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ture has been published for each of these three
strategies [2-4].

The success of mobile phase or stationary
phase optimization generally relies on the polar
interactions of the solutes with the two phases.
One class of compounds that does not show
significant selectivity enhancement with changes
in mobile phase or stationary phase polarity is
that of shape isomers. Because they have identi­
cal structural composition, and differ only in
geometric shape, shape isomers often have simi­
lar solubilities and thus similar retention prop­
erties, resulting in coelution. Sander and Wise
[5-7] have studied shape isomer separations
extensively using CI 8 stationary phases. Their
results suggest that the separation of shape
isomers is not enhanced by mobile phase optimi­
zation as compared to stationary phase effects.
However, the greatest enhancement in shape
selectivity occurs not from stationary phase po­
larity changes, but from the degree of stationary
phase surface ordering [6,7]. The trends of this
work show that shape selectivity is highest for
polymerically bound (i.e., trichlorosilanes with
water in the reaction mixture) C I 8 stationary
phases at low temperatures. By increasing the
networking of the stationary phase by using
polymeric bonding chemistry, and by increasing
the stationary phase chain rigidity by decreasing
the temperature, Sander and Wise propose that
linear, planar solutes can partition more readily
into the ordered surface than solutes that are
bent, or non-planar, thus allowing a means of
separation [6,8]. Similar results were reported by
Sentell and Dorsey [9], who demonstrated that
monomerically derivatized stationary phases of
high bonding density provided higher shape
selectivity than low bonding density columns.
Again this increase in selectivity with bonding
density was attributed to greater ordering of the
stationary phase chains at high chain densities.

Martire and Boehm [10] proposed a stationary
phase model that incorporated the idea of a
"breathing" surface that could change its three­
dimensional structure from a collapsed state in
poor wetting solvents, to a more extended bris­
tle-like structure in mobile phases of good wet­
ting ability. The implications of this model are
that the chromatographic properties of the
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system change not only as a function of mobile
phase polarity, but that the mobile phase can
change the nature of the stationary phase. A
large number of scientists have reported evi­
dence of mobile phase modifiers partitioning into
stationary phases [11-13]. Although most non­
polar modifiers are relatively strong eluents, it is
not uncommon for solute retention to increase as
a result of adding the modifier. This increase can
be attributed to an increase in stationary phase
volumes as the modifier becomes part of the
stationary phase.

MacCrehan and Schonberger [14,15] showed
that the addition of 10% n-butanol to methanol­
water mobile phases reduced the retention of the
shape isomers cis / trans- retinol and cis / trans­
J3-carotene dramatically, while maintaining sepa­
ration selectivity. One proposed mechanism for
this selectivity phenomenon was stationary phase
solvation, in which n-butanol partitioned into the
stationary phase to provide a more extended,
ordered surface, thus improving the shape selec­
tivity. However, this hypothesis was not investi­
gated.

In an effort to improve shape selectivity for
the wide range of stationary phases currently
available, and to gain insight into the relation­
ship between stationary phase solvation and
shape selectivity, we have studied the systematic
addition of n-alcohols to mobile phases to de­
termine their effect on shape selectivity. The
alcohols evaluated included n-propanol through
n-octanol to determine which would provide the
greatest solvation while maintaining system com­
patibility. Because of the great effect of solvent
strength on selectivity, a wide range of mobile
phase compositions was evaluated. Methanol
was selected as the organic modifier to minimize
the effect of solvent selectivity, as methanol is in
the same solvent family as the n-alcohols and
thus should provide more similar solution prop­
erties than other modifiers such as acetonitrile or
tetrahydrofuran [16]. In order to evaluate the
role of stationary phase ordering on selectivity,
both high and low bonding density stationary
phases were used such that selectivity changes
caused by an increase in bonding density could
be compared to those seen by adding the n­
alcohol.
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EXPERIMENTAL

Apparatus
All chromatographic data was collected on one

of two HPLC systems comprised of a SP8800
ternary HPLC pump (Spectra-Physics, San Jose,
CA, USA), a Rheodyne 7125 injector with a
20-JLl loop (Rheodyne, Cotati, CA, USA) and
either an Applied Biosystems 757 absorbance
detector or an Applied Biosystems WOOS diode
array detector (Applied Biosystems, Foster City,
CA, USA). Constant temperature (±0.3°C) was
maintained using a water or water-ethylene
glycol bath pumped through both a pre-column
and column glass jacket using a Model 9000
Isotemp Refrigerated Circulator Bath (Fisher
Scientific, Springfield, NJ, USA). The detector
output was recorded on an HP3394A integrator
(Hewlett-Packard, Avondale, PA, USA). All
experiments were conducted at 30°C unless
otherwise specified, at controlled flow-rates of
1.0, 1.5 or 2.0 ml/min, which were calibrated
regularly. The detection wavelength was ad­
justed to the absorbance maximum of each class
of solutes studied.

Replicate injections of all solutes were made
until the retention times were reproducible to
within ±1 % R.S.D. Solutes were dissolved in
methanol and diluted with methanol-water with
the exception of SRM 869 which was provided as
an acetonitrile solution that was diluted with
acetonitrile-water. Capacity factors were calcu­
lated using a to value obtained from either the
solvent disturbance at the beginning of the
chromatogram, or by injecting water.

Columns
Stationary phase derivatization materials

included dimethyloctadecylmonochlorosilane
(Huls America, Bristol, PA, USA), Novapak
spherical silica, 5 JLm diameter, 60-A pores, and
120 m2

/ g (a gift from Waters Chromatography
Division, Millipore, Milford, MA, USA), N,N­
dimethylaminopyridine (Nepera, Harriman, NY,
USA), and dichloromethane (Fisher Scientific).
Corroborative silica surface area analysis was
provided gratis by Union Carbide, the results of
which compared within 2% of the nominal
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values. The silica was derivatized according to
the procedure outlined by Sentell et al. [17]. The
only exception to this procedure was that the
reaction was refluxed with stirring for 24 h rather
than reacted under ultrasound. Two batches of
silica were derivatized, one with a two-fold
excess of silane (based on a 5 JLmol/m 2 esti­
mated surface silanol density) and one with an
80% charge of silane to produce phases of higher
and lower bonding density. Samples were sub­
mitted for C, Hand N analysis, and the bonding
densities were calculated to be 3.3 and 2.5 JLmol/
m2

, respectively. The derivatized silicas were
slurry packed into stainless-steel columns (25 em
and 15 cm length, respectively x 4.6 mm I.D.).

Reagents
Methanol and acetonitrile were of HPLC

grade from Fisher Scientific, and were used
without further purification. Water was distilled,
followed by purification with a Barnstead Nano­
pure system to produce 17.8-M!l or higher
resistivity. The n-alkanols, n-propanol, n­
butanol, n-pentanol, n-heptanol and n-octanol
were of reagent grade and were obtained from
Fisher Scientific. The n-hexanol (99%), estra­
diol-17a, estradiol-1713 and equilin were ob­
tained from Sigma Chemical (St. Louis, MO,
USA). Napthacene was obtained from Eastman
Kodak (Rochester, NY, USA), and benz[a]an­
thracene from K & K Laboratories (Plainview,
NY, USA). Benzo[c]phenanthrene was pur­
chased through the Alfred Bader Library of rare
chemicals, Aldrich (Milwaukee, WI, USA). Ben­
zo[a]pyrene (BaP), phenanthro[3 ,4-c]phenan­
threne (PhPh), and 1,2:3,4:5,6:7,8-tetraben­
zonaphthalene (TBN) were obtained as test
mixture SRM 869 as a gift from Dr. Lane
Sander, National Institute of Standards and
Technology (Gaithersburg, MD, USA).

RESULTS AND DISCUSSION

The solutes in SRM 869 were separated on
both the 2.5 and 3.3 JLmol/m 2 columns using the
recommended acetonitrile-water (85:15) mobile
phase with UV detection at 254 nm [7]. The
structures are shown in Fig. 1. The selectivity
between TBN and BaP can be used as a measure
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mobile phase. ACS-Grade sodium hydrogencar­
bonate, HPLC-grade methanol, and HPLC­
grade chloroform were obtained from Fisher
Scientific (Pittsburgh, PA, USA).

Chromatographic system
The HPLC consisted of a Hewlett-Packard

1090M system (Hewlett-Packard, Avondale, PA,
USA), equipped with a diode array UV-Vis
detector monitoring at a wavelength of 210 nm.
The analytical columns, Cyclobond I, I 3,5-dime­
thylphenyl carbamate (DMP), II and III were
obtained from ASTEC Scientific (Whippany, NJ,
USA). The majority of the work was performed
using 500 mm x 4.6 mm Cyclobond II (1'­
cyclodextrin) columns. Mixtures of methanol and
Milli-Q water were prepared weekly and de­
gassed by purging with helium. The flow-rate
was varied during this study, but unless other­
wise noted was set at 0.2 ml/min.

Preparation of rhenium complexes
Low-oxygen water (LOW) was prepared by

purging Milli-Q water with low-oxygen nitrogen
(LON). Ammonium perrhenate (169 mg),
ECD· 2HCI (25.0 mg), and sodium hydrogencar­
bonate (10.6 mg) were added to a 30-ml vial with
a crimp-seal top (the reaction vial). A 10-ml
volume of LOW was added to the reaction vial,
the vial was sealed and the contents dissolved
through sonication. The reaction vial solution
was then purged with LON for approximately 15
min via a syringe needle through the septum of
the crimp seal.

A sodium dithionite solution was prepared at a
concentration of 44 mg/ml in LOW. Immediately
after dissolution, 5.0 ml of the solution were
added to the 30-ml reaction vial. The contents of
the vial were then allowed to react for a mini­
mum of 3 h.

After the 3-h reaction time, the reaction vial
solution is dark yellow in color and contains a
dark precipitate. The contents of the reaction
vial were added to a separatory funnel and ex­
tracted three times with 5-ml aliquots of chloro­
form, each time collecting the chloroform layer.
The 15-ml extract solution was then taken to
dryness. At the time of analysis, the sample was
reconstituted with 10.0 ml methanol. A portion
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of this sample was then diluted with Milli-Q
water to match the mobile phase composition.

RESULTS AND DISCUSSION

It would appear that the separation of ECD
enantiomers was unlikely by the currently avail­
able separation modes without derivatization,
given the commonly held selection criteria. We
did attempt the direct use of a Pirkle type
column (covalent i.-Ieucine, Regis), a {3­
cyclodextrin column (Cyclobond I, Astec),
and ligand-exchange TLC plates (Chiralplate,
Macherey-Nagel) and obtained no separation of
the ECD enantiomers. Based on our knowledge
of ReECD chemistry, it was felt that a separa­
tion of the enantiomers as metal complexes via
formation of inclusion complexes with cyclodex­
trins was feasible. For successful separations
using cyclodextrins it is necessary that the mole­
cules contain a relatively rigid hydrophobic sec­
tion that fits tightly into the cyclodextrin cavity.
Interaction of analytes with the hydroxyls at the
rim of the cyclodextrin cone serves to further
orient the molecules within the cyclodextrin
cavity. The Re complex of ECD is easily formed,
is stable and is less susceptible to oxidation than
free ECD. The rigidity added to ECD by form­
ing the Re complex seemed a likely substitute for
the presence of an aromatic ring. The Re oxo
group also provides an additional point of inter­
action.

The preparation of ReECD, described earlier,
is performed at room temperature to minimize
possible racemization. Furthermore, the choice
of a non-chiral derivatization precludes the prob­
lems inherent in chiral derivations used to
produce diastereomers [2]. Typical yields from
the reaction were approximately 60% (at 3 h)
and the complex was stable for at least several
weeks, even after dissolution in mobile phase.

Cyclodextrin columns are available in a, {3 and
l' forms which have cones composed of 6, 7 and
8 glycopyranose units, respectively. Thus differ­
ent cone diameters (approximately 7, 8 and 10
A, respectively) are available for optimizing the
fit between analyte and cyclodextrin. It is not
necessary for the entire molecule to fit inside the
cavity. A screening study was performed using a
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where the subscript m denotes the concentration
in the mobile phase. Armstrong et al. [4] de­
termined the relationship between the capacity
factor of the probe and equilibrium concentra­
tion of I3-CD in a water-primary organic
modifier mobile phase to be as follows:

Determination of the stoichiometry of the
I3-CD-pyrene complex in the presence of
secondary modifiers

Consider the reaction between pyrene (P) and
I3-CD

P + n(I3-CD)m ~ [(I3-CD)n-P]m (1)

where k' is the capacity factor of the probe; k~ is
the capacity factor of the probe in the absence of
I3-CD; K, is the formation constant for the
I3-CD-probe complex, and [13-CD]m is the
equilibrium concentration of I3-CD. Assuming a
correct stoichiometry between I3-CD and the
guest, a plot of 11k' versus [13-CD]: would be

more likely that the non-polar and bulky tert.­
butyl group is included, with the carbonyl and
amino groups protruding out into relatively
aqueous microenvironment. The hydrogen bond­
ing interactions are expected to be stronger for
tert.-butyl carbamate (IV) compared to tert.­
butyl acetate (III) due to the presence of the
amino group in former, which may explain the
enhanced reduction of pyrene retention times
that occur upon its addition.

Fig. 1 also depicts the effect of changing both
the chain size as well as the polarity of the
functional group attached to the tert.-butyl moie­
ty of the secondary modifier upon the retention
times of the I3-CD-pyrene complex. Addition of
another amino group to tert.-butyl carbamate
(IV) produces no significant change, as can be
seen in the data obtained in the presence of
tert.-butyl carbazate (V). When compared to
tert.-butanol, however, the effect of tert.-butyl
carbazate is very pronounced. Retention times of
free pyrene undergo a significant decrease in the
presence of N (tert.-butoxycarbonyl)glycine
(VI), in which the second amino group of V is
replaced by a hydroxyl group.

(2)11k' = 11k' + K [Q_CD]n lk;o ft-' m 0

butyl formate (II) with a methyl group may be
seen in the tert.-butyl acetate (III) data in Fig.
la. In this case, the co-modifier has no observ­
able effect upon the retention time of free
pyrene.

The retention times of the I3-CD-pyrene com­
plex, however, are significantly reduced in the
presence of tert.-butyl acetate (III) compared to
tert.-butyl alcohol (I). This suggests that the
ester is involved in the formation of the inclusion
complex in a way such that the pyrene molecule
is further protected from interaction with the C I 8

mobile phase. This may be due to hydrogen
bond formation between the carbonyl group of
the co-modifier and the hydroxyl groups lining
the periphery of the cyclodextrin.

Further evidence of the formation of hydrogen
bonds can be seen when the methyl group on
tert.-butyl acetate (III) is replaced by an amino
group in tert.-butyl carbamate (IV). Fig. la
shows that the addition of tert.-butyl carbamate
as a secondary modifier to a methanol-water
solvent results in a dramatic decrease in the
capacity factors of the I3-CD-pyrene complex.
This suggests that the interaction of IV with the
inclusion complex is stronger than that of III,
which indicates that the amino group is either
directly or indirectly involved in complex forma­
tion. Aqueous phase spectroscopic studies of the
ternary I3-CD-pyrene-amine species have re­
vealed the formation of charge transfer complex­
es between the amine and pyrene, which would
involve the nitrogen being in close proximity to
the pyrene molecule [29,30]. Several of these
investigations, however, assumed a 1:1 associa­
tion ratio for the I3-CD-pyrene complex. This
stoichiometry would allow less water to be ex­
cluded from the cavity, causing it to be more
polar, thereby making it more likely for the
polar amino group to penetrate the cavity and
interact with the pyrene. Recent studies in our
laboratory have determined, however, that the
stoichiometry between I3-CD and pyrene is 2:1
(2 cyclodextrin molecules encapsulating 1 pyrene
molecule) [25,28]. This configuration results in a
larger amount of water being displaced from the
cavity, making the cavity more hydrophobic.
Taking into consideration the space and polarity
restrictions of the cyclodextrin cavity, it seems
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Fig. 9. HPLC of mycotoxin standard solution demonstrating
the separation of (a) 100 ng absolute amount per 20 fLl
injection volume of zearalenone (Z) and 0.1 ng of ochratoxin
A (0) and (b) 0.4 ng of zearalenone (Z) and 100 ng of
ochratoxin A (0) on a Merck LiChrospher 60, RP Select-B,
5 fLm, 125 x 4 mm J.D. column. Mobile phase: methanol­
water (45:55), pH 2.5 (12 mM phosphoric acid), containing
0.2 mM l3-cyciodextrin. Fluorescence detection: Aex = 315 nm
and Aem = 465 nm.

techniques rely totally on a perfect and selective
preseparation of zearalenone and ochratoxin A
in the course of sample clean-up and pretreat­
ment prior to the final HPLC analysis. Even
when the separation of both toxins seems to be
possible, as reported for an Econosphere CIS'
5 J,Lm, 150 x 4.6 mm I.D. analytical column
(Alltech) [28], the use of I3-CD as a mobile
phase additive can improve the ruggedness of the
RP-HPLC system, allowing also the use of all
conventional RP-CIS analytical columns.

CONCLUSIONS

Using the above-described HPLC system and
sample work-up procedure, we were able to
reach detection limits of 400 pg absolute amount
per 20-J,LI injection volume of zearalenone and 50
pg per 20 J,LI of ochratoxin A (Aex = 315 nm and
Aem = 465 nm), resulting in limits of determina­
tion of 5 ppb of zearalenone and 0.5 ppb of
ochratoxin A in naturally contaminated maize.
Mycotoxin detection could be improved by the
use of a detector allowing time-programmed

7065604035 45 50 55

% methanol

Fig. 8. Influence of methanol content of mobile phase on
separation of (0) zearalenone and (0) ochratoxin A using a
constant amount of l3-cyciodextrin as mobile phase additive.
Analytical column: RP-8 Select-B, 5 fLm, thermostated at
60°C in a water-bath. Mobile phase: methanol-water, pH =
2-3 (12 mM phosphoric acid).

the methanol content was directly related to an
increase in resolution. A Shiseido Capcell PAK
CIS analytical column (polymer-coated RP ma­
terial) gave similar results to conventional RP
columns (LiChrospher 100, RP-18 or LiChro­
spher 60, RP-8 Select B).

A mobile phase composition of methanol­
water (45:55) proved to be the best compromise
of a good resolution of zearalenone and ochra­
toxin A and a short analysis time. The resulting
separation factor (a) of 1.2 was sufficient for the
simultaneous detection of zearalenone and och­
ratoxin A even when there was a large difference
in concentration [Fig. 9: (a) 0.4 ng absolute
amount per injection of zearalenone and 100 ng
of ochratoxin; (b) 0.1 ng of ochratoxin and 100
ng of zearalenone]. This improvement gives rise
to a marked increase in confidence in terms of
determining especially zearalenone in addition to
ochratoxin A, particularly because the fluores­
cence signal of zearalenone is 5-10 times lower
than that of ochratoxin A.

In addition, a slight increase of 15% in the
fluorescence sensitivity of ochratoxin A was
observed with the use of l3-cyclodextrin accord­
ing to a higher UV absorption in the range
310-350 nm. Without I3-CD in the mobile phase,
all the RP-HPLC systems tested were not able to
resolve these two mycotoxins and therefore all
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radioactivity in 10-hydroxygeraniol was deter­
mined as in the GlOH assay described above.

Determination of NADPH:cytochrome c
(P-450) reductase activity

The assay for NADPH:cytochrome c (P-450)
reductase was modified from Madyastha et al.
[15]. The incubation mixture (total volume 1.0
ml) consisted of 20 JLI of enzyme solution and 50
nmol of cytochrome c (type III, from horse
heart), 0.15 JLmol of NADPH, 0.5 JLmol of
KCN, 5 nmol of flavin mononucleotide and 5
nmol of flavin-adenine dinucleotide (FAD) in
buffer containing 0.5 M Tris-HCI buffer (pH
7.5). The reactions were started by the addition
of enzyme and the reduction of cytochrome c
was monitored for 3-4 min at 550 nm (s = 21 I
mmol " cm") and at 20°e.

Determination of trans-cinnamate 4-hydroxylase
activity

trans-Cinnamate 4-hydroxylase activity was
assayed by an HPLC method according to Dr.
M. Petersen (University of Diisseldorf, Ger­
many; personal communication). The incubation
mixture (total volume 500 JLl) consisted of 0.5
JLmol of trans-cinnamate in 20 JLI of 50%
ethanol, 0.5 JLmol of NADPH and the enzyme
preparation (50-200 JLg of protein for 1000­
20000 g membrane fractions) in 0.1 M Tris-HCI
buffer (pH 7.5) containing 20 mM DTT. After
incubation for 30 min at 30°C, the reaction was
stopped by the addition of 100 JLI of 6 M HCI
and the mixture was extracted twice with 1 ml of
ethyl acetate. The organic phase was dried under
a stream of nitrogen and the residue was dis­
solved in 150 JLI of methanol-water (50:50, v/v),
containing 100 JLI of H 3P04 (85%) per litre.
HPLC was carried out at room temperature on a
250 x 4.6 mm J.D. Hypersil ODS column (par­
ticle size 5 JLm) at a flow-rate of 1.5 mllmin. The
analytical column was used in combination with
a 20 mm x 2 mm J.D. pre column (Upchurch)
hand-packed with Perisorb RP-8 (Merck) with a
particle size of 30-40 JLm. The mobile phase
consisted of methanol-water containing 100 JLI
of H 3P04 (85%) per litre and elution was with a
linear gradient from 40 to 60% (vIv) methanol in
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10 min, followed by 60% methanol for 3 min.
The injection volume was 20 JLI and detection
was at 309 nm.

trans-Cinnamate 4-hydroxylase activity was
reconstituted in an analogous manner to the
method described for G lOH. Incubation times
up to 4 h were used in reconstitution experi­
ments.

Gel electrophoresis, isoelectric focusing and
N-terminal protein sequence analysis

Gel electrophoresis and isoelectric focusing
were performed with a PhastSystem (Pharmacia
LKB Biotechnology). Sodium dodecyl sulphate­
polyacrylamide gel electrophoresis (SDS-PAGE)
was carried out in PhastGel gradient medium
10-15 or PhastGel homogeneous medium 12.5.
Protein staining was done according to the in­
structions for the PhastGel silver kit. Isoelectric
focusing was with PhastGel IEF 3-9. N-Terminal
sequence analysis by Edman degradation of
protein electroblotted onto a polyvinylidene
fluoride membrane was performed by Euro­
sequence (Groningen, Netherlands).

Alkaloid analysis
A 50-mg portion of freeze-dried cell material,

50 JLI of internal standard (1.0 gil dihydroqui­
nine), 1 ml of buffer (pH 10) consisting of 62.5
mM glycine, 62.5 mM NaCl and 0.0375 M
NaOH, 57.5 JLI of 1 M NaOH and 5 ml of
CH 2CI2 were mixed thoroughly for 1 min on a
vortex apparatus. After centrifugation, the or­
ganic phase was evaporated under vacuum. The
residue was dissolved in 0.5 ml of eluent consist­
ing of 50 mM sodium phosphate (pH 3.9)-aceto­
nitrile-2-methoxyethanol (80:15:5, v/v/v) and
100 JLI were injected on to a 300 mm x 3.9 mm
J.D. JLBondapak Phenyl (Waters, Milford, MA,
USA) column [26]. The flow-rate was 2 mllmin
and a Waters 990 photodiode-array detector was
used.

Protein determination
Protein was determined according to Peterson

[27] with bovine serum albumin as a standard.
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ABSTRACT

Derivatization of amino acids by using ethyl chloroform ate-ethanol-pyridine provides volatile products, N-ethoxycarbonyl
amino acid ethyl esters (ECEEs), which are easily amenable to GC or GC-MS analysis. MS behavior of these compounds under
electron-impact has been studied. The fragments observed in the spectra facilitate recognition of commonly occurring protein
amino acids and characterization of unknown analogues.

INTRODUCTION

Analysis of protein hydrolysates for the usual
amino acids by GC is now routine (for review
articles, see refs. 1-3). The foundation for the
most commonly used method was laid' by Gehrke
et at. [4], who developed the procedure for quan­
titative derivatization to provide N(O,S)­
trifluoroacetyl (TFA) amino acid n-butyl esters
(TAB amino acids). Other variants include some
closely related derivatives of analogous per­
fluoroacyl alkyl esters [1,2].

Procedures for preparation of TAB and re­
lated derivatives require two reactions. Although
much progress has been made in this respect, a
procedure suitable for the quantitative and re­
producible derivatization of all protein amino
acids in a single reaction remains to be de-

* Corresponding author.

veloped. A modified procedure using a mixture
of pentafluoropropionic anhydride (PFPA) and
hexafluoroisopropanol (HFIP) was introduced to
provide N-PFPA amino acid HFIP esters in one
step [5,6]. Because these derivatives, contrary to
what may be expected, do not form stable anions
for all amino acids, their application was mainly
restricted to the analysis of certain aromatic
amino acids in body fluids. A number of new
derivatization methods have been reported in the
past decade. These methods include silylation,
especially tert.-butyldimethylsilylation (TBDMS)
[7], an improved procedure superseding the pre­
viously employed trimethylsilylation, and the
formation of cyclic oxazolidinone derivatives by
condensation with 1,3-dichlorotetrafluoroacetone
followed by treatment with pentafluoropropionic
anhydride [8]. The TBDMS method shows
promise in the analysis of protein amino acids,
including asparagine, glutamine, and arginine;
however, the interpretation of the mass spectra
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hand, when binary eluents are used, it is con­
venient to give the parameters of the retention
vs. modifier concentration plots from which the
RF values can be calculated. For normal-phase
systems the equation that follows from the
Snyder-Soczewinski competitive adsorption
model [12] is most frequently used:

If the retention vs. eluent composition relation­
ship cannot be described by equations following
from the model, a polynomial of a suitable
degree can be used (usually a quadratic equation
is sufficient) [13]:

log k(i,j) = A(o) + A(I) log C(i) + A(2)[log cd2

(2)

distance travelled in the first step. For h = 1 we
have

We carry out the next step according to the
programme adopted. The development distance
is now equal to Z(2)' We can have two cases: (a)
the distance in the second step is greater than
that in the first step (the usual case) or (b) it is
smaller [Z(2) < Z(I)]'

(a) For the first case, Z(2»Z(I)' As after the
first development the solutes have various posi­
tions (distance from the start), then the elution
volume in the second step is different for each
solute, depending on the distance travelled in the
first step. Therefore,

(5)
h=1

S(h,j) = ~ Y(i,j) = Y(1,j)
i=1

(1)log k(i,j) = log kO(j) - mU ) log C(i)

After development, the chromatogram is dried
so that the spots retain their positions attained
after elution. Therefore, we can write that the
sum of the paths of a given solute is equal to the

In simulation procedures, the RF values are
introduced into the programme or are calculated
by suitable subprogrammes.

When planning a multiple development pro­
gramme, we introduce the number of cycles and
steps. Then the development distances for the
consecutive steps are to be given and then the
eluent compositions used in the consecutive
cycles and steps are also to be given. For the
programme thus planned, the subprogramme is
chosen which calculates the RF values of solutes
in the consecutive steps. Let us consider the
process of multiple development for a single
n-step cycle. The migration of the solutes is
given by the following equations.

For the first step for which the development
distance is Z(I)' the elution volume for all solutes
is the same and is equal to Ve,(i,j)' This follows
from the fact that all solutes are applied on the
starting line at an equal distance from the lower
edge of the adsorbent layer. The migration
distances (from the start line) of solutes are

For these solutes the total migration distance
after the second step is the same as that after the
first step. On the other hand, for solutes for

(6)

(7)

(8)

S(1,j) > Z(2) (10)

then

V e,(2,j) = 0; Y(2,j) = 0 (11)

and

S(2,j) = S(I,j) (12)

Introducing eqns. 6, 7 and 5 into eqn. 8, we
obtain an equation for the sum of migration
paths after two developments:

S(2,j) = S(I,j) + [Z(2) - s(1,j)]RF(2;j) (9)

(b) In the second case [Z(2) <Z(I)]' only those
solutes are taken into account for which the sum
of total paths is smaller than the development
distance Z(2) for the second step. For solutes
which remain at their positions in the second
step, we can write the following: if

h=2

S(h,j) = ~ Y (i,j)
i~1

Ve,(2,j) = Z(2) - S(I,j)

The migration path in the second step is

Y(2.j) = ve, (2, j)R F ( 2, j)

and the total path after two steps is

(4)

(3)
1

RF(i,j) = 1 + k ..
(',J)
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If the hydronium concentration is once again
expressed as a multiple of the acid dissociation
constant value as in eqn. 37 (i.e. pH = pKH-log
n), eqn. 43 becomes:

(45)

Again, these considerations explain the sur­
prising, non-intuitive, but valid observation that
in certain CE separations of chiral weak acids,
chiral selectivity increases with decreasing pH.
However, chiral selectivities are generally lower
than those seen for Type I acids, because unlike
in eqn. 39, the selective complexation terms
(KRCO-[CD] and Ksco-[CD]) are now multiplied
by the mobility ratios (JL~co-/JL~ and
JL~co-/JL~), which are generally around 0.1 or
lower due to the larger size of the cyclodextrin­
complexed enantiomer. This decreases the effect
of the selective complexation terms with respect
to 1 both in the numerator and the denominator.
Optimization of the separation is still simple: the
pH of the background electrolyte must be de­
creased until the selectivity becomes sufficiently
high so that the desired peak resolution is
realized with the available separation efficiency.

However, in the case of Type II acids, there is
another alternative that could lead to chiral
resolution, namely one could suppress the pH
dependent part of second term in eqn. 41. This
would occur when

o
JLRCO-

1 + --0- KRCO-[CD]
A JL-

R/S = 0
JLsco-

1 +--0- Ksco-[CD]
JL-

(43)

(42);?; 100(1 + Ksco-[CD])

or

Note that the R enantiomer related values are in
the numerator in the first term and in the
denominator in the second term of eqn. 41.
Therefore, A R / S < 1, A R / S = 1, and A R / S > 1 are
possible depending on the relative values of the
equilibrium constants and the ionic mobilities, as
well as the hydronium and the cyclodextrin
concentrations. This also means that the migra­
tion order of the enantiomers can be reversed by
varying the concentrations of the CD and the
hydronium ion.

For Type II enantiomers chiral selectivity can
be maximized by forcing the entire second term
in eqn. 41 to assume a value of unity. This can
be achieved by increasing the value of the non­
selective complexation term relative to the selec­
tive complexation term by increasing the concen­
tration of the hydronium ion, i.e.:

Except for the different subscripts, this relation
is formally analogous to the one in eqn. 38. By
taking once again [CD] = 15 mM, the highest pH
values that lead to maximized chiral selectivities
for Type II acids can be calculated from eqn. 44.
A few representative KHACO' Ksco- and pH
combinations are listed in Table I. Once again,
the minimum KHACO requirement shown in rows
1 and 2 of the last column of Table I is easily
fulfilled for Type II chiral acids (see below)
resulting in a reasonably simple expression for
chiral selectivity:

(48)

100 - n 100
KHACO;?; n[CD] +n Ksco- (44)

that is, when

100[H30 +] - K H 100[H30 +]
Ksco - ;?; KH[CD] + KH KHACO

(47)

Using the same [H30 +] = nKH approach as be­
fore, eqn. 47 becomes:

lOOn -1
Ksco - ;?; [CD] + 100nKHAco

By taking [CD] = 15 mM, the lowest pH values
that also lead to alternative maximized chiral
selectivities, albeit possibly at altered migration
orders, can be calculated from eqn. 48. A few
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