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ABSTRACT
The number of hallucinogenic compounds that have been separated simultaneously by liquid chromatography is limited. This
research aimed to identify a column(s) that can allow for separation of several hallucinogens. The extent of separation of seven
polar hallucinogenic tryptamine and phenethylamine derived alkaloids containing a basic N atom that becomes protonated at
low pH values were investigated on five reverse-based columns and one hydrophilic interaction liquid chromatography (HILIC)
column. An RP-phenyl and a negatively charged fused core HILIC were identified and recommended as effective columns in this
regard. This research is the first to introduce a HILIC column in separation of hallucinogenic alkaloids and to simultaneously
study the separation of the two principal psychoactive agents, muscimol and psilocin. The results of this study showed that better
separation in HILIC columns can be achieved if an aprotic diluent of relatively lower polarity is used to introduce analytes into a
mobile phase of higher polarity. Tetrahydrofuran was recommended where acetonitrile is used as the organic component of the
mobile phase.
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1. Introduction
Hallucinogens are pharmacologically psychoactive agents

that have mind-altering effects and result in non-ordinary
psychological experiences.1 A hallucinogen can be psychedelic,
dissociative or deliriant depending on its subjective and behav-
ioural effects. Common are the psychedelics, which are structur-
ally classified as tryptamine or phenethylamine derivatives.
Mushrooms in the Amanita and Psilocybe genera are known to
have hallucinogenic properties due to the presence of ibotenic
acid and psilocybin as well as their main respective metabolites,
muscimol and psilocin, which are considered the principal
psychoactive agents.2–4 The toxicity and psychological conse-
quences of the main psychoactive agents are well documented.1,3–11

Even though research in hallucinomics is limited, some articles
have reported chromatographic quantitation methods with all
liquid chromatography using reverse phase columns.4,12–32 Our
research observed that there has never been an attempt to simul-
taneously quantify muscimol and psilocin despite being identi-
fied as the psycho-excitatory agents responsible for the halluci-
nogenic effects of mushrooms. Studies in which either of the two
alkaloids is separated or quantified simultaneously with other
compounds, whether hallucinogenic or non-hallucinogenic,
have included derivatization or ion-pairing.4,14,21,23,31,32 Pichini
et al.33 demonstrated the separating ability of ultra-high-pressure
liquid chromatography tandem mass spectrometry (UHPLC–
MS/MS) where a C18 column was used to separate psilocin from
four other hallucinogenic alkaloids. The absence of publications
on muscimol and psilocin, and the limited number of articles on
simultaneous study of hallucinogens, might be an indication
that the reverse phase alkyl columns are not the best in separat-
ing polar basic compounds as represented by the hallucinogenic
alkaloids, a situation concurred by other researchers.23,34,35

Almost all hallucinogens are alkaloids and contain an aromatic-
alkyl-N moiety that is basic at the N atom, except salvinorin A
and tetrahydrocannabinol. The pentafluorophenylpropyl (PFP)
stationary phase has been used successfully in separating some
phenethylamine alkaloids.35–37 It has also been used on a com-
bined mixture of eight tryptamine and phenethylamine deriva-
tives in A. rigidula and its dietary extracts with only two analytes
co-eluting.34 When a C18 column was used, five of the eight ana-
lytes could not be baseline separated. PFP is itself a reverse phase
approach and has shown great separating ability for basic N-
based compounds. Brandt and Martins26 have replaced particle-
packed reverse phase columns with porous monolithic packing
in C18 columns in separating 24 N, N-dialkylated tryptamines
using liquid chromatography-electrospray ionization-ion trap-
mass spectrometry/ mass spectrometry.

Even though the two psychoactive agents have a minimal
chance of coexisting in mushrooms, an approach that allows for
their simultaneous quantification in body fluids of victims or
culprits of neuro-excitatory mushroom consumption will help
in saving time towards proving prior exposure to a specific
mushroom genus. Our research thus aimed to identify column
types that can enable a successful separation and quantification
of hallucinogenic alkaloids using a liquid chromatographic
approach. A successful concurrent study of the hallucinogenic
alkaloids can help maximize the number of these alkaloids that
can be analyzed in biological samples. The results of our study
can also help in affording an informed starting point for the
separation of related compounds by liquid chromatography.
Muscimol and psilocin and their precursors, tryptophan and
tryptamine, were used as model diamine alkaloid compounds.
Included was the monoamine phenethylamine and its two
derivatives, 3,4-dimethoxyphenethylamine and hordenine.
Despite having different chemical structures, these tryptamine
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and phenylalkylamine derivatives all contain a substituted
ethylamine group that is attached to a ring and also produce
remarkably similar subjective effects in the human body as
neurotransmitter agonists.1,2,6,18,20,38,39 Only muscimol has a
methylamine group connected to a five-membered ring. The
alkylamine group in hallucinogens found in mushrooms is
connected to a five-membered ring while the Cactus-sourced
have this branch connected to a six-membered ring (Fig. 1).

The optimum separation of the seven alkaloids was investi-
gated on six columns. This was achieved by investigating param-
eters responsible for maximizing separation on two alkyl reverse
phase (RP-alkyl) columns, a reverse phase amide (RP-amide),
two phenyl based reverse phase columns and a HILIC column.

2. Experimental

2.1. Chemicals
All compounds except psilocin (PSI) were purchased from

Sigma-Aldrich (Johannesburg, South Africa). PSI in powder
form was obtained via the Department of Forensic Sciences,
Capetown, South Africa. Muscimol (MUS), tryptophan (TRP),
tryptamine (TA) and 3,4- dimethoxyphenethylamine (DMPE)
were all purchased in powder form while phenethylamine
(PEA) and hordenine (HO) were in liquid form. Ammonium
acetate, ammonium formate, acetic acid and formic acid were
also purchased from Sigma-Aldrich (Johannesburg, South Africa).
HPLC-grade acetonitrile (MeCN), methanol (MeOH), acetone
and tetrahydrofuran (THF) were obtained from Merck (Pty) Ltd,
Johannesburg, South Africa. Deionized water used to prepare
standard solutions and the mobile phase was purified using a
Milli-Q-RO4 system (Millipore, Bedford, MA, USA). All six
columns investigated were purchased from Sigma-Aldrich
(Johannesburg, South Africa).

2.2. Standards
The injection standards were prepared by dissolving appro-

priate volumes of the stock solutions into deionized water,
MeOH, MeCN, THF or acetone depending on the parameter
and the column being investigated. Stability issues associated
with psilocin and muscimol20,29,40 and the difficulty in their
procurement limited the quantities sufficient enough for this
analytical research. Psilocin and muscimol were then injected at
1 and 2 µg mL–1 respectively. The other analytes were injected at
4 µg mL–1.

2.3. Instrumentation
A Bishoff LC-CaDI 22-14 system (Leonberg, Germany) with a

Lambda 1010 UV detector set at 280 nm was used for quantifica-
tion. Elution was done by isocratic means and the analyte injec-
tion was done using Rheodyne Series 7725i manual injector with
10 µl sample loop. Prior to elution, each column was equilibrated
with the mobile phase for at least 15 min. After each HILIC inves-
tigation, the column was first washed with a MeCN:H2O mobile
phase containing the same organic component composition as
the last mobile phase used for elution and then finally with
100 % MeCN for 10 min.

2.4. Column and Hallucinogen Properties
The physicochemical properties of the columns and the

compounds used are given in Table 1 and Fig. 1, respectively.
X log P3 is an atom based additive strategy for predicting the
octanol/water partition coefficient (log P). Developed by Cheng
et al.41, it estimates the log P value by adding the contributions
from individual atoms constituting the compound and some
correction factors. The alkyl RP columns are the most used in
liquid chromatographic separations of hallucinogenic alkaloids.
Active phase-analyte interactions are exclusively hydrophobic.
The RP-amide was chosen for the presence of the embedded
polar amide group, which is expected to improve retention of
polar analytes and also because it has always been viewed as one
of the first definite alternative to C18 columns for analysis of
nonpolar compounds.

The phenyl-based columns were targeted because of the t–t

interactions with the cyclic groups of the target compounds. The
negatively charged fused-core silica Ascentis Express HILIC
choice was based on studies by Chirita et al. and recommenda-
tions by McCalley considering that our model compounds have
positively charged N atoms at low pH values.42,43

2.5. Optimization of Column Parameters
The selection of columns suitable for separation of alkaloids

was achieved by optimizing each column parameter. The initial
conditions for all parameters investigated were based on the
principles of retention for each type of column. The mobile
phase was always buffered at pH 3 with formate. Under these
conditions all our research compounds were positively charged
on the basic N atom, while the –OH group remained neutral
except for TRP whose pKa (OH) value makes it zwitterionic.
While the reversed phase principle requires that the analytes be
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Figure 1 Chemical structures of the model compounds and their relevant physical properties.



in their neutral state for effective retention, the limiting factor
was the pKa values (Fig. 1) that lie outside the pH 2–8 working
range of most columns. All mobile phases in quantitation of
hallucinogenic compounds use acetate and formate buffers.4,12–32

The analytes are charged in the pH working range of these
buffer systems.

The formate buffering system was prepared only when
needed by mixing appropriate quantities to create a specific pH
value buffering system. The reported formate concentrations
were the final concentrations in the mobile phase. Because of its
low viscosity44–48, MeCN was used as the organic component of
the mobile phase. The chromatographic results presented in this
study were for the optimized parameters and for those columns
where a separation was observed.

The parameters investigated for alkyl columns included the
mobile phase composition and salt concentration of the buffer,
flow rate and analyte injection solvent at ambient temperatures.
Chirita et al. has suggested the use of HILIC columns for separa-
tion of polar analytes.42 While the essential parameters in HILIC
separation are known42,44,49–51, our research further investigated
the effect of analyte injection diluents. Water, methanol,
acetonitrile, acetone and tetrahydrofuran were investigated as
potential analyte diluents. These solvents were chosen based on
polarity, eluotropic order and their involvement in other proce-
dures of the research.

3. Results and Discussion

3.1. Alkyl Columns
The composition of the mobile phase was altered up to Buffer:

MeCN 80:20 % (v/v) 100 mM formate, beyond which it was
apparent that the seven compounds could not be separated with
most eluting in the column void volume and all detected within
2 min of tm at a 0.6 mL min–1 flow rate. The THF diluent had a
comparably superior retention power even though all analytes
eluted before the THF solvent, a situation also observed by
Loeser and Drumm.52 Solvophilic effects due to high polarity
and the charged state of these basic analytes might explain the
reduced retention behaviour.53

3.2. Ascentis Hexyl Phenyl Column
Better retention and separation was observed when the above

alkyl column conditions were applied. This was attributed to the
presence of the p–electron phenyl group. The structural position
of the benzyl group in TA, in addition to the hydrophobic nature
of the ethyl connecting group, might have explained its position
in the elution order (Fig. 2).

TRP has a similar positional benzyl group, but TRP is also an
amino acid. Both PSI and HO have a phenolic ring and their
X log P3 values are the same, but PSI also has a pyrrole ring
joining the phenolic group and the ethyl-amino group. The
electron-withdrawing methoxy group in DMPE might explain
its retention behaviour compared to PEA. Generally, the three
indolealkyltryptamine derivatives (TA, TRP and PSI) could be
separated based on type of substituents on the indole ring. This
seemed to be the case too with the phenethylamine alkaloids.
HO, TRP and DMPE were less retained by the hexyl phenyl
column resulting in co-elution.

3.3. Ascentis Phenyl Column
Better retention and separation compared to the alkyl and the

alkyl phenyl columns was observed. The elution order between
TA and PSI was reversed, PEA and DMPE co-eluted while TRP,
HO and DMPE became clearly resolved. Compared to the com-
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peting effect of the hydrophobic hexyl spacer in hexyl phenyl
column, the butyl linking group in the phenyl column allowed
for stronger p–p electron interactions between the phenyl group
and the cyclic groups of the analyte. The shorter linking group in
the phenyl column also allows for some kind of hydrophilic
interaction (HILIC) that might take advantage of the polarity of
the analytes. The presence of the O atom as a substituent on the
benzyl group might have improved the HILIC effects of the
column hence the observed behaviours of PSI, HO and DMPE
compared to the other RP columns. The mobile phase was buffer
(100 mM formate) and MeCN in a ratio 87:13 % (v/v) at
0.5 mL min–1 beyond which no further separation could be
achieved.

3.4. Ascentis RP-Amide Column
Compared to alkyl columns, better retention and selectivity for

RP-amide was achieved at Buffer:MeCN 35:65 % (v/v), 100 mM
formate. This was expected because, in addition to the hydro-
phobic interactions, the RP-amide has the H-bond accepting
amide carbonyl group that interacted with the –OH and
uncharged –NH groups of the analytes. The presence of two
H-bond donating groups in PSI might have been responsible for
its position in the elution order while HO only has –OH group.
Such groups are absent in PEA implying that its retention was
based on the hydrophobic alkyl group while the nucleofugic
methoxy group in DMPE could have acted as an H-bond accept-
ing group. However, the sp2-hybridized O atom of the isoxazole
in MUS cannot be an H-bond acceptor. The amide column was
the only RP mode that retained MUS and the elution order was
different from the phenyl columns. The observed reduction in
selectivity of the RP-amide compared to phenyl columns was
attributed to the charged state of these basic analytes. Retention
was low and separation less achieved at low organic solvent
content of the mobile phase.

3.5. Ascentis HILIC Column
All the model analytes were separated when the analytes were

dissolved in THF and eluted at 0.4 mL min–1 with MeCN:Buffer
90:10 % (v/v) 10 mM formate. Fig. 3 compares separation when
THF and MeCN diluents were used. Retention, and hence sepa-
ration, was minimal when analytes were diluted with either H2O
or MeOH. A general reversal in the elution order compared to

that of the RP approach was observed. In HILIC, a relatively
hydrophobic high organic content mobile phase is used to elute
analytes through a hydrophilic column.42,46,47,50,53–57 The mecha-
nism is the extent of partitioning of analytes between a pseudo-
stagnant aqua layer formed at the surface of the stationary phase
and the mobile phase, as confirmed by McCalley and Neue, and
Dinh et al.58,59 The result is that retention favours the more hydro-
philic analytes as confirmed by the negative slope of Fig. 4.

3.5.1. The HILIC Complexity
Our results confirmed that if analyte class is ignored, the

general principles of HILIC separation cannot explain the
behaviour of some analytes as shown by log k vs X log P3 in Fig. 4.
This has also been observed by other researchers.42,46 This is due
to presence of secondary interactions that come into effect based
on the structural composition and sterical orientation of the
analyte, and the salt concentration of the mobile phase. Such
polar basic interactions have been identified as electrostatic, ion
exchange, H-bonding and some weak hydrophobic interactions
depending on stationary phase, mobile phase and analyte
conditions.42,44,46,50,60

For analytes where the backbone is similar, the electrostatic
effect seemed to be more important as observed with each of the
two alkaloid types. The presence of alkyl substituents on the
basic N resulted in a reduction in retention times, implying that
the basic N was involved in these electrostatic interactions.
Alkylation was deemed responsible for neutralizing the positive
charge on the N atom 55. This also allowed for elution order to
follow protocol. For example, if phenethylamine or tryptamine
derivatives only were compared in Fig. 4, R2 values were 0.9882
and 0.9938, respectively. The resonance-stabilized negative
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Figure 2 Retention and separation for analytes dissolved in MeOH on
three RP-columns at different optimized conditions. Compounds
(descending polarity as given by X log P3 values): (1) MUS; (2) TRP; (3)
DMPE; (4) PEA; (5) TA; (6) HO; (7) PSI.

Figure 3 Chromatograms when THF and MeCN were used as diluents
for analyte injection and separation achieved on a HILIC column.
Compounds: (7) PSI; (6) HO; (5) TA; (4) PEA; (3) DMPE; (2) TRP; (1) MUS.

Figure 4 The correlation between polarity and retention as given by log k
vs X log P3. The k term is the retention factor for each analyte.



charge on the carboxylic group of TRP enhanced the electro-
static interaction in addition to hydrophilic partitioning hence
its observed behaviour together with peak broadening. General
peak broadening for those compounds that retain more, as
shown by the peak for TRP, has been reported before.42,59

3.5.2. The Moderately Polar Aprotic Diluent for Analyte Injection
While the emphasis is on using a non-polar aprotic solvent for

a mobile phase, solvents that are predicted to give better results
than MeCN are not recommended because of background noise
and detection issues proving the irreplaceability of MeCN.45,47,56,60–63

Studies by Li and Huang62 showed better separation when
MeCN was used as the mobile phase compared to MeOH, THF
and isopropanol. Attempts by Dinh et al.58 to admixture THF
with the MeCN-containing mobile phase reduced the extent of
formation of the water enriched layer on the stationary phase.
Also, acetone and THF have very high UV-vis absorbance cut-off
wavelengths and show reduced signal response in MS detection.
While the recommendations guided by the viscous fingering
phenomenon are that the injection solvent must be as close to
the mobile phase organic composition as possible with a minimal
50 % MeCN composition, such declarations have been based on
comparison of MeCN with polar protic solutions like H2O and
MeOH.56,60,64 It was noted that most publications follow this
protocol and rarely report or optimize their injection diluents.
Controversies arise considering that the polar protic MeOH and
H2O are the solvents of choice for the extraction of polar com-
pounds from biological matrices. This prompted us to try dilut-
ing the polar-dissolved stock solutions with the low elution
order aprotic solvents. Our research has successfully identified
the introduction of a moderately polar aprotic dilution solvent
like THF for analyte injection as an essential parameter in
MeCN-mobile phase core column HILIC interactions. Compared
to MeCN as an injection eluent at the same ratio, better retention
and hence separation was observed when THF was used (Fig. 3).
While observations by Dinh et al.58 might come into effect, THF is
aprotic and relatively apolar and if introduced as an analyte
solvent will maximize analyte partitioning into the pseudo-
stagnant water-enriched layer thus counteracting the admixture
effect. It was suggested that THF allows for analyte on-column
focussing where the analytes are concentrated or accumulated
into the pseudo water layer within a narrow range at the column
entrance, so that by the time MeCN mobile phase enters the
column the analytes are already retained in the stationary phase.
This postulation is based on the review by Jandera et al.63 who
attributed this on-column focussing to weak eluents. Related to
this observation is the use of dichloromethane in place of water
for injection of acrylamide by Backe et al.65 While both dichloro-
methane and THF have similar polarity (polarity indices of 3.1
and 4 respectively), THF has the advantage of 100 % solubility in
water. This implies that THF has the ability to penetrate the
pseudo-stagnant aqua layer on the surface of the HILIC column
thereby enhancing the partitioning of the analytes into the aqua
layer. In HILIC columns where H-bond interactions are less
important, THF is a weaker eluent than MeCN based on polarity.
The situation is reversed for silica modified columns where
H-bond accepting abilities come into effect56,64 Peaks were
unidentified when analytes were diluted with acetone. Acetone’s
absorbance cut-off point is 330 nm.

The effect of electrostatic interactions by increasing concentra-
tion of formate buffer beyond 10 mM on the extent of separation
and retention was inversely minimal and relatively absent for
TRP, but seemed to improve sharpness and reduce tailing experi-
enced especially with TRP. Increasing salt concentration is

expected to act by competing for electrostatic interaction with
the stationary phase hence reducing the effects of electrostatic
attractions on retention. TRP also contains a negative charge on
its acidic group that tends to cancel out this impact, hence its
observed elution status. Other studies where the effect has been
more pronounced have identified the residual silanols as the
major contributors, a scenario typical of non-endcapped columns.
Using a high organic content mobile phase, the embedded water
layer on the stationary phase increases, thus reducing amount of
available residual silanols and their ionizability.44,50,66,67 Also, the
low metal impurity implies that potential acidity of the uncapped
residual silanols is greatly reduced.46,50

4. Conclusions
For the analysis of hallucinogens and any other set of polar

compounds that contain a basic alkyl-N and aromatic substituents,
the phenyl and HILIC-based columns can be considered in
order to maximize the number of analytes for simultaneous
quantification. Phenyl RP columns are promising through p–p

interactions and could be a first choice for separation depending
on the number of compounds, presence of cyclic groups with
conjugated t-electron systems, the class and functional groups
of the compounds to be analyzed. Based on studies by other
researchers, the pentafluorophenylpropyl stationary phase is
also recommended.34,35,37 The HILIC is a promising and almost
definite choice for separation of polar basic compounds that
show separation problems under reverse based phases. The
declaration on HILIC separation was based on testing basic
alkyl-N hallucinogenic compounds on a fused core silica column.
For compounds that are derivatives of a single precursor and
where the basic N has either H or alkyl substituents, polarity as
given by X log P3 values can be used to predict the elution order.
The presence of other functional groups attached to this N atom,
as exemplified by the amino acid tryptophan in this study, brings
in secondary interactions. Such interactions lead to the collapse
of the polarity-based elution predictions. This effect is also
observed when other polar biomolecules of a different class or
precursor are considered.

Compared to effect of salt concentration, the amount of salt in
the mobile phase was more important in fused core silica HILIC
retention and the opposite was true for resolution. The reverse
was observed for reversed phase chromatography. Our results
have shown that in addition to the major parameters deemed
essential for HILIC elution optimizations, the injection diluent
for analytes also needs to be considered when dealing with polar
compounds. The use of relatively non-polar diluents for injec-
tion of analytes into a polar mobile phase in HILIC separations
was suggested in this research. THF was recommended as the
first choice of consideration where acetonitrile or methanol is
used as the organic component of the mobile phase.
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