The separation of optical isomers such as phen- 
ethylamines (amphetamine, methamphetamine, no- 
rephedrine, norpseudoephedrine, ephedrine and 
pseudoephedrine) is important for forensic analysis. 
Isomer determination can help identify synthetic 
methodolologies. For example, amphetamine or 
methamphetamine synthesized via the Leuckart re- 
action (i.e., from phenylacetone) will exist as the 
racemate, whereas that synthesized via direct ster- 
eospecific reduction of one of the enantiomeric 
cr-hydroxyphenethylamines (i.e., from norephe- 
drine, norpseudoephedrine, ephedrine or pseudo- 
ephedrine) will exist as an optically pure d or I iso- 
mer [l]. In addition, since these compounds are of- 
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ten encountered in combinations, the determination 
of their isomers could provide additional intelli- 
gence information other than synthetic route. 

Gas chromatography (CC) and high-perform- 
ance liquid chromatography (HPLC) have both 
been utilized previously for the separation of the 
enantiomers of phenethylamines [2-51. Resolution 
of the optically active compounds was obtained ei- 
ther by derivatization with an optically active re- 
agent with subsequent separation of the resulting 
diastereomers on a non-chiral stationary phase 
[2,4], or by direct analysis using a chiral stationary 
phase [3,5]. None of the reported procedures are 
capable of resolving the enantiomers of norephe- 
drine, norpseudoephedrine, ephedrine, pseudo- 
ephedrine, amphetamine and methamphetamine 
(Fig. 1) in a single run. 

One approach for the capillary electrophoretic 
(CE) separation of enantiomers involves the use of 
buffer additives such as cyclodextrin derivatives 
[6-81, chiral surfactants [9-121 or cyclodextrin plus 
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18, 2s - (+) 

Fig. 1. Structures, absolute configurations and optical rotations 
of phenethylamines examined. 

chiral surfactant [ 131. The use of cyclodextrin deriv- 
atives as mobile phase additives have been previ- 
ously reported for the separation of the 
enantiomers of norephedrine, pseudoephedrine and 
ephedrine [6,7]. Another approach for the CE anal- 
ysis of optical isomers involves the micellar electro- 
kinetic capillary chromatographic (MECC) separa- 
tion of diastereomers resulting from the reaction of 
enantiomers with chiral derivatizing reagents 
[14,15]. MECC, a form of CE developed by Terabe 
et al. [16], is capable of providing high resolution 
for both neutral and ionic compounds [15-181. In 
this chromatographic technique, compounds may 
have different abilities to partition into a micelle 
which is retarded by electrophoretic migration. 
2,3,4,6-Tetra-O-acetyl-fi-D-glucopyranosyl isothio- 
cyanate (GITC) has been previously shown to be an 
excellent chiral derivatization reagent for the analy- 
sis of primary and secondary amines (such as phen- 
ethylamines) via HPLC [4] and the analysis of 
amino acids via MECC [I 51. Reactions proceed 
fairly quickly under mild conditions and give prod- 
ucts with high UV extinction coefficients. This in- 
creased sensitivity is particularly advantageous for 
MECC in view of the small optical path lengths 
used for the on-column UV detection. 

This paper describes the MECC separation of the 
enantiomers of amphetamine, methamphetamine, 
ephedrine, pseudoephedrine, norephedrine and 
norpseudoephedrine. In addition the effect of vari- 
ous chromatographic parameters on the separation 
is detailed. 

EXPERIMENTAL 

Equipment 
A Model 270A-HT capillary electrophoresis unit 

(Applied Biosystems, San Jose, CA, USA) inter- 
faced with a Turbochrom 3 chromatographic data 
handling system (PE Nelson, Cupertino, CA, USA) 
was used for all CE studies. 

The fused-silica capillaries (Polymicro Technol- 
ogies, Scottsdale, AZ, USA) used in this study were 
conditioned by successively aspirating with 1 A4 so- 
dium hydroxide 10 min, water 10 min and the run 
buffer 10 min. For separations employing heptakis 
(di-0-methyl)+cyclodextrin, a 57 cm x 50 pm 
I.D. (35 cm length to detector) capillary was used. 
For separations using cyclodextrin plus sodium do- 
decyl sulfate (SDS) and for those runs using sodium 
taurocholate 72 cm x 50 mm I.D. (50 cm length to 
detector) capillaries were used. Finally, for separa- 
tions using SDS, a 48 cm x 50 pm I.D. (26 cm 
length to detector) capillary was used. All separa- 
tions were carried out with UV detection at 210 nm 
and with the autosampler cooled to 4°C. 

For flow injection analysis a Series 4 liquid chro- 
matograph (Perkin-Elmer, Norwalk, CT, USA) fit- 
ted with an ISS 100 autosampler (Perkin-Elmer) 
and a 1040 M diode array detection system (Hew- 
lett Packard, Waldbronn, Germany) were used. 

Materials 
Heptakis(di-0-methyl)-P-cyclodextrin (Sigma, 

St. Louis, MO, USA), sodium taurocholate (Sigma) 
and SDS (Aldrich, Milwaukee, WI, USA) were 
used as received. Sodium borate, sodium phosphate 
(monobasic), tris(hydroxymethyl)aminomethane 
hydrochloride (trizma) buffer, phosphoric acid and 
sodium hydroxide were reagent grade. Deionized 
water from a Milli-Q system (Millipore, Bedford, 
MA, USA) was used to prepare all buffers. Metha- 
nol, acetonitrile and tetrahydrofuran were HPLC 
grade. GITC was obtained from Polysciences (War- 
rington, PA, USA). The drug standards used were 
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part of the reference collection of the Drug Enforce- 
ment Administration’s Special Testing and Re- 
search Laboratory. 

One run buffer consisted of a 0.01 M phosphate- 
borate buffer (pH 9.0) containing 0.015 M heptakis 
(di-0-methyl)-P-cyclodextrin and 100 mM SDS. 
Other run buffers consisted of a 0.01 M phosphate- 
borate buffer (pH 9.0) containing 0.05 M sodium 
taurocholate and this same solution adjusted to pH 
11.7 with 1 M sodium hydroxide. For MECC anal- 
ysis using GITC derivatives, a stock solution con- 
taining 10 mM borate and 10 mA4 phosphate (pH 
9.0) was used for the preparation of all run buffers. 

GITC derivatization procedure 
A standard solution containing all six racemic 

phenethylamines was prepared by dissolving 4 mg 
of each substance in 1.0 ml of 50% (v/v) aqueous 
acetonitrile containing 0.2% triethylamine; com- 
plete solution was achieved by vortexing for 30 s. A 
100~~1 volume of the resulting solution was then 
reacted with 100 ~1 of (1.28%, w/v). GITC-aceto- 
nitrile solution; complete solution was achieved by 
vortexing for 60 s. After standing for 15 min (to 
complete the reaction), the solution was diluted to 
1.0 ml with 0.01 A4 phosphate-borate buffer (pH 
9.0) containing 100 mM SDS. After final vortexing 
for 20 s, the solution was filtered through a UniPrep 
filter (Whatman, Clifton, NJ, USA) and finally in- 
jected onto the capillary electrophoresis instrument 
using a vacuum-assisted injection of 0.5 s. This pro- 
cedure is a modification of a previously described 
derivatization protocol [15]. The structure of 
GITC-derivatized amphetamine is shown in Fig. 2. 
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Fig. 2. Structure of GITC derivative of amphetamine. 

RESULTS AND DISCUSSION 

Use of chiral additives 
The first approach investigated for the CE sep- 

aration of the enantiomers of phenethylamines in- 
volved the use of a chiral cyclodextrin derivative as 
a additive. Using similar conditions as Swartz [7], 
attempts to separate the enantiomers of ampheta- 
mine and methamphetamine using cyclodextrins 
proved unsuccessful. It has been reported for 
HPLC that three points of interaction are required 
between the enantiomer and the /I-cyclodextrin de- 
rivative for a separation to occur [19]. It appears 
that a benzylic hydroxyl can provide one of these 
points, since the enantiomers of ephedrine, pseu- 
doephedrine, norephedrine and norpseudoephe- 
drine all resolve using the above mobile phase con- 
ditions. In addition, use of the chiral surfactant tau- 
rocholate in buffers of pH values 9.0 and 11.7 failed 
to resolve the enantiomers of ephedrine or metham- 
phetamine (separation of other phenethylamines 
were not attempted). At pH 9.0 the predominantly 
positively charged ephedrine and methampheta- 
mine had little affinity for the micelle and eluted 
before to (neutral marker; methanol peak), while at 
pH 11.7 these compounds existed predominantly as 
the free base and had affinity for the micelle and 
therefore eluted after to. Finally, the use of the non- 
chiral micelle dodecyl sulfate with cyclodextrin at 
pH 9.0 failed to resolve the enantiomers of ephe- 
drine or methamphetamine. 

MECC analysis of GITC derivatives 
Eflect of organic modljiers. Pre-column derivati- 

zation with optically pure GITC was investigated. 
As shown in Fig. 3, extensive overlap existed be- 
tween the compounds of interest when MECC was 
employed with a run buffer containing SDS and no 
organic modifier. The addition of an organic mod- 
ifier to the buffer (Fig. 4) greatly improved the sep- 
aration by increasing the peak capacity and by de- 
creasing the micelle-water partition coefficient. Or- 
ganic modifiers have been previously shown to re- 
duce electroosmotic flow in MECC systems, thus 
extending elution range, and also to reduce solute 
capacity factors [20]. Using the MECC conditions 
shown in Fig. 4 methanol appears to be the modifier 
of choice. Using 20% methanol in the run buffer 
results in at least partial resolution of all 
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Fig. 3. MECC separation at 210 nm of phenethylamine-GITC 
derivatives with 100 mM SDS in 10 mM phosphate-10 mM bo- 
rate buffer (PH 9.0) in a 48 cm (26 cm length to detector) X 50 
pm capillary at 40°C with a voltage of 20 kV; current 86 PA. 
Peaks: a = lS,29(+)-norpseudoephedrine; b = lR,2S-( -)- 
ephedrine; c = lR,29( -)-norephedrine; d = lR,2R-( -)-nor- 
pseudoephedrine; e = lR,2R-( +)-ephedrine; f = l&2&( +)- 
pseudoephedrine; g = lS,2R-( +)-norephedrine; h = 1 R,2R- 
(-)-pseudoephedrine; i = 2R-( - )-methamphetamine; j = 2R- 
(-)-amphetamine; k = 2S( +)-methamphetamine; 1 = 29( +)- 
amphetamine. Abscissa: time in min; ordinate: mAU. 

enantiomers. In addition, for reasons that are pres- 
ently unclear, amphetamine and methamphetamine 
exhibit reduced response in the presence of aceto- 
nitrile. 

Since MECC is partially based on a liquid-liquid 
partition mechanism, it exhibits some similarity to 
reversed-phase HPLC. Therefore the percent or- 
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30 
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15 96 acetmlltrllc 

20 

60 

Fig. 4. Effect of organic modifier on MECC separation of phe- 
nethylamine-GITC derivatives. Conditions as in Fig. 3 except 
for organic modifier; methanol, current 54 PA; acetonitrile, cur- 
rent 88 PA; and tetrahydrofuran (THF), current 93 PA. Peaks 
and axes as in Fig. 3. 

ganic modifier present for methanol, acetonitrile 
and tetrahydrofuran in the MECC separation were 
based on the relative percentages which gave equal 
solvent strength in a previously reported reversed- 
phase HPLC separation [21]. As shown in Fig. 4, 
this was a reasonable assumption for acetonitrile 
and tetrahydrofuran. 

E#ect of percent methanol 
A study of the effect of % methanol indicates that 

when the run buffer contains 20% methanol, as 
shown in Fig. 5, all enantiomers are at least partial- 
ly resolved. Amphetamine and methamphetamine 
again exhibit reduced response when 25% methanol 
is used. Changing the organic modifier concentra- 
tion alters the partition coefficient as well as pos- 
sibly changing the micellar size [22]. It is apparent 
from Figs. 4 and 5, and as was also observed by 
Gorse et al. [23], that both the type and amount of 
organic modifier used can alter selectivity. Interest- 
ingly, the elution order changes with different or- 
ganic modifier types because partition coefficients 
are altered [20]. 

Effect of temperature 
The effect of temperature on the separation is 

shown in Fig. 6. For these MECC conditions the 
best separation is obtained at 30°C where, except 
for lR,2S-( - )-norephedrine and 1 S,2S-( + )-pseu- 
doephedrine, all compounds are well resolved. For 
reasons that are unclear it is apparent that lower 
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20 

2 4 6 8 IO 72 14 16 

Fig. 5. Effect of methanol concentration on MECC separation of 
phenethylamine-GITC derivatives. Conditions as in Fig. 3 ex- 
cept for methanol concentration; 15% methanol, current 58 PA; 
20% methanol, current 54 PA; and 25% methanol, current 45 
PA. Peaks and axes as in Fig. 3. 
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Fig. 6. Effect of temperature on MECC separation of phenethyl- 
amine-GITC derivatives. Conditions as in Fig. 3 except for tem- 
perature and the presence of 20% methanol in run buffer; 3o’C, 
current 48 PA; 4o’C, current 54 PA; and 5o’C current 58 PA. 
Peaks and axes as in Fig. 3. 

temperatures result in higher efficiencies. In fact, the 
efficiency (number of plates, N) for 2R-( - )-meth- 
amphetamine is 44 000, 27 000 and 22 000 at tem- 
peratures of 30,40 and 50°C respectively. In addi- 
tion to its effect on column efficiency, temperature 
can also change selectivity in MECC by its effect on 
micelle partitioning [24]. A combination of these 
two factors could contribute to the overall increase 
in resolution at lower temperatures. 

Eflect of voltage 
As shown in Fig. 7, lowering the voltage from 20 
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Fig. 7. Effect of voltage and SDS concentration on MECC sep- 
aration of phenethylamine-GITC derivatives. Conditions as in 
Fig. 3 except for voltage, SDS concentration and the presence of 
20% methanol in run buffer; 15 kV, 100 mM SDS, current 34 
PA; 20 kV, 100 mM SDS, current 54 PA; and 20 kV, 50 mM 
SDS, current 34 PA. Peaks and axes as in Fig. 3. 

to 15 kV increases the overall resolution. Although 
the efficiency for 2R-( - )-methamphetamine de- 
creases from 27 000 to 20 000, resolution increases 
for several pairs of compounds (including the late 
eluters) due to an apparent increase in selectivity. In 
describing column efficiency in MECC as related to 
voltage, Sepaniak and Cole [25] showed at low to 
moderate voltages the major contribution to plate 
height to be axial diffusion (which decreases with 
increasing voltage). The change in selectivity with 
voltage can be described in terms of joule heating 
effects inside the capillary which effect the solute 
distribution coefficient K [24]. At 25 kV, which rep- 
resents a relatively high field strength of 521 V/cm, 
no peaks were detected presumably due to a degra- 
dation of separation due to joule heating effects. 

Effect of SDS concentration 
In addition, as shown in Fig. 7, lowering the SDS 

concentration results in decreased resolution. A 
similar result was obtained for diastereomers of 
GITC-derivatized amino acids due to changes in se- 
lectivity and migration times [ 151. The efficiency (N) 
of 2R-( - )-methamphetamine decreased from 
27 000 to 19 690 when the SDS concentration was 
lowered from 100 mM to 50 mM. Since resolution 
depends on the square root of N, it is apparent from 
Fig. 7 that a decrease in selectivity as well as migra- 
tion times is playing a major role. The change in 
selectivity is due to differences in interactions of sol- 
utes with micelles, as detailed by Armstrong and 
Stine [26] in describing micellar pseudophase in 
HPLC. When an SDS concentration of 200 mM 
was used, no peaks were detected. This was presum- 
ably due to a degradation of separation as a result 
of joule heating effects caused by the increased cur- 
rent. 

Resolution of twelve phenethylamine isomers 
Using an organic modifier concentration of 20% 

methanol, a temperature of 30°C a voltage of 20 kV 
and a 100 mM SDS concentration, all compounds 
are baseline resolved except for 1 R,2S-( - )-nore- 
phedrine and 1 S,2S-( + )-pseudoephedrine, which 
have a resolution of approximately 1 (see Fig. 6). 
This may not represent the best possible separation; 
however such determination is beyond the scope of 
this manuscript. 

The use of a relatively short 48 cm capillary (26 
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a length to detector) resulted in faster separations 
at the expense of plate number. A plate count of 
44 000 for 2R-( - )-methamphetamine is significant- 
ly below what was reported for GITC derivatives of 
amino acids analyzed via MECC [IS]. For these 
compounds, Nishi et al. [ 151 reported plate numbers 
in excess of 100 000 using capillary lengths of 65 cm 
(50 cm length to detector). Use of shorter columns 
resulted in a higher field strength where joule heat- 
ing effects, i.e. temperature gradients within the col- 
umn, might be expected to be responsible for the 
decreased plate count. However, several authors 
have shown the temperature gradient in the capil- 
lary to have a neglible effect on plate height [27-291. 

MECC versus HPLC 
In spite of the relatively low plate numbers ob- 

tained using the shorter capillaries, the MECC sep- 
arations are still far superior to what is obtained via 
HPLC [4]. As shown in Fig. 8, the separation of 
GITC-derivatized amines via HPLC results in far 
less resolution and longer analysis time than ob- 
tained via MECC. For this same HPLC system, 
amphetamine-GITC derivatives failed to resolve in 
spite of a 60-min elution time. It is also of interest to 
compare the elution order of the individual optical 
isomers using HPLC versus MECC. For the optical 
isomers separated in Fig. 8, only ephedrine-GITC 
derivatives have the same elution order using both 
techniques. Since both separation techniques de- 
pend to a large extent on the hydrophobicity of the 
solutes, identical elution orders would not have 
been unexpected. Nishi et al. [ 151 reported identical 
elution orders via HPLC and MECC for the GITC 
derivatives of the optical isomers of five out of the 
six compounds. It would appear that mobile phase 
interactions such as hydrogen bonding and dipole 
interactions play a major role in both separation 
techniques. For the HPLC separation of GITC-de- 
rivatized phenethylamines, the mobile phase con- 
tains tetrahydrofuran for MECC, methanol is used 
as the organic modifier. 

TIME (MINUTES) 

Fig. 8. HPLC separation of phenethylamine-GITC derivatized 
amines using tetrahydrofuran-water (3:7) mobile phase at a 
flow-rate of 1.5 ml/min. Peaks: 1 = lR,2R-( -)-pseudoephe- 
drine; 2 = 1S,29( +)-pseudoephedrine; 3 = lR,29( -)-ephe- 
drine; 4 = lS,2R-( + )-ephedrine; 5 = 29( + )-methampheta- 
mine; 6 = 2R-( -)-methamphetamine. From ref. 4. 

k 

Application to forensic exhibit 
The applicability of the MECC technique to a 

forensic sample is shown in Fig. 9. By comparison 
with the standard run shown in Fig. 6, the sample 
was found to contain 1 R,2S-( - )-ephedrine and 2S- 
(+)-methamphetamine. This result was consistent 

2 4 6 8 10 12 14 16 18 20 22 

Fig. 9. MECC separation of GITC-derivatized exhibit. Condi- 
tions as in Fig. 3 except for a temperature of 3o’C and the pres- 
ence of 20% methanol in run buffer. Peaks and axes as in Fig. 3. 
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with what had been reported for this exhibit using a 
combination of GC-mass spectrometry and micro- 
scopic techniques. 

Flow injection analysis using a diode array detec- 
tor reveals that the extinction coefficient at 210 nm 
for the GITC derivative of methamphetamine is ap- 
proximately twice that of both underivatized meth- 
amphetamine and that obtained at the UV maxi- 
mum wavelength (254 nm) of the GITC derivative. 
For more selective detection the higher wavelength 
of 254 nm would be recommended since the extinc- 
tion coefficient of GITC derivatized methampheta- 
mine is approximately fifty times that of the unde- 
rivatized methamphetamine. It has been previously 
shown that at 250 nm the molar extinction coeffi- 
cient of GITC is 1000 whereas those of GITC-ami- 
no acids are approximately 12 000 [30]. Apparently 
the N,N’-disubstituted thiourea linkage where lone 
pair electrons on two amide groups can contribute 
to UV conjugation (see Fig. 2) is reponsible for the 
higher extinction coefficients of the GITC deriva- 
tives. 
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