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Computer-Assisted Method Development for
High-Performance Liquid Chromatography
edited by J.L. Glajchand L.R. Snyder
(Spin-offfrom the Journal ofChromatography Vol. 485 plus an additional chapter, index and glossary)

This book deals with the use of the computer as an
aid in selecting adequate or optimum conditions for a
given analytical separation. Originally published as
Volume 485 of the Journal of Chromatography, it has
now been reprinted in book form, since the
information is so useful that many chromatographers
want a copy readily available in the lab.
An extensive Introduction is added to the book
edition. This surveys the field and refers to the pages
where particular items are discussed in the book. The
addition of a Glossary of Terms, an Author Index and
a Subject Index make this book an invaluable source
of easily consulted information for the practising
chromatographer.

. For the purpose of this book, computer-assisted
method development will be limited to specific
procedures whIch are intended to be used with a
computer - rather than their manually applied
precursors. In that sense, the subject can be
considered to have begun around 1980.
The ongoing, intense research activity into various
forms of computer assisted HPLC method
development provides the assurance that this
approach can really assist the practical
chromatographer working in an industrial
laboratory.

Contents. Introduction Chapter: Computer-assisted method
development for HPLC (JL Gu.jch & L.R. Snyder). Foreword
(GL Gu.jch & L.R. Snyder). Simplex optimization of HPLC
separations (J.e. Berridge). Computer-assisted optimization in
HPLC method development (S.N. Deming et aI.). Selection of
mobile phase parameters and their optimization in
reversed-phase LC (/-l.A.!-!. Billiet & L. de Gau.n). Method
development in HPLC using retention mapping and
experimental design techniques (JL Gu.jch & J.J. Kirku.nd).
I~rati~ elution (L.R. Snyder et at.). Drylab computer
simulatIOn for HPLC method development. I. (socratic
elution (L.R. Snyderet aU II. Gradient elution (J. W.
Dou.n et at.). Predictive calculation methods for optimization
of gradient elution using binary and ternary solvent
gradients (P Jandera). Computer-assisted retention prediction
for HPLC in the ion-cxchange mode (Y. Baba). Multivariate
calibration strategy for reversed-phase chromatographic
systems based on the characterization of stationary-mobile
phase combinations with markers (AK Smilde et al.).
Computer-aided optimization of HPLC in the
pharmaceutical industry (E.P. Lankmayr et al.). Comparison of
optimization methods in reversed-phase HPLC using
mixture designs and multi-<:riteria decision making
(P.M.J. Coenegracht et aI.) . Explanations and advice provided
by an expert system for system optimization in HPLC
(Pf. Schoenmakers & N. Dunand). Expert system for the
selection of HPLC methods forthe analysis of drugs (M. De
Smet et al.). Expert system for the selection of initial HPLC
cond~tion.s for the analysis of pharmaceuticals
(R. Hmdrzks et al.). Expert system program for assistance in
HPLC method development (5.5. Williams et al.). Expert
system for method vafidation in chromatography
(M. Mulholu.nd et at.). Knowledge-based expert system for

troubleshootingHPLC assay methods (K. Tsuji &
K.M. Jenkins). Uniform shell designs for optimization in
reversed-phase LC (Y. Hu & DL Massart). Retention
prediction of analytes in reversed-phase HPLC based on
molecular structure (R.M. Smith & e.M. Burr). Cathie: expert
interpretation of chromatographic data (R Milne). Prediction
of retention of metabolites in HPLC by an expert system
approach (K. ValkO et at.). Reversed-phase chromatographic
method development for peptide separations using the
computer simulation program ProDigest-LC
(e.T. Mant et al.). Rule-based approach for the determination
of solute types in unknown sample mixtures as a first step of
optimization parameter selection in reversed-phase ion-pair
chromatography (A. Bartha & G. Vigh). Rationalization of the
selection of the type of the organic modifier(s) for selectivity
optimization in reversed-phase ion-pair chromatography
(A. Bartha et al.). Predicting reversed-phase gradient elution
separations by computer simulation (J. Schmidt).
Computer-assisted optimization with NEMROD software
(G. Mazerolles et al.). Multi-dimensional interpolation by the
moving least squares approach for modelling of
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Microcomputer-assisted LC separation system (MCASYST)'
for method development and data handling (K. Jinno et al.).
Objective functions in experimental and simulated
chromatographic optimization (R. Ceu. et al.). Optimization
strategies for solutes exhibiting peak tailing (5. Sekulic &
P.R. Haddad). Computer-assistCd selection of the optimum
gradient programme in TLC (w. Markowski). Prediction of
retention times in ion-cxchangechromatography
(T. Sasagawa et al.). Solvent modulation in LC: optimization
strategies (J.H. Wahl & v.L. McGuffin). Recent advances in
fuzzy peak tracking in HPLC (E.P. Lankmayr et al.). Peak
tracking in HPLC based on normalized band ar~s. A
ribosomal protein sample as an example (T. Molnaret aI.).
Development of a HPLC method for fluroxypyr herbicide
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ABSTRACT

A conformational change of lysozyme and myoglobin can be visualized with transition curves in a
high-performance liquid chromatographic (HPLC) system using a diode-array detector and UY difference
spectrometry. Transition temperatures calculated from the curves are affected by the mobile phase compo
sition and the column packing material. Flow-rates as used in HPLC do not have a measurable influence.

INTRODUCTION

New and improved stationary phases for protein separations by high-perform
ance liquid chromatography (HPLC) are constantly being announced. Accompany
ing such product improvements are analytical techniques developed to characterize
these materials, such as solid-state NMR, diffuse reflectance infrared Fourier trans
form spectrometry (DRIFT) and thermogravimetric analysis (TGA),

In certain instances, protein separation by HPLC requires conditions that
maintain the tertiary structure of a protein, e.g., in the final stage of a preparative
purification. Stationary phases used for this non-denaturing chromatography are
often described as "hydrophilic" and should have a very mild interaction with the
particular protein. Retention time or retention volume is often taken as a measure of
the amount of interaction with the stationary phase. Strongly retained proteins will
probably suffer more from denaturation than unretained proteins. Inertness is then
regarded as being synonymous with unretained elution. .

To synthesize and compare "mild" stationary phases, however, a technique is
required that measures a conformational change of a protein in a standardized and
reproducible way. There have been a number of papers on the measurement of proc
tein conformational changes in HPLC columns [1-6]. Surface intrinsic fluorescence in
a spectroscopic flow cell enabled the study of the surface dynamics of a protein in
contact with an adsorbent [3]. Rapid conformational interconversions on a chroma
tographic detection time scale could be demonstrated with diode-array and low-angle

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.
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laser light scattering detection [2]. Here a method is presented that makes use of a
transition curve of an eluted protein as measured by UV difference spectrometry.
Related approaches have appeared recently [7-9].

With a stepwise increase in temperature, the fraction of denatured protein will
at one point increase rapidly. This fraction, when plotted against temperature, pro
duces a transition curve from which a transition temperature or transition point can
be determined at 50% denaturation. Transition temperatures are a measure of the
stability of proteins and depend on the nature of the protein and the solvent composi
tion. A worsening of the solvent composition shifts the transition curve and lowers
the transition point (Fig. 1).

Transition curves can be recorded with several techniques that measure a pro
tein conformational change, e.g., enzymatic activity [10], circular dichromism [1],
viscosity [11], light scattering [12] and UV difference spectrometry [13-16]. In the last
method, spectra of a protein under different conditions are subtracted, e.g., at two
different temperatures or t\;Vo concentrations of a solvent modifier.

Spectral differences or shifts are generated by chromophoric moieties, amino
acid side-chains, that turn outwards and form complexes with solvent molecules
[17-18]. By recording transition curves with different techniques, it can be established
that this UV difference indeed represents a conformational change. With lysozyme,
comparisons were made with viscosity, optical rotation and light scattering mea
surements [11,12].

The lysozyme transition is clearly defined with no intermediate states. It is
reversible and probably not a complete denaturation to a random coil but a partial
opening of the tertiary structure [14,19]. With myoglobin intermediate states are
sometimes observed, illustrating that with a transition curve one can "see" a confor
mation change more directly than, for instance, with a single enzymatic activity assay.

The curves have been used in the past to elucidate protein structures by study-
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Fig. 1. Shift of transition curve with a change of solvent composition.
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ing the influence of intramolecular ionic and hydrophobic bonding [IS]. Here they are
used to study the interaction of standard proteins with stationary phases in HPLC
columns and to develop a method to determine the quality of silica coatings.

EXPERIMENTAL

A silica support (Hypersil WP 300, 10 flm) was obtained from Shandon (Run
corn, U.K.). Lysozyme and myoglobin were purchased from Sigma (St. Louis, MO,
U.S.A.). All other chemicals were of analytical-reagent grade.

Equipment
HPLC was performed with a constant-flow pump (Spectroflow 400; Kratos,

Ramsey, NJ, U.S.A.) and an injection valve (Model 7010; Rheodyne, Berkeley, CA,
U.S.A.) with a 50-fll sample loop and a stainless-steel column (150 x 2 mm 1.0.). The
column was thermostated with a Haake thermostat (Berlin, F.R.G.) (Type F4391),
plus a water-jacket. Temperatures were measured with a electronic thermometer
(Amadigit ad 15th; Amarell Electronic, Kreuzwertheim, F.R.G.) with a probe in the
water-jacket. The detector was a Hewlett-Packard (Waldbronn, F.R.G.) diode-array
detector (Model 1040A) operated with a Hewlett-Packard (Corvallis, OR, U.S.A.)
computer (Model HP-85B) and Hewlett-Packard (Guadalajara, Mexico) disk drives
(Model HP-9121).

Procedure
To monitor the conformational change of lysozyme by difference spectrometry

a wavelength has to be selected. A value often mentioned in the literature is 292 nm
[14,16]. In order to be able to check the total concentration of eluted lysozyme in the
peak maximum, the absorbance at 297 nm, an isosbestic point in the difference spec
trum, was also recorded. Moreover, an additional measurement was done at 302 nm
as a check on the internal consistency of the result. The conformational change in
myoglobin is relatively easily measured at 410 nm, because a distinct maximum at
that wavelength disappears on denaturation [13]. A check on total concentration was
done at 280 nm, where a maximum occurs that is not affected by denaturation.

The mobile phase composition used during the procedure should not interfere
with the difference spectrometry and must completely elute the native protein at room
temperature.

The procedure starts with a column thermostated at 20°C. The protein sample
is injected and the signals are recorded. After elution of the sample the temperature is
raised in about 30 steps to 80-90°C. At each predetermined temperature a protein
sample is injected and the signals are recorded.

After these measurements the data have to be retrieved and a transition plot
calculated. The EVALUATE program from the DAD 1040 supplies signal values in
the peak maximum. To determine the UV difference, the 200C absorbance value,
where all the protein is in its native state, has to be subtracted from the values at other
temperatures, e.g., A292 (TOC) - A292(20°C). However, in this flow system the ob
served changes in the absorbance values are also due to small variations in the total
concentration of the protein in the peak maximum. The absorbance values can be
corrected for these variations by normalizing them with the absorbance of the refer-
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ence wavelength. This reference wavelength is not affected by the denaturation of the
protein and is thus a measure of the amount of protein. With the value of the refer
ence wavelength at 20oe, A R (200C), all other temperature values, A(T'C), are recalcu
lated, using

The UV difference is then determined by subtracting the 20 0 e value. The figures
obtained in this way are equivalent to the Lle values used by others [14,20]. They can
be plotted against the corresponding temperatures (Figs. 2 and 3). A transition is
usually apparent. By identifying the observed asymptotes, with native protein (LleN)
and complete denaturation (LleD) respectively, the vertical axis can be converted into a
percentage denaturation scale. The fraction of protein in the denatured form is then
calculated using

where Lle is the UV difference at a particular temperature [11].
With lysozyme, the observed asymptotes have a slope, probably due to a tem

perature dependence of the spectra. The percentage denaturation can be determined
by performing an axis transformation. One axis is drawn parallel to the slope of the
asymptotes and the other perpendicular to it. The distance between the two asymp
totes in this new axis system is then used to determine the fraction of denatured
protein (see Fig. 3), and related to the corresponding temperature. More often two
values, LleN and LleD' are chosen visually, symmetrically around the transition (Figs. 4
and 5).

It should be noted that the procedure described so far gives information on the
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Fig. 2. UV difference of myoglobin plotted against temperature. Calculation as described in the text.
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extent of denaturation of the eluted protein. In some instances, however, the protein
recovery is drastically reduced at higher temperatures of the transition curve. The
mobile phase allows complete'elution of the native protein at room temperature. If
the temperature is raised and part of the protein denatures, elution need no longer be
complete as moieties from inside the protein become exposed. A particular mobile
phase may still be desirable in order to study the interaction with a given hydrophilic
support. Therefore, a second correction is sometimes necessary with peak-height or
peak-area data. The fraction of eluted native protein as calculated from the LIe plot is
multiplied by the fraction of protein recovery to give a more accurate figure ofj~, the
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Fig. 4. Fraction denaturation of myoglobin. Calculation as described in the text.
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fraction of native protein;j~ is then 1-j~. For most transition temperature determi
nations, applying this extra correction resulted in insignificant shifts that lay within
the experimental error of I-2°C. Only in the construction of Fig. II was a meaningful
correction found to be necessary, because a drastic reduction in protein recovery
occurred. With further optimization of the procedure and an experimental error
below 1°C, peak-area data will have to be used as a standard procedure.

The determination of the transition point is done with a linear regression plot of
log K against liT. Here K is the equilibrium constant, assuming an equilibrium be
tween the native and the denatured form of the protein. K is calculated with fd/(l 
fd) and log K = 0 corresponds to the transition point. A transition slope or steepness
is determined from the same plot using four or five values around the transition point.

RESULTS AND DISCUSSION

Mobile phase
First the influence of the mobile phase on the transition temperature of lyso

zyme and myoglobin is considered. Similar batchwise measurements have been done
in the past; here they demonstrate the feasibility in an HPLC situation. The protein is
injected in an empty stainless-steel column, using standard equipment.

Transition points for lysozyme are determined in several percentages of metha
nol and n-propanol (Fig. 6). Too high concentrations of organic modifier cause irreg
ular transition curves, so for propanol transition points could only be measured up to
30% organic solvent. A clear relationship is apparent. The transition temperatures
decrease with increasing amount of organic modifier. This decrease is greater with
n-propanol and points at an effect caused by the apolar chain of the molecule. This
apolar chain probably interferes with hydrophobic bonds within the protein molecule
[10,16]. The transition points also decrease with decreasing pH (Fig. 7), which is
probably due to protonation of the protein and electrostatic repulsion between parts
of the macromolecule [10,11].
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It is interesting to note that the transition points of lysozyme do not decrease
below 2D-25°C. Attempts to decrease the transition temperature at 70% methanol by
increasing the acidity were unsuccesful (Table I). An explanation must probably be
sought in a stabilizing effect of the lower temperature, making the protein less vul
nerable to other environmental influences. Thus it appears that lysozyme is an ex
tremely stable protein that has to be used under very harsh conditions to create an
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TABLE I

EFFECT OF ACIDITY ON THE TRANSITION POINT OF LYSOZYME IN 70% METHANOL AS
DETERMINED IN AN EMPTY COLUMN

Mobile phase, 70% methanol-30% HCl + 0.02 M NaCI. Flow-rate, 1 ml/min. Lysozyme concentration, I
mg/ml.

HCI concentration (M) Transition point CCJ

0.005 30
0.05 27
0.5 29

artificial test situation. The consequences of this phenomenon for the reliability of the
transition temperature for the characterization of packing materials should be a mat
ter of concern when developing a quantitative technique. As the transition temper
atures will be part of a stationary phase classification, insight into the range of appli
cability is important. A method to compare stationary phases with respect to
denaturing effects can probably not be achieved with a single protein as a probe.

For myoglobin similar relationships with pH and organic modifier can be
found (Figs. 8-10). A considerable transition point depression is seen to occur under
relatively mild mobile phase conditions, i.e., a pH value not differing much from the
physiological range.

The preceding measurements demonstrate the applicability of the technique in
a standard HPLC flow system.

Residence time
Retention times in a packed column will be influenced by the mobile phase
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methanol; 2 = ethanol; 3 = n-propanol. Flow-rate, 1 ml/min.
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composItion. It is therefore necessary to know the effect of residence in the flow
system on transition points (Table II). For both lysozyme and myoglobin there ap
pears to be an interval in which the residence time has little effect on the transition
temperature, compared with the experimental error of 1-2°e. At a very short resi
dence time in the column the transition point of lysozyme increases, probably because
there is not enough time to heat the mobile phase. For myoglobin a residence from 0.5
to almost 7 min has hardly any effect on the transition point.
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Fig. 10. Multi-transition plot of myoglobin at several pH values: 0 = 3.75; 6 = 4.00; 0 = 4.25; • =
4.50. Conditions as in Fig. 9.
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TABLE II

EFFECT OF RESIDENCE TIME IN AN EMPTY COLUMN ON TRANSITION TEMPERATURE

Residence time varied with flow-rate. Mobile phase: LYS, methanol-0.005 M HC! + NaCl as specified in
the second column; MYO, 0.01 M phosphate-eitrate buffer (pH 4.0). Lysozyme concentration, 1-10
mg/ml; myoglobin concentration, 2 mg/mJ.

Protein

LYS

LYS

LYS

MYO

Mobile phase

10:90 + 0.25 M NaCI

30:7g + 0.02 M NaCI

50:50 + 0.02 M NaCI

See above

t. (min) T'l Cc)

0.2 54.8
0.3 54.0
0.7 53.7
1.4 53.1

0.7 49.9
0.9 49.6
1.2 48.5

0.6 42.0
0.8 42.2
1.0 41.8
1.2 41.1

0.6 69.6
1.2 71.4
2.1 67.8
3.2 66.9
6.8 67.6

Silica
Next the influence of a silica packing material was considered. At several meth

anol concentrations there is no clear effect of the silica on the transition temperature
of lysozyme (Table III). It should be noted that under the conditions employed there
is hardly any retention on the silica surface. We were not able to record transition
curves for lysozyme with a mobile phase that caused a retention on bare silica. To
obtain retention of lysozyme on bare silica, the pH would have to be increased. This
causes extensive aggregation of the denatured protein [14] and subsequently results in
poor transition curves. Changes in salt concentration and flow-rate do not alter the

TABLE III

EFFECT OF BARE SILICA ON TRANSITION TEMPERATURE OF LYSOZYME

Mobile phase, methanol-o.005 M HCl + NaCI as specified in the first column. Flow-rate, I ml/min.
Lysozyme concentration, 1-10 mg/mJ. Silica: Hypersil WP 300, 10 Ilm.

Mobile phase

10:90 + 0.25 M NaCI
30:70 + 0.02 M NaCI
50:50 + 0.02 M NaCI

Bare silica Empty column

[LYSj T" t. [LYS] T" t.
(mg/ml) Cc) (min) (mg/ml) Cc) (min)

10 53.6 0.8 10 53.7 0.7
5 51.0 0.7 5 50.0 0.7
I 40.4 0.8 5 42.0 0.6
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TABLE IV

EFFECT OF SODIUM CHLORIDE CONCENTRATION ON TRANSITION TEMPERATURE OF
LYSOZYME IN A COLUMN PACKED WITH BARE SILICA

Mobile phase, methanol-0.005 M HCl (10:90) + NaC!. Flow-rate, I ml/min; tRO = 0.7-0.8 min; lysozyme
concentration = 1-10 mg/m!.

NaCI concentration [LYSj T" tR

(M) (mg/ml) ('C) (min)

0.02 I 53.5 0.8
0.1 I 52.6 0.8
0.25 10 53.6 0.8
0.5 10 53.0 0.8

picture (Tables IV and V). The results indicate that in the absence of retention,
lysozyme can pass through a microparticulate packed bed without measurable dena
turation.

A casual finding is a relationship with protein concentration (Table VI). The
protein is slightly more stable when a more concentrated solution is injected. The
stability of lysozyme makes this protein well suited for handling and subsequent
measurement. An error of measurement of I-2°C could not be avoided, however.

The denaturation of myoglobin by interaction with bare silica cannot be stud
ied easily because in many instances the protein does not elute. Only at pH 10 does a
clear, nearly unretained peak come off the column. Then, however, the recording of a
transition curve became a problem because high temperatures combined with a high
pH resulted in steep pressure rises. The transition clearly lies at lower temperatures
than the situation without packing (Fig. 11). Thus, with myoglobin contact with bare

TABLE V

EFFECT OF FLOW-RATE ON TRANSITION TEMPERATURE OF LYSOZYME IN A COLUMN
PACKED WITH BARE SILICA

Mobile phase, methanol-0.005 M HCI + NaCI as specified in the first column. Lysozyme concentration,
1-10 mg/m!.

Mobile phase Flow-rate [LYS] T" tR
(ml/min) (mg/ml) ('C) (min)

50:50 + 0.02 M NaCI 1.0 l 40.4 0.8
0.5 5 40.6 1.5

30:70 + 0.02 M NaCI 3.0 I 48.7 0.3
1.0 I 47.8 0.8

10:90 + 0.25 M NaCI 2.0 10 55.7 0.4
1.0 10 53.6 0.8
0.5 10 55.9 1.6

10:90 + 0.10 M NaCI 2.0 10 54.8 0.4
1.0 10 55.5 0.8
0.5 10 53.5 1.5

10:90 + 0.10 M NaCl 3.0 I 53.8 0.3
1.0 I 52.6 0.8
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TABLE VI

EFFECT OF LYSOZYME CONCENTRATION ON TRANSITION POINT OF LYSOZYME IN A
COLUMN PACKED WITH SILICA

Flow-rate, 1 mlfmin. Mobile phase, methanol-0.005 M HCI (30:70) +0.02 M NaCI.

Protein concentration
(mg/ml)

5
2.5
I

51.0
49.1
47.8

silica is accompanied by a significant shift in transition. The retention could not be
influenced by lowering the salt concentration. It would have been interesting to see if
an increase in interaction resulted in a further decrease in transition point. The pro
tein was slightly more stable, however, in 0.01 M than in 0.1 M sodium chloride
solution both in an empty column and in the column packed with silica.

Silica coating
After coating of the silica with epoxy glucose [21], the retention time of lyso

zyme is dependent on the sodium chloride concentration (Table VII; Fig. 12). With
no salt added there is an unretained elution and the transition is about the same as in
an empty column. At higher sodium chloride concentration the retention increases
while the transition point decreases. In view of previous experiments, where the reten
tion time and the sodium chloride concentration were varied, this decrease is consid-

100 .- L::.

• 6
6

6

~ 80 • tfo4:,•
Z 6 6

W • 6
l- • 6
0 60
a:: 6
a. •0 6
UJ •a:: 40 I:::::>
l- •«. 6
z
UJ 20 • 6
0 •

• 6! 6

0 4' .. .AI •

30 40 50 60 70 80 90 100

TEMPERATURE ("C)
Fig. II. Transition of myoglobin in column packed with bare silica (., Hypersil WP) compared with
transition in an empty column (6). Mobile phase, 0.01 M phosphate buffer (pH 10.0) + 0.1 M NaCI.
Flow-rate, I ml/min. Silica column calculation with correction for protein loss using peak height as a
measure of protein recovery.
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Fig. 12. Transition of lysozyme in a column packed with epoxy glucose-coated silica at three different
sodium chloride concentrations: D = 1.0; 6 = 0.\; 0 = 0.01 M. Conditions as in Table VII.

ered to be due to the interaction with the stationary phase. This behaviour has been
decribed in the past as hydrophobic interaction. Hence with lysozyme the generally
accepted relationship between retention and denaturation is seen to apply. This detri
mental interaction is not influenced by flow-rate (Table VIII). With the epoxy glu
cose-coated material, myoglobin transition measurements at pH 4.0 are possible. The
epoxy glucose coating causes a clear depression of the transition point with un
retained elution of the protein (Fig. 13) (Tables II and VIII).

Relative contribution
After studying a number of transition curves, the relative contribution of the

stationary phase compared with the eluent contribution can be established. This
should be regarded as an important advantage of transition point determinations.
The effect of a packing material on the conformation change of a protein can be
expressed in the same terms as the effect of a certain solvent condition. With the two

TABLE VII

EFFECT OF SURFACE INTERACTION ON TRANSITION POINT OF LYSOZYME IN A COL
UMN PACKED WITH EPOXY GLUCOSE-COATED SILICA

Mobile phase, methanol-0.005 M HCl (10:90) + NaC!. Flow-rate, I ml/min. Lysozyme concentration, 2.5
ml/ml.

NaCI I R

concentration (M) (min)

0.01
0.1
1.0

0.68
0.74
0.81

56.0
51.7
49.0
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TABLE VIII

EFFECT OF FLOW-RATE ON TRANSITION TEMPERATURE IN A COLUMN PACKED WITH
EPOXY GLUCOSE-COATED SILICA

Mobile phase: LYS, methanol-0.005 M HCl (10:90) + 0.5 M NaCl; MYO, 0.01 M phosphate-eitrate (pH
4.0). Lysozyme concentration, 2.5 mg/m!. Myoglobin concentration, 2 mg/m!.

Protein Flow-rate tR T" Cc)
(ml/min) (min)

LYS 1.0 0.7 48.8
0.5 1.3 48.4

MYO 1.0 0.6 58.2
0.5 l.l 58.1
0.2 2.7 58.0
0.1 5.7 57.0

proteins studied in this paper and the mobile and stationary phases that allow good
elution, the effect of the stationary phase is of the same order of magnitude as the
effect of a change in pH or the addition of some modifier. This can be convenient in
more theoretical considerations, as the representation of denaturation as used for
solvent modifiers might be applicable to the stationary phase effect.

Transition steepness
From the transition curves, a transition steepness or slope can be determined

around the transition point. The large slope is ascribed to the phenomenon of "coop
erativity" [22]. A certain small change in the conformation of the protein triggers the
unwinding of the complete molecule. There seems to be a favoured route in the
transition from native to denatured state and vice versa, with no intermediate states
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Fig. 13. Transition of myoglobin in (.6.) a column packed with epoxy glucose-coated silica compared with
(D) an empty column. Mobile phase, 0.01 M phosphate buffer (pH 4.0). Flow-rate, 1 ml/min.



STATIONARY PHASES FOR HPLC OF PROTEINS 15

70 ~~---~~-------~--~----~-----,

60

o
pH 4.50

~
~50

UJ
C-
O
~40

Z
Q 30
I-
U5
~ 20

I-
10

o
pH 3.75

6
MeOH

•EpoxyGlu 6
EtOH

6
PrOH

o
pH 4.00

o
pH 4.25

807550

oL-__----L --l.- L.....__----L --'--__---..JL.....__---.J

45

Fig. 14. Steepness of transition of myoglobin plotted against transition temperature. Calculation from log
K vs. liT plot. Conditions as in Figs. 8, 9 and 13. 0 = pH 3.75,4.00,4.25,4.50; 6 = methanol (MeOH),
ethanol (EtOH), n-propanol (PrOH); • = epoxy glucose (EpoxyGlu).

that are stable enough to be detected. A relationship with temperature seems likely
(Fig. 14). Transitions in the neighbourhood of 80°C are steeper than those at 50
60°C, but the relationship is more complicated. With an increase in pH from 3.75 to
4.0 the transition temperature rises from 50 to 70°C without a significant increase in
steepness. Steepness is probably also a function of factors that promote the transition
such as protonation of the molecule and addition of organic modifier.

The steepness or slope of the transition has been used in the past to calculate a
reaction enthalpy. The figures calculated from our results seem to correspond with
values from the literature [11], given the differences in the conditions used. The precise
meaning in this flow system is not completely clear, however.

Attention was concentrated on differences between packed and empty columns.
An intermediate state was found repeatedly for the transition of myoglobin at pH 10,
as can be seen in Fig. 11. In the transition there is a small interval where the protein
has not reached in completely denatured state, but is relatively insensitive to temper
ature changes. On a further increase in temperature the UV difference again changes
sharply to reach a final state. More information on the residual structure of denatured
proteins, in particular lysozyme, can be found in the work of Aune et al. [19] and
Kurono and Hamaguchi [14]. In a packed column, however, this transition is slightly
steeper with no discernible unevenness that could suggest a stable intermediate state.
This could indicate that the silica cooperates in some way in the denaturation of the
protein. With the calculation of this plot as correction was made for the protein loss
on the column. It is not known how intermediates elute compared with the native and
the denatured molecule.

At pH 4.0 in an epoxy glucose column, where the transition of myoglobin shifts
drastically, the steepness changes very little. More elaborate measurements are neces
sary to demonstrate a clear effect and to relate the steepness to e.g., the flow-rate.
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CONCLUSION

R. E. HU1SDEN, J. C. KRAAK, H. POPPE

From both lysozyme and myoglobin a transition curve can be obtained in an
HPLC system using a diode-array detector and the phenomenon of UV difference
spectrometry. The position of the curves can be influenced by the mobile phase com
position. Shifts of the transition curves also occur in the presence of packing material.
The depression of the transition point is not a function of flow-rates as used in
ordinary HPLC. The procedure needs further optimization to demonstrate effects in
the 0.1 °C range.

The relative contribution to denaturation of the stationary phase compared
with those due to mobile phase changes is easily measured with transition curves. The
procedure and the findings should lead to a method for comparing stationary phases
as regards denaturing effects on proteins, knowing that a conformation change is only
one aspect of the broader concept of denaturation. Measurements were done with
only two proteins and a limited number of mobile phase compositions. Comparisons
of stationary phases will involve proteins that elute under widely different conditions.
A useful study of denaturing effects should be done under normal chromatographic
conditions. It is unlikely that this will be possible with a limited number of test
proteins and difference spectrometry. An alternative approach would be to use anoth
er detector, e.g., a flow-through light-scattering detector or a post-column enzyme
reaction detector. With the latter, unpurified proteins could also be tested.

To direct synthetic approaches, however, a small number of proteins and mo
bile phase compositions are probably sufficient. Used in an artificial environment,
these proteins become part of the product characterization. They allow the probing of
surfaces and may be an important tool in the fine tuning of coating chemistry. Fur
ther efforts in this direction are being made.
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ABSTRACT

Two novel gel filtration media, Superdex 75 prep grade and Superdex 200 prep grade are described.
The new media have high selectivities similar to those of Sephadex G-75 and G-200, respectively, but
permit the use of high flow-rates as with cross-linked agarose beads. They consist of cross-linked agarose
beads modified with dextran to obtain the desired selectivity. The mean partiele size is ca. 33 I'm (30-36
I'm) and a reduced plate height of ca. 2.0 is regularly obtained in packed columns. A flow-rate of 50 cm/h
can be used even in large columns. The media are chemically stable at pH 3-14 and can be used with a wide
range of eluents. The performance of the media with respect to flow-rate, sample load and sample concen
tration for given model systems is described. Superdex 75 prep grade was used to separate monomeric
forms of a recombinant fusion protein (ZZ-brain insulin-like growth factor molecular weight 22000
dalton) from dimers and oligomers. Superdex 200 prep grade was used to obtain baseline separation of a
monoelonal antibody from antibody dimer and contaminating transferrin.

INTRODUCTION

In 1959, Sephadex gels were introduced as the first media for the gel filtration of
water-soluble macromolecules [1,2]. Since then, a host of chromatographic supports
for gel filtration have become available from a number of sources. The technique has
been reviewed several times, e.g., see papers by Hagel [3] and Fischer [4] and references
cited therein.

Sephadex represents a class of gels termed xerogels. These are characterized by
complete collapse of the gel structure on removal of solvent (water) [5-7]. In fact, such
gels can, in the swollen state, be regarded as elastic solutions as opposed to ordinary
viscous solutions. Cross-linked polyacrylamide gels such as those of the Bio-Gel P
series belong to the same type of gels. Chromatographically they are characterized by
high selectivities, i.e., large differences in partition coefficients (KD) for proteins or
other macromolecules of different molecular weight.

" Present address: Casco Nobel, P.O. Box 13000, S-850 13 Sundsvall, Sweden.
b Present address: Department of Animal Breeding and Genetics, Swedish University of Agricultural

Sciences, Box 596, S-751 24 Uppsala, Sweden.
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The main drawback with these kinds ofgels is their limited rigidity, which causes
the gel particle to deform when exposed to drag forces generated by liquid flow in
a chromatographic column. Gels with permanent pores (aerogels), such as porous
glass, are not deformed and allow much higher flow-rates to be used. Many so-called
macroreticular gels, used for the chromatography of biological macromolecules, are
xerogel-aerogel hybrids. Gels based on agarose belong to this category, in addition to
many gels based on synthetic polymers. The aerogel element in these gels confers high
flow resistance but they suffer from comparatively low selectivity. It seems that the
limitation with regard to selectivity is inherent in the macroreticular structure of these
materials.

Superdex 75 prep grade and Superdex 200 prep grade combine the high
selectivity of the xerogels with the high flow resistance of the xerogel-aerogel hybrids.
The Superdex gels are made by a proprietary method in which cross-linked agarose
beads provide the required mechanical strength. Dextran is incorporated into the
macropores of the beads by covalent binding of the polysaccharide chains to the
surface of the walls of the pores and to the periphery of the beads. The immobilized
chains of dextran behave in water as an immobilized polysaccharide solution and
afford a gel filtration phase similar to that in beads of Sephadex.

The use of composite materials similar to the Superdex gels is not new. Ultrogel
AcA supports (Reactifs lBF, France) are claimed to receive their mechanical strength
from an agarose matrix encompassing an acrylamide polymer which provides high
resolution in gel filtration. Sephacryl beads (Pharmacia LKB Biotechnology, Sweden)
are also composite materials. They are made by cross-linking allyldextran with
N,N-methylenebisacrylamide and a core structure of polymerized N,N-methylene
bisacrylamide formed in this process is assumed to be the major contributor to the
rigidity of the particles.

In 1987, Hjerten et al. [8] reported a downward shift of the exclusion limit of
agarose gels when coupling dextran to residual vinyl groups after cross-linking of the
gel with divinyl sulphone.

A separate paper [9] described the performance of Superdex 75 prep grade and
Superdex 200 prep grade in buffers of different pH and ionic strengths and after
repeated treatment with I M sodium hydroxide or 0.1 M hydrochloric acid. Superdex
200 prep grade and Superdex 75 prep grade have been used in the purification of
a fusion protein containing a malaria antigen [10], in the large-scale purification of
staphylococcal enterotoxin B [11] and in the development of a production system for
recombinant human superoxide dismutase [12].

EXPERIMENTAL

Nomenclature and calculations
The following nomenclature and equations were used to characterize columns

and chromatographic resolution:
Va Void volume of column
Vc Geometric volume of column
Vp Pore volume of column
Vs Support (matrix) volume of column
VI Total liquid volume of column
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Permeability
Retention (elution) volume
Retention volume of peak No. n
Distribution coefficient for a solute passing through a gel filtration
column
Fraction of stationary gel volume accessible to a given solute
Number of theoretical plates
Chromatographic resolution
Width of peak No. n at base of peak
Molecular weight
Peak width at half-height

Vs
Vs,reI = V V

p + s

R
s

= 2( VR.n+ 1 - VR,n)

Wb,1I + I + Wb,1I

Chemicals
Superdex 75 prep grade, Superdex 200 prep grade, Sephadex G-75 and

Sephadex G-200 were supplied by Pharmacia LKB Biotechnology. A partly purified
sample of ZZ-brain IGF (recombinant brain insulin-like growth factor fused to an
IgG-binding peptide) was kindly provided by KabiGen (Stockholm, Sweden) as
a freeze-dried powder. Substances used in the evaluation of the chromatographic
performance of the supports are listed in Table I.

Equipment
All equipment was obtained from Pharmacia LKB Biotechnology unless

specified otherwise.
(i) Determination of selectivity curves: FPLC system, HR 10/30 columns,

RefractoMonitor III (Laboratory Data Control, Riviera Beach, FL, U.S.A.),
Optilab 901 (Tecator, Roganas, Sweden). (ii) Gel filtration ofprotein mixtures (Fig. 3):
P-3500 pump, BioPilot column, Rec. 481 recorder, UV-M detector with 2-mm cell.
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TABLE I

SUBSTANCES USED FOR EVALUATION OF CHROMATOGRAPHIC PERFORMANCE

Substance Molecular Isoelectric Source
weight point

Blue Dextran 2000 2000000 Pharmacia
Thyroglobulin 669000 Pharmacia
Ferritin 440000 Pharmacia/Sigma
Aldolase 158 000 Pharmacia
Immunoglobulin G (IgG) 156000 Pharmacia/Sigma
Transferrin 77 000 Kabi/Sigma
Bovine serum albumin (BSA) 67000 ca. 5 Pharmacia/Sigma
Ovalbumin 43000 4.7 Pharmacia
Chymotrypsinogen A (Chym A) 25000 Pharmacia
Myoglobin 18800 Sigma
Ribonuclease (RNase) 13 700 8.9 Pharmacia
Cytochrome c (Cyt c) 12600 ca. 9.2 Sigma
Aprotinin 6500 Fluka/Sigma
Vitamin B12 1400 Sigma
Raffinose 594
Cytidine 243 Fluka
Glucose 180
Deuterium oxide 20 Merck
Dextran Pharmacia

a Mean molecular weight of dextran fractions (Pharmacia): 276500, 196300, 123600, 66700,
43 500, 21 400, 9890, 4440, 1080 and 594.

(iii) Study of chemical stability (Fig. 5): P-500 pump, V-7 injector with 200-,u1 loop,
UV-I detector with HR 10-mm cell, Rec. 481 recorder. (iv) Study of the influence of
flow-rate, sample size and protein load: BioPilot system including a UV-M detector in
work with Superdex 75 prep grade and FPLC system with a UV-lor UV-2 detector in
work with Superdex 200 prep grade. (v) Purification of ZZ-brain IGF: P-500 pump,
MV-7 valve, UV-M detector, REC-482 recorder, FRAC-IOO fraction collector,
LCC-500 control unit, SpeedVac freeze-drier (Savant) and PhastSystem for electro
phoresis. (vi) Purification of IgGza monoclonal antibody: BioPilot system and
PhastSystem. (vii) Particle size analysis: Coulter Counter ZM equipped with C-256
pulse-height analyser and calibrated with Superdex samples measured by microscope
analysis [13,14].

Chromatographic and electrophoretic methods
Details regarding chromatographic conditions are given in the figure legends.

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was
performed under non-reducing conditions on PhastGel Gradient 8-25. The separa
tions and the Commassie brilliant blue and silver staining procedures were carried out
according to the PhastSystem manual. Other conditions are given in the figure legends.
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RESULTS

Selectivity, fractionation range and other physical and chemical properties
We used deuterium oxide as a marker for the total liquid volume ofcolumns (Vt ).

This has been shown to give an overestimate of the Vt value owing to isotope exchange
with hydroxyl hydrogens of the gels [15]. No corrections were made for this effect.

In Fig. I, KD values of proteins and vitamin B12 on Superdex 75 prep grade and
Superdex 200 prep grade are presented together with corresponding data for
Sephadex G-75 and Sephadex G-200. The amount of dextran incorporated in the
beads of Superdex was adjusted to match the selectivities ofSephadex. It isevident that
both the steepness of the selectivity curves and the exclusion limits are in good
agreement when corresponding Superdex and Sephadex media are compared.

Selectivities as measured by Kav for dextran fractions complemented with
raffinose and glucose on Superdex 75 prep grade and Superdex 200 prep grade are
shown in Fig. 2.

Chromatography of mixtures of test proteins is shown in Fig. 3. Over a major
part of the separation ranges, proteins with a difference in molecular weight of less
than a factor of 2 could be separated. With Superdex 75 prep grade a factor of 1.5 will
be sufficient in many instances.

Table II lists some properties of Superdex. In order to achieve a high
performance in gel filtration, it is essential to keep the pore volume as high as possible,
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Fig. 1. K D of globular proteins and vitamin B'2 versus log MW [log (M w)] on (D) Superdex 75 prep grade,
(+) Superdex 200 prep grade, (/:,) Sephadex G-75 and (0) Sephadex G-200. Experiments with deuterium
oxide as sample and distilled water as eluent were carried out to determine VI' Buffer for chromatography of
proteins and vitamin B,,: 50 mM sodium phosphate-IOO mM sodium chloride (pH 7.4). Column: HR 10/30.
Flow-rates: 0.50 ml/min for Superdex gels, 0.10 or 0.25 ml/min for Sephadex gels. Detection: absorbance at
280 nm for proteins and refractive index (RefractoMonitor Ill) for deuterium oxide. Sample: deuterium
oxide, 200 /11; solution of proteins, vitamin B" and cytidine in elution buffer, 200 /11.

Fig. 2. K" of dextran fractions, raffinose and glucose on (/:,) Superdex 75 prep grade and (0) Superdex 200
prep grade versus log MW. Columns: 600 x 26 mm 1.0. Eluent: 250 mM sodium chloride and 0.02% sodium
azide in water. Flow-rate: 5 ml/min. Detection: Optilab 901.
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Fig. 3. Chromatography oftest mixtures on (a) Superdex 75 prep grade and (b) Superdex 200 prep grade.
Column: BioPilot 35/600. Flow-rate: (a) 15 cm/h (2.4 ml/min); (b) 10 cm/h (1.6 ml/min). Buffer: 50 mM
sodium phosphate-ISO mM sodium chloride-D.oI% sodium azide (pH 7.0). Sample size: 1.0 m!. Total
concentration oftest substances: (a) 23.7 mg/ml; (b) 21.1 mg/m!. Vo was determined in a separate run with
Blue Dextran 2000, 2 mg/ml in buffer, sample size 1.0 m!.

i.e., the matrix volume should be kept to a minimum. It has been possible to reach the
exclusion limits with much lower support volumes than would be possible by making
conventional macroporous gels.

Particle size distributions are given in Fig. 4. A reduced plate height of ca. 2.0 in
packed columns has been routinely achieved.

For wide-bore columns (wider than 30 mm), prepacked columns are guaranteed
for use at flow-rates up to 50 cm/h. In narrower columns, flow-rates of up to 300 cm/h

TABLE II

SOME PROPERTIES OF SUPERDEX; TYPICAL VALUES

Property

Particle size dso.v
Relative matrix volume (V'.'<1)
Void volume fraction (Vo/V,)"
Permeability (VpIVo)"
N (plates/m)
Approximate separation range, proteins (dalton)

a In BioPilot 35/600 and 60/600 columns.

Superdex 75
.prep grade

33 j.tm

11%
~30%

2.1
15 000-20 000

3000-70000

Superdex 200
prep grade

33 j.tm

6%
~30%

2.2
IS 000-20 000

3000-600 000
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Fig. 4. Particle size distribution of typical lots of Superdex 75 prep grade and Superdex 200 prep grade.

have been used without any marked compression of the gel beds (data not shown). The
influence of flow-rate on gel filtration results is discussed below.

The stability of the gels on storage in various aqueous solutions at 40°C for
1 week was studied by measuring Kay before and after storage (Fig. 5). An increase in
the Kay value would indicate that some of the dextran has been removed from the
pores. In most instances no change in Kay was observed. In 0.5 M sodium hydroxide
solution a slight increase was noted. However, as shown in a more detailed study,
repeated cleaning in place and sanitization ofcolumns with sodium hydroxide solution
had no significant influence on performance [9]. Autoclaving once did not cause any
noticeable change in KaY> but after five autoclaving cycles a minor increase was
observed.

Influence offlow-rate, sample load and sample volume on chromatographic peljormance
The chromatographic performance of Superdex 75 prep grade was studied using

solutions of cytochrome c (Cyt c), chymotrypsinogen A (Chym A) and bovine serum
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albumin (BSA). Resolution was calculated for the Cyt c-Chym A pair in experiments
where the proteins were run separately on the columns. The results are shown in Figs. 6
and 7.

A more elaborate study was carried out with Superdex 200 prep grade (Figs. 8
15). In this instance a mixture ofIgG and transferrin was used. Peaks eluting before the
IgG peak represent impurities.

The results show that under conditions normally used in preparative work,
flow-rate has only a minor effect on resolution, which corroborates results published
by other workers [16] (Figs. 6, 8 and 9). Only with the higher molecular weight proteins
used in the experiments with Superdex 200 prep grade was a substantial increase in
resolution observed on going to very low flow-rates. The results suggest that it is
possible to use the specified maximum flow-rate of 50 cm/h in many preparative
applications of the gels.

The influence on resolution of sample load as determined by sample concentra
tion and sample volume has been discussed by several workers [4,17,18]. We found that
the use of high sample concentrations to obtain high sample loads (up to ca. 1 g of
protein per litre of gel) had only a small negative effect on resolution (Figs. 10 and 11).

K..
1.0,------------,

Superdex 75 prep grade

K.. K..
1.0 1.0,---------,

0.8

0.6

0.4

RNase A 0.8

0.6

0.4

b
Ovalbumin 0.8

06

0.4

BSA

0.2

0.0 0 1 2 3 4 5 6 7 8 91011

K..
1.0,------------,

Superdex 200 prep grade

K.. K..
1.0 1.0,---------,

0.8

06

d BSA 0.8

0.6

e
IgG 0.8

0.6

Ferritin

0.4

Fig. 5. Stability of Superdex 75 prep grade and Superdex 200 prep grade measured as change in K", of
proteins on storage in various media and after autoclaving. Storage media or autoclaving cycles: 0, control;
1,1.0 M acetic acid; 2, 50mM sodium phosphate, 2.0 MNaCl (pH 7.0); 3, 0.5 MNaOH; 4, 30% isopropanol;
5,30% acetonitrile; 6, 2% SDS; 7, 6.0 M guanidinium . HCl; 8, 8.0 M urea; 9, 24% ethanol; 10, autoclaving
five times; II, autoclaving once. Storage test (1-9): the gel was washed with the storage medium on a glass
filter and kept in the medium at 40°C for 7 days (experiments 1-8) and 4 weeks (experiment 9). Autoclaving:
experiments 10 and 11, J21°C for 20 min. After storage or autoclaving the gels were washed with distilled
water and packed in HR 16/50 columns for chromatographic testing. Chromatographic conditions: 200 Itl of
a mixture of three proteins were applied and eluted at a flow-rate of 15 cm/h (Superdex 75 prep grade) or
10 cm/h (Superdex 200 prep grade). Buffers as in Fig. 2. Va was determined in a separate run with Blue
Dextran 2000, 2 mg/ml in buffer, sample size 1.0 ml.
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1.0

0.0 L---r--__,-~~-~~__,-~~-~..__-'
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Elution volume (ml)

300200100

1.

100cm/h

Fig. 6. Influence of flow-rate on appearance ofchromatograms (a-<;) and on R, values for the Cyt c-Chym A
pair (d) at constant sample load and sample volume with Superdex 75 prep grade. Column: 600 x 35 mm
1.0., N = 15 700 plates/m (acetone). Buffer: 50 mM sodium phosphate-lOa mM NaCI (pH 7.2). Sample
concentration: Cyt c 2 mg/ml, Chym A 2 mg/m!. Sample volume: 16.5 ml (3% of V,). Each protein was run
separately.
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Fig. 7. Influence of sample volume on appearance of chromatograms (a-e) and on R, values for the Cyt c
Chym A pair (d) at constant sample concentration and constant flow-rate with Superdex 75 prep grade.
Flow-rate: 4.8 ml/min (30cm/h). In a-e, a mixture ofCytc(2 mg/ml), Chym A (2 mg/ml) and BSA (6mg/ml)
was used as a sample. In d, Cyt c and Chym A (both 2 mg/ml) were chromatographed separately. Other
conditions as in Fig. 6.
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605040

Fig. 8. Chromatography on Superdex 200 prep grade at high and low flow-rates with constant volume (0.8 %
of V,) and constant concentration of sample (8 mg protein/ml). Column: 600 x 16 mm 1.0., N =

18500 plates/m. Buffer: 50 mM sodium phosphate-IOO mM NaCl (pH 7.2). Sample: equal amounts of
transferrin and IgG.

Fig. 9. Influence of flow-rate on resolution on Superdex 200 prep grade with constant sample volume (0.8%
of VJ and at two levels of sample load (. = 70; 0 = 530 mg/l gel) . Concentration of sample: 8 and 64 mg
protein/m!. Other conditions as in Fig. 8.
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Fig. 10. Chromatography on Superdex 200 prep grade at high and low sample concentrations. Sample
volume: 0.8% of V,. Flow-rate: 30 em/h. Other conditions as in Fig. 8.

Fig. II. Influence of sample load on resolution on Superdex 200 prep grade at two levels of sample volume
(0 = 0.8%; • = 3.3% of V,). Flow-rate: 30 em/h. Other conditions as in Fig. 8.

IgG

Sample volume
O.50ml,0.4%ofVc

0.5

5.0ml,4%ofVc

20 40 60 80
Elution volume (ml)

4 5
Sample volume (% Qf Vd

Fig. 12. Chromatography on Superdex 200 prep grade at high and low sample volumes. Sample load: 70 mg/I
gel. Flow-rate: 30 em/h. Other conditions as in Fig. 8.

Fig. 13. Influence of sample volume on resolution on Superdex 200 prep grade at three different flow-rates
(0 = 15; • = 30; • = 60 em/h) and at constant sample (protein) load (70 mg/l gel). Other conditions as in
Fig. 8.
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Fig. 14. Influence of sample volume on resolution on Superdex 200 prep grade at two levels of constant
protein load (0 = 70; [] = 530 mg/l gel) and at constant flow-rate. Other conditions as in Fig. 8.

Fig. 15. Influence of sample volume on resolution on Superdex 200 prep grade at constant flow-rate and
constant sample concentration. Flow-rate: 30 em/h. Sample concentration: 8 mg protein/m!. Other
conditions as in Fig. 8.

Of the parameters studied, sample volume had the greatest effect on resolution
(Figs. 7 and 12-15). The effect was more pronounced when low flow-rates were used
(Fig. 13). Fig. 14 shows that Rs was approximately the same at two levels of protein
loads, 70 and 530 mgjl gel, when the sample volume was varied. Indications are that at
high sample volumes the higher protein load gives higher Rs values. Fig. 15 shows the
results of experiments in which the amount of protein increased in proportion to the
sample volume. The progression of the resolution versus sample volume curve is
similar to that obtained at constant protein load and at the same flow-rate in Fig. 13.

Purification of ZZ-brain IGF on Superdex 75 prep grade
Brain insulin-like growth factor (brain IGF) is a truncated form of IGF-l,

lacking the N-terminal tripeptide, and is considered to be important for the growth and
metabolism of the central nervous system. It has been expressed as a recombinant
extracellular fusion protein at KabiGen. The fusion partner [19], designated ZZ, is
a synthetic IgG-binding protein derived from staphylococcal protein A. The complete
recombinant fusion protein is called ZZ-brain IGF. The initial purification steps, not
shown here, were affinity chromatography on IgG Sepharose Fast Flow and
ion-exchange chromatography.

The purpose of the gel filtration step was to remove dimers and oligomers from
the monomeric ZZ-brain IGF, MW 22 000 dalton. As seen in Fig. 16, dimers and
larger aggregates could be efficiently eliminated by gel filtration on Superdex 75 prep
grade and a significant degree of separation of dimers and trimers was also obtained.

Purification of monoclonal antibodies on Superdex 200 prep grade
Fig. 17 shows the final purification of a monoclonal antibody from hybridoma

cell culture supernatants after concentration by ultrafiltration and initial purification
by cation-exchange chromatography. The principal contaminants were antibody
dimer (peak 1) and transferrin (peak 3). The purity of the monoclonal antibody was
> 98% after the gel filtration step as determined by electrophoresis.
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Fig. 16. Gel filtration ofpartly purified ZZ-brain IGF on Superdex 75 prep grade to separate the monomeric
form, MW 22000 dalton, from dimers and oligomers. (a) Chromatography. Column: 600 x 16 mm 1.0.
Buffer: 0.3 M ammonium acetate (pH 6.0). Flow-rate: 15 cm/h (0.5 ml/min). Sample size: 1.0 ml. Fractions
were pooled as indicated. (b) SOS-PAGE of pooled fractions, non-reducing conditions, silver staining.
Aliquots of the pooled ZZ-brain IGF fractions were freeze-dried. The pellets obtained were dissolved in
a constant volume of sample buffer [2.5% SOS-IO mM Tris-HCl-1 mM EOTA (pH 8.0») and heated at
95°C for 5 min. Gel: PhastGel Gradient 8-25. Lanes: M, marker proteins (LMW-kit; Pharmacia); S, start
material for gel f1ltration; 1--6, pools 1-6 from (a). kD = Kilodalton.
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Fig. 17. Final purification of a IgGza mouse monoclonal antibody on Superdex 200 prep grade.
(a) Chromatography. Column: 600 x 60 rnm I.D. Feed material: hybridoma cell culture supernatant
concentrated by ultrafiltration, clarified by centrifugation and 0.22-/lm filtration. Desalted on Sephadex
G-25 Coarse. Initial purification by cation exchange using BioPilot Column S Sepharose High Performance.
Feed concentration: 11.37 mg total protein/mi. Feed volume: 50 ml (3% of Vc). Buffer: 50 mM PBS--{).05%
sodium azide (pH 7.5). Flow-rate: 30 cm/h (14 mI/min). Fractions were collected and pooled as indicated. (b)
SDS-PAGE ofpooled fractions, non-reducing conditions, Commassie brilliant blue staining. Gel: PhastGel
Gradient 8-25. Lanes: I, LMW calibration kit; II, flow-through fraction in the preceding ion-exchange step;
III and IV, monoclonal antibody from ion-exchange step; V-VIII, fractions 1-4 from Superdex 200 prep
grade. kD = Kilodalton.

DISCUSSION

High selectivity in gel filtration is, under ideal conditions, reflected in a steep KD

versus log MW curve. The selectivity depends entirely on the properties of the
chromatographic support and cannot be modified by adjustment of the eluent
composition as in many other chromatographic techniques [3]. The selectivity of
macroreticular gels such as agarose gels can be increased by the introduction of
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increasing amounts of solid material (agarose), which also leads to a lower exclusion
limit. It also inevitably causes the so-called permeability, VpjVo, of the column to
decrease, which has a clear negative effect on resolution [3,20]. Thus, to reach the
exclusion limit of, for example, Sephadex G-200 by increasing the amount of solid
material in any macroreticular gel will give a gel with high selectivity as measured by
the K D versus log MW relationship but the permeability will decrease dramatically and
therefore the resolution will be low.

NMR studies have shown that the polymer chains in a microreticular gel such as
Sephadex G-200 retain their mobility to a large extent [21,22]. The 13C NMR spectrum
of Superdex 75 prep grade is similar to that of a dextran solution with respect to peak
width and resonance frequency (results not shown). Theoretically, the apparent
relative support volume, Vs•re" as determined with deuterium oxide, would be zero (i.e.,
Vp •re1 = 100%) in a gel with complete freedom of movement of the polymer chains
constituting the gel, as a small molecule such as deuterium oxide will be able to diffuse
to any position in the gel particle. Sephadex G-75 was found in our experiments to have
a Vs,rel value in the range 1-2%, which is much lower than would be expected for
a macroreticular gel with the same content of dry material (the "water regain" of
Sephadex G-75 is ca. 7.5 mljg dry material).

By "immobilizing" a dextran solution in the pores of the macroreticular
cross-linked agarose gel, we have been able to lower the exclusion limit substantially
(from ca. 107 in the cross-linked agarose gel) without substantially decreasing the
permeability. We have thus been able to make rigid, low-exclusion-limit gels with
retained high resolution in gel filtration.
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ABSTRACT

An approach to the description of molecular interactions in normal- and reversed-phase high-per
formance liquid chromatography as quasi-chemical equilibria on the sorbent and in solution (of solute
sorbent, modifier-sorbent, solute-modifier and modifier-modifier types) is presented. Such an approach is
of help in understanding better the role of various parameters of chromatographic systems that determine
the retention of substances in HPLC. The mathematical mechanism used is the same to describe the
equilibrium distribution of the sorbate between the liquid and solid phases (adsorption mechanism) or
between the liquid and bonded phases (absorption mechanism) and the final equations do not take into
account the type of mechanism. A general expression correlating the retention of solute molecules with the
concentration of the modifying additive of the mobile phase (over a wide range of concentrations) was
obtained. Numerous examples have shown that, depending on the prevalence of certain types of interac
tions, this relationship makes it possible to describe quantitatively and to explain various deviations of the
retention dependence from linearity.

The study ofmolecular interactions in gas and liquid chromatography is ofgreat
importance for understanding the mechanisms of chromatographic separations of
substances and for developing selectivity theory in chromatography. Chromato
graphic parameters of retention in gas adsorption chromatography at small (zero)
surface coverage are determined by adsorbate-adsorbent interactions which depend
on the nature of the adsorbent and the adsorbed molecules. Pioneering studies by
Kiselevand co-workers [1-3] resulted in the development of the fundamentals of the
molecular statistical theory of adsorption on homogeneous surfaces. This theory
enables one to calculate the thermodynamic characteristics of adsorption of various
organic compounds for homogeneous adsorbents [graphitized thermal carbon black
(GTCB), zeolites] (the direct approach), while the chromatographic data on the
adsorption on GTCB made it possible to identify, in a number ofcases, the structure of
the adsorbed molecules (the reverse approach, i.e., chromatographic structure analysis
or "chromatoscopy" [4]).

The retention mechanisms in liquid-solid chromatography (LSC) are much
more complicated. In addition to sorbate-sorbent molecular interactions, also ofgreat

a Dedicated to Professor J. C. Giddings on the occasion of his 60th birthday.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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importance are the sorbate-mobile phase and sorbent-mobile phase interactions, in
particular the interactions between the components of binary, ternary, etc., mobile
phases. At present, it is impossible to calculate quantitatively the thermodynamic
characteristics of retention in such a complicated system." Further development of the
theory of liquid chromatography is largely due to the determination of correlation
dependences between the retention parameters and various properties of sorbates
[5-12], mobile phases (MP) [10-16] and stationary phases (SP) [17-21].

Kiselev and co-workers suggested that the theory of chromatographic retention
and separation in liquid-solid chromatography should be based on the theory of
sorption from multi-component solutions. Such an approach provides a common
basis for studying the normal-phase (NP) and reversed-phase (RP) variants of
high-performance liquid chromatography (HPLC). The main difference between NP
and RP-HPLC consists in the different characters of molecular interactions between
the solute molecules on the one hand, and the mobile and stationary phases on the
other. In NP-HPLC, the main contribution to retention is made by specific
interactions of the solute molecules with the SP surface. In RP-HPLC the non-specific
interactions of the solute molecules with the hydrophobic sorbent predominate over
specific and non-specific interactions of the solute with components of the mobile
liquid phase.

Two problems are usually considered in the theory of HPLC: (1) the effect of the
mobile phase and its composition on the retention and (2) the dependence of the
retention parameters on the nature and structure of the molecules of adsorbed
substances. Much less study has been devoted to the effect of the adsorbent surface
chemistry on retention in liquid-solid chromatography than in gas-solid chromato
graphy, since in HPLC the regulation of retention and separation of analyte
substances are often performed by changing the type and composition of the mobile
phase rather than those of the adsorbent in the column.

Now let us consider the most frequently applied system in HPLC; an adsorbent
(A), a substance being adsorbed, i.e., the solute (S), and a two-component mobile
phase consisting of the basic component, i.e., the solvent (L), and a modifying additive
(M). As a rule, RP-HPLC involves L = water and M = organic solvent (e.g.,
methanol, acetonitrile, tetrahydrofuran) and NP-HPLC involves L = alkane and
M = weakly polar. or polar organic solvent (chloroform, alcohol). In this instance, we
are dealing with sorption from a three-component solution (S, M, L), the concentra
tion of the solute S being 3-4 orders of magnitude smaller than that of the modifier
M and solvent L.

We take into account the following assumptions: the sorbent surface is
chemically and geometrically homogeneous and therefore the sorption energy of the
components in the mobile phase is constant on any part of the surface; sorption is of an
exchange (competitive) character; the absence of molecular associations in the
adsorption layer; and the surface solution and bulk solution are ideal. Considering the
sorption as a quasi-chemical reversible reaction of exchange, in the simplest case,
where the areas occupied by molecules S, M and L in the surface layer are equal, we
have equilibria for the adsorbate:

(1)

(2)
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and for the modifier:
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(3)

(4)

where Ks and KM are equilibrium constants and Ss and Sm, M s and M m and L s and L m

are mole fractions of the solute, modifier and solvent in the stationary phase (s) and
mobile phase (m). It should be noted that eqns. 1-4, which are of general character, can
describe the equilibria distribution of the adsorbate or modifier between the mobile
and stationary phases for both the adsorption and partition mechanisms of retention.
For the partition mechanism the assumption is made of a constant binding capacity of
the sorption layer; the composition of the surface solution and that of the bulk solution
are, of course, different. A similar approach was used also by Murakami [16] to
describe the retention of aromatic compounds by reversed phases and by Arvidsson et
al. [22] to describe the ion-pair chromatography.

Assuming that the bulk and surface solutions are ideal and the processes of
molecular association are absent, we can easily obtain the sorption equations for the
solute and modifier.

From eqns. 2 and 4, we obtain

Also,

L s + M s + Ss = 1

(5)

(6)

where L" M" Ss are mole fractions of non-associated molecules of the solvent,
modifier and sorbate, respectively, in the stationary phase.

(7)

As Sm «Mm and Sm « L m, then

(8)

and

(9)

(10)

Dividing eqn. 2 by eqn. 4, we obtain

(II)
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It is known [23] that
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(12)

where k' is the capacity factor, cP is the phase ratio (the ratio of stationary to mobile
phase volumes) and K is the constant of the adsorption equilibrium of the solute (the
ratio of the total mole fraction of the solute in the stationary and mobile phases).

Then, from eqns. 11 and 12, we obtain

(13)

and

(14)

Substituting eqn. 10 in eqn. 14, we obtain

(15)

Usually Ksis not drastically different from KM and Sm « Mm. Consequently, the term
KsSm in eqn. 15 may be neglected. Then we have

Ilk' = [I + (KM - I)Mm]/(cPKs) (16)

It follows from eqns. 12 and 15 that the equations ofadsorption for the solute, modifier
and solvent acquire the forms

(17)

(10)

(18)

A rectilinear dependence of the reciprocal of the capacity factor on the content of the
modifier in the eluent was initially applied by Scott [24]. In many instances this
dependence can be successfully used to describe the decreasing retention of the solute
with increasing content of the modifier in the solution and also reflects the gradual
blocking of the active sites on the homogeneous surface of the sorbent by the modifier
molecules (Figs. I and 2). It is applied more often and much better in NP-HPLC than
in RP-HPLC [25].

Under favourable conditions (homogeneous surface, absence of adsorption on
the surface covered with the modifier molecules, absence of associate formation in the
solution and on the surface), the dependence in eqn. 16 should be observed until the
surface is completely covered with a monolayer of the modifier and hence full
deactivation is attained. However, in real circumstances the surface covered with the
modifier retains its ability to have molecular interactions with the mobile phase
components. Moreover, in this instance not only the interaction force may change (a
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Fig. I. Dependence of the reciprocal of the corrected retention volume (l/V'R) on the mobile phase com
position: the mole fraction (Nm x 10) or volume percent (em, %, v/v) of the modifier. (a) Adsorbent, silica
gel L; mobile phase, n-hexane-dioxane. 1 = a-Cresol; 2 = phenol; 3 = p-chlorophenol; 4 = p-methoxy
phenol; 5 = m-nitrophenol; 6 = p-nitrophenol. (b) Adsorbent, Suplex pKb-lOO; mobile phase, water
acetonitrile; solute, p-toluic acid [25].
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change in Ks and KM on transition from the initial to the modified surface of the
adsorbent) but also the very character of interactions may undergo certain changes.
Hence, in studying the retention of substituted benzoic acids on silica gel with the use
of an n-alkane and a polar additive (acetic or propionic acid) mixture as the mobile
phase, it was found that the retention mechanism of benzoic acids on transition from
low to higher concentrations of the polar additive in the mobile phase undergoes
certain changes [26]. When the concentration of the polar additive, an aliphatic acid, is
less than I vol.-%, the solute molecules can directly interact with silanol groups of the
silica gel surface, that is, retention is mainly determined by interactions of the
hydrogen bond type. In Fig. 2c this mechanism is represented by the initial, steep part
(I) of the dependence of I/VR on the concentration C of the polar additive in the mobile
phase (V~ is the corrected retention volume of the solute). When the content of the
polar additive increases from I to 7-9 vol.-% (II), the silica gel surface is covered more
with the modifier molecules and the retention ofsubstituted benzoic acids proceeds via
adsorption on the modified surface ofsilica gel. In this case (C > 1%, vIv), the slope of
dependence of 1/ V~ on C is smaller and the intercept on the ordinate at C = 0 is greater
than that for the region of low concentrations (C < 1%, v/v), which is indicative of
a weaker interaction of benzoic acids with the modified silica gel surface compared
with the initial hydroxylated one.

Fig. 3 shows the adsorption isotherm of acetic acid from solution in cetane on
silica gel [27], which is characterized by the presence of two horizontal sections. We
believe that the first (A) corresponds to the surface coating of the adsorbent with
monomeric molecules of acetic acid oriented probably parallel to the surface. The
second horizontal section (B) corresponds to the coating of the surface with dimeric
associates of the molecules which are either perpendicular or inclined to the surface. As
is seen from Fig. 3, the surface coating with monomeric molecules of acetic acid
proceeds at a concentration in solution of 150-200 mmole/I, which approximately
corresponds to 1-1.3 vol.-%. Also of importance is that at modifier concentrations
above 1-2 vol.-%, aliphatic acids in solution are basically in the state of dimers [28].

a, mmole/g

6

4 B

o
o 400 800 1200

C, mmole/l

Fig. 3. Adsorption isotherm of acetic acid on silica gel KCK from solution in cetane at 20°C.
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Fig. 4. Dependence oflogarithm ofcorrected retention volume (log V~) of substituted benzoic acids on their
dipole moment (j.;, D). Adsorbent, silica gel L, 10 pm; mobile phase, n-hexane-propionic acid (20:1). I =

m-nitrobenzoic acid; 2 = o-bromobenzoic acid; 3 = o-chlorobenzoic acid; 4 = p-methoxybenzoic acid;
5 = m-chlorobenzoic acid; 6 = m-bromobenzoic acid; 7 = p-bromobenzoic acid; 8 = p-chlorobenzoic
acid; 9 = benzoic acid.
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o
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Fig. 5. Dependence of the reciprocal of the capacity factor (ilk') of glucose on the piperazine concentration
(C, gil) in the mobile phase [acetone-water (7:3)]. Adsorbent, LiChrosorb Si 100 silica gel, 7 pm.
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The mechanism of retention of benzoic acids, which under these conditions yield cyclic
dimers ("aromatic acid-aliphatic acid"), seems to be of pure electrostatic character.
This is confirmed by a good linear correlation of the logarithm of retention with the
dipole moments of substituted benzoic acids (Fig. 4). It is known [29] that substituted
benzoic acids are retained on the surface of anion exchangers in conformity with the
values of the Taft constants rather than with their dipole moments.

Introduction of the modifier into the mobile phase may not only result in
a decrease in the activity of the adsorbent and, hence, a weaker retention of the solute
molecules, but also, in certain circumstances, modification creates a more active
surface. Thus, adsorption of diamines on silica gel from an acetone-water mobile
phase was used for the liquid chromatography ofcarbohydrates [30]. Fig. 5 shows that
an increase in the concentration of a cyclic diamine, piperazine, in the mobile phase
first results in a considerable increase in the retention of glucose (the 11k' value
decreases) and then, at concentrations above 0.44 mg/cm3 (i.e., after the formation of
a piperazine monolayer on the surface of silica), the retention hardly changes (or
decreases slightly). Mono-, di- and trisaccharides are well separated on a silica surface
modified by piperazine directly from the mobile phase (Fig. 6).

Modification of the adsorbent surface due to adsorption of the modifier from the
mobile phase, often referred to as dynamic modification, has been widely applied in
liquid chromatography. It enables one to change both the retention value of the
separated substances and the selectivity of separation. Non-polar reversed phases
(such as ODS type phases) are often used as sorbents. Compounds of various types,
such as molecular, ionic and complex-forming, are employed as modifiers of
two-component water-organic mobile phases. However, a quantitative description of
retention depending on the mobile phase composition in RP-HPLC becomes even
more complicated as the mobile phase in this instance contains at least four
components: solute, modifier, organic solvent and water.

a

o 2 4 6 0

2

4

b

6 12

min
Fig. 6. Chromatogram of a carbohydrate mixture in a column (125 x 4.8 mm I.D.) packed with
LiChrosorb Si 100 silica gel, 7 p.m. Mobile phase, acetone-water (4:1); volume flow-rate F = I cm3/min;
temperature, 30°C. Adsorbent: (a) hydroxylated silica gel; (b) silica gel modified by adsorption of piperazine
from the mobile phase. Piperazine concentration in the mobile phase, 0.44 mg cm - 3. I = Ribose; 2 =

xylose; 3 = fructose; 4 = glucose; 5 = saccharose; 6 = cellulose; 7 = melezitose; 8 = raffinose.
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In real systems the solute retention is influenced not only by molecular
interactions with the stationary phase but also by molecular interactions in the mobile
phase. Jaroniec and Jaroniec [31,32] proposed to take into account the association of
sorbate molecules and modifier in solution (Sm-Mm) and self-association of the
modifier molecules (Mm-Mm). In the simplest case of dimer formation the following
equilibrium is attained in solution:

(19)

and

(20)

Then the dependence of the solute retention on the modifier concentration in the
mobile phase, in the case of association (SM)m, is expressed by the equation

10

5

o

• 1

(21)

0.2 0.4 0.6

Fig. 7. Dependence of the reciprocal of the capacity factor (Ilk') of phenols on the mole fraction (NM) of
methanol in the binary water-organic mobile phase. Adsorbent, LiChrosorb RP-18, 5 11m. I = Phenol; 2 =

3-tert.-butylphenoI; 3 = 2-tert.-butylphenol.
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and for association (MM)m by the equation

43

(22)

The dependences ofljk' on M m described by eqns. 21 and 22 are non-linear. Only in the
region of small M m and at small values of KMM and KSM are they transformed into
a linear equation (eqn. 16) as previously considered. The molecular solute-modifier
(S~M) interaction promotes a faster decrease of the solute retention with increasing
concentration M in the mobile phase than in the absence of these interactions (Fig. 7)
[33]. The formation of associates between the modifier molecules (e.g., due to
non-specific interactions in RP-HPLC), on the other hand, slows down the decrease in
retention (Fig. 8).

•11k

1.5 o

/
o

1

1.0

o 0.1 0.2

Fig. 8. Dependence of the reciprocal of the capacity factor (Ilk') of nivalenol on the nature and mole
fraction (NM) of the organic modifier in the binary water-organic mobile phase. Adsorbent, Nucleosil
RP-18, 5 jim. Modifier: I = ethanol; 2 = tetrahydrofuran; 3 = acetonitrile.
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Now consider the general case when (I) the molecules of solute S and modifier
M are able to form in solution polymolecular (C+ I-molecular) associates and (2) the
molecules of modifier M form in the mobile phase polymolecular (d-molecular)
associates.

Sorption of Sand M molecules occurs only on that part of the sorbent which is
occupied with the solvent molecules L and is described by eqns. 1--4. Solvation of the
solute molecules by the modifier molecules proceeds in the mobile phase:

(23)

for c = 1,2,3, ... , C with the equilibrium constant

(24)

where Zc is the mole fraction of c+ I-molecular associates in the mobile phase.
Simultaneously, association of the modifier molecules occurs in the mobile

phase:

(25)

for d = 2,3,4, ... , D, with the equilibrium constant

where Zd is the mole fraction of d-molecular associates in the mobile phase.
As no associates appear on the sorbent,

Ss = [S~]

L s = [L~]

M s = [M~]

and eqn. 6 remains correct for the case in question.
In the mobile phase we have

[S~] + [M~] + L m = I

(26)

(27)

(28)

(29)

(30)

where [S~] and [M~] are the total concentrations of the different forms of solute and
modifier in the mobile phase.

Assuming that Sm « M m, L m and Ss « M" L" we have

L m + [M~] ~ I (31)
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and

On the other hand,

and

C D

[M~l = M m + I eZc + I dZd
c~l d~Z

C D

[M~] = Mm + I eKSMSmM':" + I dKMMM'/n
c~l d~Z

45

(32)

(33)

(34)

(35)

As Sm is a factor of 1OZ-1 03 smaller than Mm, and KSM is commensurate with KMM , then

(36)

It follows from egns. 2 and 4 that

(37)

From egns. 4, 31 and 32 we have

(38)

Introducing egn. 35 into egn. 38, we obtain

and

Ms = KMMm{1-Mm(1 + KSMSmct
l

eM':,,-l + KMM Jz dM'/n-l) + KMMmJ (40)

M s = KMMm{ 1 + Mm(KM- 1) - KSMSmJl eM':" + KMM dtZdM'/nJ (41)
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Introducing eqn. 41 into eqn. 37, we obtain
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Since according to analogy with eqn. 12

k' = cJ>(Ss/[S~D = cJ>K

then, introducing eqn. 33 into eqn. 43, we obtain

(43)

(44)

Introducing the values of Ss/Sm from eqn. 42 into eqn. 44, we obtain

(45)

and

In the absence ofassociates in the solution, i.e., KSM = °and KMM = 0, we obtain
eqn. 16 of the linear dependence of Ilk' on Mm. When associates are formed between
the molecules ofthe modifier and the solute, KSM > 0, and in the absence of association
of the modifier molecules, KMM = 0, the value of Ilk' increases faster (with increasing
content of the modifier Mm in the mobile phase) than to the first power of Mm. In
contrast, the formation of associates of modifier molecules decreases 11k' with respect
to the linear dependence. Thus, in the general case, eqn. 46 represents a complex
curvilinear dependence of the solute retention on the modifier concentration, its
character being determined by the ratio of the constants KSM ' KMM , KM and Ks
corresponding to various types of intermolecular processes occurring in a chromato
graphic system.

When the interaction between the molecules of the solute and modifier with the
sorbent (Ks and KM ) is stronger than the molecular interactions in the solution (KSM)'

which is typical for NP-HPLC, the dependence of 11k' on M m should approach
linearity. For example, phenols, which are strongly adsorbed from solution onto
a silica gel surface in the n-hexane-dioxane system, fit eqn. 16 (see Fig. 1).

Specific and non-specific molecular interactions in the mobile phase are more
strongly exhibited in RP-HPLC, which is well seen in Fig. 7, where the dependence of
11k' on Nm is non-linear. This character of the dependence shows that in RP-HPLC the
contribution of specific and non-specific interactions of phenol molecules with the
molecule of the mobile phase is comparable to the non-specific interactions of the
solute molecules with the hydrophobic surface of the stationary phase.
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In the limiting case, where adsorption of the modifier (KM ) is much less than the
interaction of the solute with the modifier (KSM)' the retention of substances is
approximately described by the equation

(47)

where n characterizes some mean solvation number of the solute molecules in the
mobile phase. Then, in the coordinates of 11k' versus M"m, a certain linearity is observed
for phenol at n = 3 (Fig. 9a) and for 3-tert.-butylphenol at n = 4 (Fig. 9b); n is higher
for the larger and more hydrophobic 3-tert.-butylphenol molecule than for phenol.

Considering the chromatographic retention of mycotoxins of the trichothecene
series (nivalenol, deoxynivalenol and deoxynivalenol IS-acetate), which differ in
the number of polar groups, we can see (Fig. 10) that the rectilinear dependence of 11k'
on M m is well realized for deoxynivalenol IS-acetate for all investigated modifiers of
the mobile phase (acetonitrile, tetrahydrofuran, ethanol). The molecule of deoxy
nivalenol IS-acetate is the most hydrophobic among the investigated mycotoxins and
is most strongly retained by the reversed phase.

10
a

II

5

o
o

... x

/ /0 2

/
I

II /0.. /0
,,0 ~

0

0.2 0.4 0.6 0 0.2 0.4

N3 N4
M M

Fig. 9. Dependence of the reciprocal of the capacity factor (Ilk') on the mole fraction (NM) of methanol in
the mobile phase. Conditions as in Fig. 7. (a) N~; (b) N~. I = Phenol; 2 = 3-tert.-butylphenol.
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Fig. 10. Dependence of the reciprocal of the capacity factor (l/k') on the mole fraction (NM) of the organic
component in binary water-organic mobile phases. Conditions as in Fig. 8. (1-3) Deoxynivalenol; (1'-3')
deoxynivalenol IS-acetate.

With the more polar nivalenol, which is less strongly adsorbed on the stationary
phase, a dependence close to linearity is observed only for the ethanol mobile phase
(Fig. 8). The curvilinear dependence which, according to eqn. 46, indicates a consider
able contribution of interactions of the modifier molecules with each other in the
mobile phase, is more typical for the more hydrophobic modifiers tetrahydrofuran and
acetonitrile. For deoxynivalenol, the character of the retention dependence in different
mobile pha'ses is similar to that observed for nivalenol.

As is seen in eqn. 46, at M m approaching zero the values ofk' must be equal to the
value of cJJKs, i.e. the retention k' of the solute with water as the mobile phase. Fig.
8 shows that on extrapolation of the initial parts of the dependence of 11k' on M m

towards M m = 0 for three different modifiers, the points of intersection with the
ordinate are actually close to each other and very close to zero, which is indicative of
a very strong retention when water is used as the mobile phase.

The calculation of the first three points of the curves (Fig. 8) according to eqn.
48:

11k' = a + bNm (48)

where a and b are constants resulted in values for the intersection points of a = 0.1 ±
0.46, 0.13 ± 0.58 and 0.15 ± 2.2 for ethanol, acetonitrile and tetrahydrofuran,
respectively, as modifiers.
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Hence eqn. 46 allows one to describe a change in the retention of substances in
NP- and RP-HPLC for various cases ofmolecular interactions in the chromatographic
system (solute-mobile phase-stationary phase).

Such an approach to the description of molecular interactions in NP- and
RP-HPLC as quasi-chemical equilibria on the sorbent and in solution (of solute
sorbent, modifier-sorbent, solute-modifier and modifier-modifier types) helps in
obtaining a better understanding of the retention mechanism in HPLC. It is necessary
for a quantitative description of the retention dependence on the mobile phase
composition to know the constants of these equilibria (Ks, KM, KSM ' KMM ). For this
purpose it is necessary to intensify studies on measuring the isotherms of adsorption
from solutions of modifying additives over a wide range ofconcentrations and also on
the determination of the association constants of substances in solutions with the use
of independent techniques.
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ABSTRACT

The potential of alkan-2-ones, alkyl aryl ketones and I-nitroalkanes as retention index standards in
reversed-phase liquid chromatography has been examined using methanol-buffer, acetonitrile-buffer and
tetrahydrofuran-buffer eluents. The aliphatic standards had retention times more similar to those of
rapidly eluted polar drugs than the aromatic ketones. However, the retention indices of the drugs were
sensitive to eluent composition and pH and to the brand of ODS-silica column material.

INTRODUCTION

Over the last ten years there have been a number ofstudies into the application of
retention indices in high-performance liquid chromatography (HPLC) [1]. The two
most widely applied homologous series of standards are the alkyl aryl ketones [2] and
the alkan-2-ones [3] and both have been employed for the identification of drug
compounds. They were selected because of their ready availability, reasonable stability
and detectability using spectrophotometric detectors. Subsequently Bogusz and
Aderjan have suggested the use of the homologous l-nitroalkanes as retention index
standards for HPLC [4] and gas-liquid chromatography [5].

All three series of standards are usable across a wide range ofeluent composition
but although the alkyl aryl ketones have the advantage of a strong chromophore,
because of their larger size and thus longer retentions they cannot be readily applied to
rapidly eluted polar drugs.

Bogusz [6] also examined the use ofcorrected retention indices to compensate for
differences in the separations of the barbiturates on different makes of ODS-bonded
stationary phases. Bogusz and co-workers subsequently reported the correction of
retention indices ofacidic [7], basic [8] and neutral [7,8] drugs on a range of ODS-silica
stationary phases. In more recent work this approach has been extended to a
comparison of the l-nitroalkane and alkyl aryl ketone scales for corrected retention
indices of basic drugs and they concluded that the former scale was superior [9].

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.
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However, the two scales were compared using different test compounds and a re
evaluation of the results has found that the differences between the scales were
negligible [10].

A major role ofretention indices in chromatography is to increase the robustness
of analysis results because as relative retention measurements they should compensate
for small differences in the experimental conditions caused by variations between
laboratories, instruments, or even in the preparation of the eluent on a different day or
by a different operator. They can also be used as a reference scale to monitor
differences between column and separation conditions, for interlaboratory compar
isons and to establish databases of retention values.

The present study examines homologous alkyl aryl ketones, alkan-2-ones and
I-nitroalkanes as potential retention index standards and compares their retentions
with those of a number of typical polar drug compounds in different acetonitrile
buffer, methanol-buffer and tetrahydrofuran (THF)-buffer eluents. Limited compar
isons were also carried out of the effect of pH changes and the use of a different
ODS-silica column.

EXPERIMENTAL

Materials and chemicals
The retention index standard compounds, nitromethane to nitrohexane, acetone

to heptan-2-one and nonan-2-one were supplied by Aldrich (Poole, U.K.). The alkyl
aryl ketones, acetophenone to valerophenone, column test compounds and drug test
compounds were obtained from a number of sources. Methanol, acetonitrile, THF
and water were HPLC grade and disodium hydrogen orthophosphate and potassium
dihydrogen phosphate were analytical grade from FSA (Loughborough, U.K.).

Solutions
Standard solutions of nitroalkanes and alkyl aryl ketones (20-30 ,u1/500 ml) and

alkan-2-ones (100-600 ,u1/5 ml) were prepared in mobile phase.
Buffer pH 7.0 was prepared from disodium hydrogenorthophosphate (0.50 g)

and potassium dihydrogenphosphate (0.301 g) in water (1 I).

Equipment
HPLC separations were carried out using a Philips 40 I0 pump and Philips 4025

variable-wavelength detector set at 220 nm. The samples (10 ,ul) were injected using,
a 7125 Rheodyne valve, fitted with a 20-,ulloop, onto a 100 x 5 mm column packed
with either ODS-Hypersil (5 ,urn, batch 10/1229, Shandon Southern, Runcorn, U.K.),
or ODS-Zorbax (7 ,urn, DuPont, Wilmington, DE, U.S.A.). The columns were
thermostated at 30°C in a circulating water jacket.

The mobile phase was pumped at I ml/min and the column void volumes were
detected using a solution of sodium nitrate (6.25 mg/ml). Retention times were
determined using a Linseis chart recorder.

Procedure
The retention times were measured in triplicate and were used to calculate

capacity factors. The retention indices (I) were calculated using I = 100 n + 100



HPLC RETENTION INDEX SCALES FOR DRUGS 53

(log k~ - log k~l)!(log k~2 - log k~l) where k~l and k~2 are the capacity factors of the
homologous retention index standards, containing nand n + 1 carbon atoms
respectively, being eluted immediately before and after the analyte with retention k~.

Some analytes were eluted outside the set of retention index standards and their indices
were calculated by extrapolation from the closest available standards.

TABLE I

CAPACITY FACTORS OF RETENTION INDEX STANDARDS AND TEST COMPOUNDS

Conditions: column, ODS-Hypersil; eluent, modifier-phosphate buffer pH 7.0; detection, 220 nm.

Compound Capacity factors

Methanol (%) Acetonitrile (%) THF (%)

20 30 40 50 10 20 30 20 30 40

Alkan-2-ones
Acetone 0.88 0.63 0.54 0.45 0.98 0.72 0.53 0.55 0.40
Butan-2-one . 1.97 1.38 1.01 0.74 2.33 1.54 1.12 0.83 0.75 0.64
Pentan-2-one 5.72 3.32 2.14 1.38 6.94 3.70 2.12 1.95 1.43 1.03
Hexan-2-one 18.21 9.30 5.13 2.81 22.16 10.19 4.85 5.13 2.96 1.79
Heptan-2-one 49.08 22.87 12.35 5.66 68.56 24.94 13.75 6.08 2.84
Nonan-2-one 149.03 53.26 19.06 131.92 99.87 21.92 6.68

I-Nitroalkanes
Nitromethane 0.62 0.51 0.49 0.40 0.87 0.90 0.87 0.90 0.85 0.70
Nitroethane 1.32 1.07 0.86 0.65 2.28 1.99 1.53 1.60 1.44 1.06
Nitropropane 3.84 2.59 1.82 1.22 7.01 4.88 3.18 3.70 2.72 1.70
Nitrobutane 11.95 7.07 4.20 2.41 23.32 13.20 6.80 9.63 5.50 2.84
Nitropentane 38.66 19.83 10.28 5.11 81.92 37.50 15.10 25.80 11.05 4.53
Nitrohexane 129.72 59.09 26.20 11.08 108.40 34.18 70.10 21.54 7.10

Alkyl aryl ketones
Acetophenone 21.94 10.35 5.29 2.63 31.92 11.l4 4.87 6.46 3.18 1.64
Propiophenone 62.96 26.95 11.92 5.45 98.70 30.20 11.00 16.60 6.50 2.92
Butyrophenone 182.77 69.05 27.29 10.97 77.24 23.31 39.73 12.20 4.56
Valerophenone 195.17 67.07 100.90 23.13 7.08

Column test compounds
N-Methy1aniline 14.61 8.11 4.70 2.60 25.53 12.00 6.09 11.75 5.94 2.97
2-Phenylethano1 15.58 8.01 4.33 2.31 19.65 6.18 2.50 4.80 2.40 1.28
p-Cresol 19.03 9.92 5.19 2.65 29.11 10.10 4.09 15.40 5.94 2.55
Nitrobenzene 20.51 11.55 6.49 3.47 37.90 18.40 8.20 17.20 7.05 2.98
Toluene 80.01 45.86 24.55 12.14 60.99 23.43 54.07 17.72 6.42

Drug compounds
Aspirin 0.97 0.46 0.24 0.11 1.00 0.11 0.06 0.06 0.04
Paracetamol 1.58 0.84 0.57 0.41 1.92 0.81 0.51 0.94 0.67 0.48
Theophylline 2.34 1.11 0.64 0.40 1.93 0.61 0.33 0.52 0.32 0.24
Barbitone 4.62 2.20 !.I8 0.69 5.61 1.66 0.78 2.45 1.70 !.I 3
Salicylamide 5.66 2.85 1.49 0.88 8.42 2.77 1.37 4.17 1.99 1.09
Caffeine 4.66 1.88 1.01 0.64 4.61 0.95 0.54 0.53 0.36 0.27
Phenobarbitone 13.48 5.34 2.22 1.06 24.36 4.96 1.62 8.14 3.76 1.91
Phenacetin 23.85 9.28 4.25 2.11 34.40 4.55 1.85 1.0 I
Diazepam 37.82 7.30 2.52
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In order to study the relative retentions of the standards and drug compounds
and to determine the influence ofeluent composition on retention indices, the capacity
factors of members of three homologous series, the alkan-2-ones (acetone to nonan
2-one), the nitroalkanes (nitromethane to nitrohexane) and the alkyl aryl ketones
(acetophenone to valerophenone) were measured using a range of buffered pH 7.0
eluents, containing methanol, acetonitrile or THF (Table I). The retentions were also
measured for a selection of polar neutral, basic and acidic drug compounds and for
a set of aromatic column test compounds (nitrobenzene, toluene, p-cresol, 2-phenyl
ethanol and N-methylaniline). These last compounds had been chosen in a previous
study as characterising the different interactions between eluent and stationary phases
[11]. All the compounds gave good peak shapes and reproducible results.

One reason for selecting a homologous series of standard compounds to form
a retention index scale is that they are usually systematically spaced throughout the
chromatogram. In an isocratic separation there is normally a linear relationship
between the logarithm of the capacity factor (log k') and the carbon number of each
homologue. The differences in log k' between successive homologues are the methylene
increments, which in a particular eluent should be constant and independent of the
functional groups present. However, differences have been found in earlier work
between homologous alkyl aryl ketones and alkan-2-ones [2] and between derivatives
of homologous alcohols and amines [12].

However, although the correlation coefficients were good for a linear relation
ship between carbon number and log k' for the alkyl aryl ketones (0.9999-0.9995
except for 40% THF 0.9976), the correlations for the alkan-2-ones and nitroalkanes
were generally much poorer (0.9995-0.9943) and the relationships were curved (Figs. 1
and 2). Nitromethane and nitroethane appeared to be more highly retained than would
be anticipated. Similar deviations from linearity were also noted for nitromethane by
Bogusz and Aderjan [4] in acetonitrile-water eluents. The methylene increments for
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Fig. I. Relationship of log k' to carbon number x 100 for the three homologous series alkyl aryl ketones
(0), alkan-2-ones (0) and nitroalkanes (6). Eluent, methanol-buffer pH 7.0 (40:60).
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each set of standards were different and generally increased with the carbon number
although a drop was noted on going from heptan-2-one to nonan-2-one.

The retention indices using each of the set of homologues were therefore
determined by interpolation between the logarithms of the capacity factors ofadjacent
pairs of standards. The indices based on the alkyl aryl ketones [I(AAK)], nitroalkanes
[I(N0 2)] and alkan-2-ones [I(CO)] were compared in a typical eluent [Table II,
methanol-buffer (40:60)]. The retention index of acetophenone, the smallest alkyl aryl
ketone (Cs) [I(CO) = 619, I(N0 2 ) = 426] is close to that ofhexan-2-one and a little
larger than the value for nitrobutane. Acetone [I(N0 2 ) = 118] and nitromethane
[I(N0 2 ) = 100] the smallest members of the other two series had very similar
retentions. The alkyl aryl ketones were more highly retained than the drug compounds
and extrapolation of the scale was therefore required to determine the I(AAK) values.
In contrast all the drugs, with the exception of aspirin, fell within the ranges of the two
sets of aliphatic standards demonstrating the increased application of these scales for
rapidly eluted compounds.

In order to compare the effects of the eluent composition on the relative
retentions, the retention indices I(CO) of all the analytes in the different eluents were
calculated based on the alkan-2-one scale. On increasing the proportion of methanol
the indices of the nitroalkanes increased only slightly but those ofthe alkyl aryl ketones
decreased (Table III). With the exception of toluene, whose retention index increased
noticeably with the proportion of methanol, the retention indices of the column test
compounds also changed very little. This confirmed the robustness of the retention
indices of non-ionised compounds towards small changes in eluent composition.
Similar but larger effects were observed on increasing the proportion of acetonitrile or
THF (Table III). The differences between the retention indices measured using the
different modifiers are a measure of the changes in the elution selectivities of the
eluents.

.However, in all three eluent combinations the retention indices for most of the
polar drugs decreased significantly, by up to 150 units, with increased proportions of
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TABLE II

COMPARISON OF RETENTION INDICES CALCULATED USING DIFFERENT SCALES IN
METHANOL~BUFFER(40:60)

Conditions: column, ODS-Hypersil; eluent, methanol-phosphate buffer pH 7.0 (40:60); spectroscopic
detection, 220 nm. Indices in parentheses have been calculated by extrapolation.

Compound Retention index scale

l(CO) l(NO z) l(AAK)

Alkan-2-ones
Acetone 300" ll8 (520)
Butan-2-one 400 219 (596)
Pentan-2-one 500 319 (689)
Hexan-2-one 600 422 (796)
Heptan-2-one 700 520 904
Nonan-2-one 900 (676) 1076

l-Nitroalkanes
Nitromethane (257) 100" (507)
Nitroethane 342 200 (577)
Nitropropane 426 300 (669)
Nitrobutane 564 400 (772)
Nitropentane 676 500 882
Nitrohexane 798 600 992

Alkyl aryl ketones
Acetophenone 619 426 800"
Propiophenone (723) 516 900
Butyrophenone (833) (607) 1000
Valerophenone (700) 1100

Column test compounds
N-Methylaniline 589 412 785
2-Phenylethanol 582 404 777
p-Cresol 603 425 799
Nitrobenzene 626 448 825
Toluene 794 593 985

Drug compounds
Aspirin (170) ( <0) (420)
Paracetamol 308 124 (526)
Theophylline 327 147 (540)
Barbitone 421 242 (616)
Salicylamide 452 273 (644)
Caffeine 400 221 (596)
Phenobarbitone 504 324 (693)
Phenacetin 579 401 (774)

" Index standards I = carbon number x 100.

modifier (Table III, Fig. 3). These effects were expected from previous studies of the
changes in the contributions of different functional groups to retention [13], which
found that more polar groupings, such as amido, amino, hydroxyl and phenolic
groups, showed larger changes with composition than did the relatively non-polar
nitro and carbonyl groups. Thus the retention of compounds which are rapidly eluted
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TABLE III

RETENTION INDICES BASED ON ALKAN-2-0NES OF RETENTION INDEX STANDARDS
AND TEST COMPOUNDS

Conditions as in Table I. Retention indices in parentheses are derived by extrapolation from the standards.

Compound Retention index f(CO)

Methanol (%) Acetonitrile (%) THF (%)

20 30 40 50 10 20 30 20 30 40

1-Nitroalkanes
Nitromethane (257) (273) (284) (277) (286) 330 367 409 419 419
Nitroethane 342 367 374 374 398 429 449 477 501 504
Nitropropane 426 472 478 480 501 527 549 566 590 590
Nitrobutane 564 573 577 578 604 629 (640) 664 686 700
Nitropentane 676 684 679 685 (716) 750 (737) 764 793 809
Nitrohexane 798 801 803 811 876 (836) 864 897 (914)

Alkyl aryl ketones
Acetophenone 619 612 604 591 631 610 600 623 610 584
Propiophenone (723) 717 694 691 732 723 (697) 719 710 706
Butyrophenone (833) 818 812 809 836 (789) 807 809 81l
Valerophenone (929) 931 (901) (908) (913)

Column test compounds
N-Methylaniline 581 587 589 589 612 618 (620) 684 697 710
2-Phenylethanol 586 586 582 572 589 550 520 593 571 539
p-Cresol 604 608 603 592 624 599 579 712 697 676
Nitrobenzene 612 624 626 630 647 666 (663) 723 723 711
Toluene (749) 774 794 828 807 (790) 838 867 890

Drug compounds
Aspirin 312 (260) (170) (44) 302 (54) (8) <0 <0
Paracetamol 373 337 308 (282) 378 315 (295) 415 379 (340)
Theophylline 416 372 327 (277) 378 (278) (236) (287) (240) (194)
Barbitone 481 454 421 386 480 408 352 524 524 517
Salicylamide 499 483 452 428 517 467 432 579 546 510
Caffeine 485 435 400 371 463 336 303 (292) (262) (219)
Phenobarbitone 574 546 504 458 608 529 (602) 647 633 614
Phenacetin 627 600 579 559 639 529 588 535 496
Diazepam 802 727 674

because they contain a number ofpolar functions are likely to alter to a different extent
on changing the composition of the eluent than smaller less polar compounds, which
are rapidly eluted because of their small size. Thus it appears that the application of
these retention index scales to very polar analytes may be inherently limited because
the values will be susceptible to small changes in eluent composition. Because the
relative retentions of the nitroalkanes and alkan-2-ones were largely unchanged with
composition the effects on indices based on either scale would be similar.

Because ofconcern that the nitroalkanes could be ionised in high-pH eluents the
capacity factors and retention indices of the standards and test compounds were
measured at pH 3.2 and pH 8.2 using methanol-buffer (50:50) and acetonitrile-buffer
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Fig. 3. Effect of proportion of methanol on the retention indices I(CO) of drug compounds on
ODS-Hypersil column. Compounds: I = phenacetin; 2 = caffeine; 3 = phenobarbitone; 4 = salicylamide;
5 = barbitone; 6 = theophylline; 7 = paracetamol; 8 = aspirin.

(30:70) eluents. However, no significant changes were observed in the relative
retentions of the three homologous series or the neutral column test compounds.
Because of protonation N-methylaniline was more rapidly eluted at pH 3.2 and its
retention index dropped by 70 units in methanol and 113 units in acetonitrile compared
to pH 7.0. The retention indices of the acidic drugs, salicylamide, barbitone and
phenobarbitone all decreased at pH 8.2, by up to 140 units, reflecting partial
ionisation.

Different stationary phases
In order to determine if the relationships between the three retention index scales

were similar on different brands of ODS-silica the separations were repeated on an
ODS-Zorbax column using methanol-buffer pH 7.0 (50:50), and the capacity factors
and retention indices [/(CO)] were calculated (Table IV). Except for nitroethane the
differences for the nitroalkanes were less than 15 units but the alkyl aryl ketones were
relatively more highly retained, by up to 40 units, on the ODS-Zorbax column.

Larger differences were found for the column test compounds, with 2-phenyl~

ethanol (-68 units) and p-cresol (-87 units) being more rapidly eluted and
nitrobenzene (+47 units) and toluene (+50 units) being more retained on the
ODS-Zorbax column. These selectivity changes match those observed earlier for polar
compounds on an ODS-Zorbax column, which has a generally lower retention for
compounds containing hydroxylic or phenolic groups [11].

These marked differences between the selectivity of the column materials were
also reflected in the retention of the acidic drugs paracetamol, barbitone, salicylamide,
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TABLE IV

COMPARISON OF CAPACITY FACTORS AND RETENTION INDICES ON DIFFERENT
STATIONARY PHASES

Conditions: eluent, methanol-buffer pH 7.0 (50:50). H = Hypersil; Z = Zorbax.

Compound k' I(CO)

ODS-H ODS-Z ODS-H ODS-Z

Alkan-2-ones
Acetone 0.45 0.51 300 300
Butan-2-one 0.74 0.80 400 400
Pentan-2-one 1.38 1.23 500 500
Hexan-2-one 2.81 2.32 600 600
Heptan-2-one 5.66 4.07 700 700
Nonan-2-one 19.06 15.73 900 900

1-Nitroalkanes
., Nitromethane 0.40 0.44 (277) (267)

Nitroethane 0.65 0.63 374 347
Nitropropane 1.22 1.14 480 482
Nitrobutane 2.41 2.00 578 578
Nitropentane 5.11 3.89 685 692
Nitrohexane 11.08 7.71 811 794

Alkyl aryl ketones
Acetophenone 2.63 2.81 591 634
Propiophenone 5.45 5.1 I 691 733
Butyrophenone 10.97 9.13 809 819
Valerophenone 18.07 920

Column test compounds
N-Methylaniline 2.60 2.29 589 598
2-Phenylethanol 2.31 1.26 572 504
p-CresoJ 2.65 1.27 592 505
Nitrobenzene 3.47 3.53 630 675
Toluene 12.14 13.60 828 878

Drug compounds
Paracetamol 0.41 0.31 (282) (189)
Theophylline 0.40 0.44 (277) (267)
Barbitone 0.69 0.40 386 (245)
Salicylamide 0.88 0.57 428 326
Caffeine 0.64 1.50 371 533
Phenobarbitone 1.06 0.44 458 (267)
Phenacetin 2.11 1.27 559 503

phenobarbitone and phenacetin, which all had lower relative retentions on the
ODS-Zorbax column. In contrast, caffeine was more highly retained.

In his work on corrected retention indices Bogusz [6] demonstrated that it was
possible to compensate for differences in the retention indices of barbiturates on
ODS-Hypersil and ODS-Zorbax columns. His technique corrected for systematic
differences in the retentions of the analytes and the retention index scale standards by
scaling the indices relative to those found on a "standard" column. However, this
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approach will fail in the present study as the order of elution is different on the two
different ODS-phases. These conditions are likely to occur in other cases when there
are major differences in the test and standard stationary phases. Analytes which
contain different interactive groups may be eluted in a different order. For these
columns the correction method will only work reliably for closely related groups of
compounds with a "pseudo-homologous" relationship (such as the barbiturates) in
which all the analytes have the same functional groups and similar polarity but differ in
the extent of alkyl substitution.

CONCLUSION

Both the alkan-2-one and I-nitroalkane homologues had similar retention times
to a range of rapidly eluted basic drugs and thus should be more suitable as the basis of
retention scales for these compounds than the more highly retained alkyl aryl ketones.
However, at short retention times the relative retentions of the standards and drugs are
susceptible to small changes in the proportion of modifier in the eluent. The retention
indices can therefore only partially compensate for small changes in the separation
conditions and this emphasises the importance of controlling the separation param
eters in qualitative analysis.

Large differences in selectivity were found between two different ODS-bonded
silica columns which suggests that attempts to correct retentions on "equivalent"
ODS-bonded silica stationary phases may have limited applicability. For the reliable
comparison of results in different laboratories it will still be necessary to closely specify
the brand of stationary phase.
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ABSTRACT

Standard enthalpy (A11) and entropy (AS) changes were obtained for several hydroxyl aromatics
without p-cyclodextrin in the mobile phase, and enthalpy (AEr,) and entropy (AS;) of complex formation
were calculated for the hydroxyl aromatics with /3-cyclodextrin in the mobile phase. Negative enthalpy and
entropy values were obtained without /i-cyclodextrin present in the mobile phase. With p"cyclodextrin in
the mobile phase, negative values for the enthalpy of complex formation were obtained, but positive values
were obtained for the entropy of complex formation. An equation was derived that relates the capacity
factors with fi-cyclodextrin in the mobile phase to AE!", AEr" AS·, AS;, phase ratio, formation constant,
and equilibrium concentration of fi-cyclodextrin. Several correlations were developed for the thermo
dynamic properties, and it was found that the model compounds could be classified into two groups based
primarily on their thermodynamic properties.

INTRODUCTION

The effects of the column temperature on solute retention in reversed-phase
liquid chromatography (RPLC) have been investigated by a number of researchers.
For example, Melander et at. [I] reported the effects of temperature and solvent
composition on the retention of oligo(ethylene glycol) derivatives in RPLC. Also,
Melander et at. [2-4] considered the retention characteristics of solutes as a function of
both column temperature and solvent composition. Other researchers have also
considered the effects of temperature and mobile phase composition on the retention
behavior of a variety of compounds [5,6].

The chromatographic results from temperature studies are also useful in
exploring the thermodynamic aspects of solute retention in RPLC. Melander et at. [7]
discussed enthalpy-entropy compensations in reversed-phase systems for several
aromatic carboxylic acids and phenyl acetic acids. They showed that the reversible
binding of solutes to hydrocarbonaceous bonded-phases conformed to the same

a Present address: Oklahoma Medical Research Foundation, 825 N.E. 13th street, Oklahoma City,
OK 73104 (U.SA).
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mechanism under the experimental conditions used. Chmielowiec and Sawatzky [8]
studied the effects of temperature on the thermodynamic behavior of polynuclear
aromatic hydrocarbons on a silica C 18 column in aqueous acetonitrile mobile phases.
Sander and Field [9] reported the influence of mobile phase composition on the
thermodynamic properties for N,N-diethylaniline and isopropylbenzene with a
,u-Bondapak C 18 column and a Zorbax CN column. Melander et al. [10] studied the
characteristics of the stationary phase in RPLC as far as the length of the alkyl chain,
column temperature, chemical nature of the hydrocarbonaceous ligands, and surface
coverage. In other work, Melander and Horvath [II] analyzed a large amount of
literature data from different hydrocarbonaceous bonded-phases to study the effect of
stationary phase on the free energy increments for various structural elements of the
solutes. Vigh and Varga-Puchony [12] reported the influence of temperature on the
retention factors ofC6-C16 n-alkanols, C6-C12 n-alkanal dinitrophenyl hydrazones,
and C6-C ll 2-n-alkanone dinitrophenyl hydrazones at various temperatures on
Micropak CH-IO and Nucleosil C 18 octadecyl packings with aqueous methanol
eluents.

In related work with cyclodextrins, Harrison and Eftink [13] studied the
thermodynamics of the binding of adamantanecarboxylate to cyclodextrins as
a function of temperature and methanol by using flow microcalorimetry. They
believed that the binding of solutes to both a-cyclodextrin (a-CD) and f)-cyclodextrin
(f)-CD) was driven by strong London dispersion forces between the delocalized charge
on the solute and the polar groups, namely, ether-like oxygens lining the cavity of
cyclodextrin. Catena and Bright [14] reported thermodynamic parameters and
stoichiometries of the binding of anilinonaphthalenesulfonates to f)-CD by steady
state fluorescence intensity and anisotropy measurements. They obtained formation
constants and enthalpy and entropy values of the inclusion complexes for different
analytes. Woodburn et al. [15] investigated the thermodynamic properties of
anilinonaphthalenesulfonates from methanol-water solvent mixtures and used en
thalpy-entropy compensation concepts to interpret their data.

In this paper, the fundamental thermodynamic parameters, iJHo and iJSo, were
obtained with and without fJ-CD present in the mobile phase for several hydroxyl
aromatics using a C 18 column and methanol-water mobile phases. The main goals of
the research were to compare the iJHo and iJSo values with and without fJ-CD in the
mobile phase in order to gain insights into the chromatographic mechanism with f)-CD
in the mobile phase and to discern the effects of some of the structural features of the
model compounds on their retention characteristics.

EXPERIMENTAL

Apparatus
The liquid chromatograph used was a Waters unit with a Model 6000A pump

(Milford, MA, U.S.A.), a U6K injector, a dual channel ultraviolet detector set at 254
nm, and an Omniscribe dual channel lO-mV strip chart recorder (Houston Instru
ment). A Model FIAtron (Oconomowoc, WI, U.S.A.) constant temperature control
system was used to keep the temperature of the column constant. The accuracy of the
column heater was ±0.1 dc. The chromatographic column employed was a 5-,um C I8

(250 mm x 4.6 mm J.D.) obtained from Burdick and Jackson (Muskegon, MI,
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U.S.A.). The carbon content and weight of the bonded packing material for the CIS
column were provided by Burdick and Jackson.

Reagents
The model compounds and {J-CD were purchased from Aldrich (Milwaukee,

WI, U.S.A.). The names and structures of the model compounds are given in Table I.
Methanol was HPLC grade and obtained from Burdick and Jackson.

TABLE I

NAMES AND STRUCTURES OF THE MODEL COMPOUNDS

Compound

p,p'-Biphenol

2 o,o'-Biphenol

3 I-Naphthol

4 2-Naphthol

5 2-Phenylphenol

6 3-Phenylphenol

7 4-Phenylphenol

Structure

HO OH

6-b

OH

6-0
HO

b-D
Ho-O-O

Procedure
{J-Cyclodextrin was vacuum dried under 0.78 atm pressure at 75°C for eight

hours and then dissolved in prefiltered water. The appropriate amount of methanol
was added to a water solution of {J-CD. The largest analytical concentrations of {J-CD
in 50:50 and 60:40 methanol-water mixtures were 4.0 mM and 3.0 mM, respectively.
The concentrations of the samples injected were I mg/ml in methanol. The column
void volume was obtained by injection of a methanol solution of potassium nitrite.
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Theory
The equilibrium constant (K) of a solute binding to the stationary phase in

reversed-phase systems can be related to the column temperature according to the
following equations [7]:

In K = -LJGoIRT

In K = -LJWIRT + LJsolR

(1)

(2)

where LJ GO is the Gibbs free energy for the solute-stationary phase interaction; R is the
gas constant; and T is the absolute temperature.

Since k~ = cpK, where k~ is the solute capacity factor in the chromatographic
system, and cp is the volume phase ratio of the stationary to the mobile phase, eqn.
2 can be written as

In k~ = -LJWIRT + LJsolR + In cp (3)

where LJHo and LJSo are considered to be the standard enthalpy change and entropy
change, respectively, as a solute partitions from the mobile to the stationary phase [8].
Eqn. 3 indicates that the solute retention depends upon the column temperature. An
increase in the column temperature normally causes a decrease in the solute retention.

According to eqn. 3, the slope of the line that results from a plot ofln k' vs. liTis
- LJHoIR, and the intercept is LJSoIR + In cp. To obtain the entropy change, the phase
ratio has to be known. Sentell and Dorsey [16] presented a method for calculating the
volume of stationary phase with the following equation:

v = (%C)(M)( Wp)

s (100)(12.011)(n c)(p)
(4)

where Vs is the stationary phase volume; %C is grams of carbon per 100 grams of
bonded silica; nc refers to the number ofcarbon atoms per mole of silane; the molecular
weight of the silane is given by M; the term W p is the weight (g) of the bonded packing
material in the column. The density of the bonded octadecylsilyl (p) is assumed to be
equal to 0.8607 g/cm 3 [17]. In this work, the mobile phase volume in the column was
assumed to be the same as the retention volume of a non-retained solute, namely,
potassium nitrite. The phase rato was obtained from cp = VsI Vm, and the calculated
value of cp was 0.426.

With f3-CD in the mobile phase, the solute capacity factor will be affected by the
extent of complex formation of f3-CD with the solute in the mobile phase and other
parameters [18]. As discussed earlier, the solute capacity factor with f3-CD in the
mobile phase can be defined by eqn. 5 [18].

11k' = Ilk~ + [(CD)m]lk~KD (5)

where k~ is the capacity factor with no f3-CD present, [(CD)m] is the equilibrium
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concentration of j3-CD in the mobile phase, and KD is the dissociation constant of the
inclusion complex in the mobile phase. The earlier experimental data and data analysis
indicated that the solute-j3-CD complexes did not interact with or interacted very little
with the stationary phase [18].

By solving eqn. 5 for k' and substituting llKr for K D, where Kr is the formation
constant of the inclusion complex, eqn. 6 is obtained.

k' = k~ . IIKr/{1IKr + [(CD)m])

Taking the In of both sides of eqn. 6, eqn. 7 is obtained.

In k' = In k~ - In Kr - In {llKr + [(CD)m])

Using eqns. 2 and 8, where !JH'f and

In Kr = -!JH'fIRT + !JS'fIR

(6)

(7)

(8)

!JS'f are the standard enthalpy and entropy changes of complex formation in the
mobile phase, respectively, eqn. 9 can be acquired.

In k' = (!JH'f - !JW)IRT + (!JS - !JSf)IR + In q> - In {IIKr + [(CD)m]) (9)

Eqn. 9 can be used in the calculation of !JH'f and !JS'f, and this will be discussed later.

Hydroxyl aromatics without j3-CD in the mobile phase
The capacity factors for several hydroyl aromatics (see Table I for structures)

were obtained at 25,30,35 and 40°C with a C 18 column. This is a limited temperature
range and more work has to be performed to assess the effects of temperature on
capacity factors at other temperatures. Fig. 1 shows that as the temperature is
increased for the mobile phase without j3-CD, the k' values of the compounds
investigated decreased, and a linear relationship was obtained for all the hydroxyl
aromatics. In the presence of j3-CD, the same general graphs were obtained (see Fig. 2).
The linear correlation coefficients with and without j3-CD ranged from 0.956 to 0.996.
At a given temperature, the presence of (3-CD showed a decrease in the solute retention
which was due to the formation of an inclusion complex between the solute and (3-CD
in the mobile phase [18]. It should be mentioned that Fujimura et al. [19] reported that
j3-CD and the j3-CD complexes they studied did not show any interactions with a C8

column. This is most likely due to the hydrophilic nature of the external part of the
(3-CD molecule. Also, we recently showed that interactions of(3-CD hydroxyl aromatic
complexes were not important for compounds 1-4 in Table I [18]. For compounds 5-7
in Table I, there was a indication that there may have been slight interactions of the
complexes with C 18 , but data analysis of the graphs of 11k' vs. equilibrium
concentration of (3-CD indicated that the interactions were unimportant [18].

The thermodynamic parameters calculated from the slopes and intercepts of the
In k' vs. liT graphs for the hydroxyl aromatics in methanol-water (50:50) are listed in
Table II. A comparison between the thermodynamic values of the structural isomers in
methanol-water (50:50) is given in the following discussion..Enthalpy values can be
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Fig. I. Plot of In k' lOS. liT for several hydroxyl aromatics in methanol-water (50:50). See Table I for the
names and structures of the compounds.
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Fig. 2. Plot of In k' 1'S. liT for severai hydroxyl aromatics in methanol-water with 4.0 mM f3-CD. See Table
I for the names and structures of the compounds.
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TABLE II

THE tJJr, tJS°, tJEf;, AND tJS; VALUES OF SEVERAL HYDROXYL AROMATIC COMPOUNDS
IN METHANOL-WATER (50:50) AND METHANOL-WATER (50:50) + 4.0 mM {3-CD ON AC18

COLUMNS

The enthalpy and entropy units are kcal mol-I and cal mol- 'T-l, respectively.

Solute Methanol-water Methanol-water + 4.0 mM {3-CD

iJJr iJSo tJH; iJS;

1a -3.03 -6.92 -1.31 9.79
2 -2.72 -3.81
3 -2.87 -3.84 -0.49 10.4
4 -2.79 -3.91 -0.26 11.0
5 -2.98 -2.98 -0.34 10.7
6 -2.73 -3.73 -1.23 9.30
7 -3.20 -3.59 -1.29 9.53

a See Table I for the name and structure of the compound.

considered as a measure of the efficiency of the transfer of the solute from the mobile
phase to the stationary phase. The more negative the iJJr value, the more effectively
the solute is transferred to the stationary phase. The more negative iJJr value of
p,p'-biphenol compared to 0,0'-biphenol indicated that the former interacted with the
stationary phase more strongly than the latter in methanol-water (50:50). The iJSo
values in Table II can be rather difficult to interpret. A iJSo value can be considered as
the change in ordering of the solute as it partitions between the mobile phase and
stationary phase. Also, changes in entropy of the mobile phase and changes in the
entropy of the stationary phase as a result of the solute partitioning between these two
phases are important considerations. There was no attempt in this work to distinguish
all of these changes. Thus, only a general interpretation of the changes in iJ So values is
given. We considered the changes in the iJSo values as the change in ordering of the
solute as it partitions between the mobile phase and stationary phase. As Table II
shows, there is a substantial difference between iJSo values for p,p'- and o,o'-biphenol.
The entropy values ofp,p'- and o,o'-biphenol indicate better ordering ofp,p'-biphenol
on the stationary phase relative to the mobile phase than that of the o,o'-biphenol with
methanol-water (50:50). The somewhat more negative iJJr value of I-naphthol
compared with iJ HO value of2-naphthol in Table II implies that I-naphthol interacted
more strongly with C1S than 2-naphthol. The difference in iJSo values of 1- and
2-naphthol is small, namely, 0.07 cal mol-lll ; thus the ordering of these compounds
on the stationary phase relative to the mobile phase is approximately the same.

In the phenylphenol series, it is seen that the enthalpy change of 4-phenylphenol
is the greatest, which indicated that 4-phenylphenol was more effectively transferred to
the stationary phase than the other two isomers (Table II). 2-Phenylphenol had the
smallest negative LIS value with methanol-water (50:50). This showed that 2-phenyl
phenol was less ordered on the stationary phase than in the mobile phase compared to
3- and 4-phenylphenol due to sorption [8].The ortho position of the phenyl ring to the
hydroxyl group in 2-phenylphenol resulted in intramolecular hydrogen bonding
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between OH and n electrons of the phenyl ring [20]. This would cause the interaction of
2-phenylphenol with C I8 to become less effective compared to the other two isomers in
methanol-water (50:50).

Hydroxyl aromatics with f3-CD in the mobile phase
The addition of f3-CD to the mobile phase in the reversed-phase systems

investigated resulted in the formation of inclusion complexes, if the solutes had the
correct size and shape to fit into the cavity of f3-CD [18]. We previously showed that in
methanol-water mobile phases 1: 1 complexes were formed with f3-CD for the solutes
listed in Table I [18]. In addition, the earlier experimental evidence indicated that
generally the f3-CD-solute complexes did not interact with the stationary phase.
However, some of the data suggested the f3-CD complexes of the phenylphenols
interacted with the stationary phase, although we concluded that these interactions
were weak [18]. Fig. 2 shows that linear relationships were obtained between In k' and
IITfor the seven model compounds when the total concentration of f3-CD was 4.0 mM
in methanol-water (50:50). Close inspection of the data in Figs. 1 and 2 for
o,o'-biphenol shows that at a given temperature the k' values for this compound
changed very little. For example, the k' value was 6.22 at 25°C without f3-CD and with
f3-CD it was 6.10. Because the reproducibility of the k' values for this compound was
about ±0.10, the calculation of thermodynamic values for o,o'-biphenol with f3-CD
present was not considered accurate enough.

For eqn. 9, it was assumed that In qJ and In {IIKr + [(CD)m]) changed very little
with temperature, and thus a plot of In k' liS. llTwould give a straight line with a slope
of(,dHf - ,dHO)IR. These aspects are supported by the linear plots in Fig. 2. Also, the
Kr values were calculated for all four temperatures for solutes I and 3-7 using eqn.
5 with a value of 8.04 . 10-4 M for the equilibrium concentration of f3-CD and
appropriate values of k' and k~ [18]. The equilibrium concentration of f3-CD was not
expected to change much with temperature because it was present in considerable
excess compared to the solutes. With the Krvalues and the equilibrium concentration
of f3-CD, In {lIKr + [(CD)m]) values were calculated for solutes 1 and 3-7 at the four
temperatures. The percentage changes in In {IIKr + [(CD)m]) from 25 to 40°C for
solutes 1 and 3-7 were 1.1 %,4.5%,4.8%,2.8%,1.6% and 1.2%, respectively. Thus,
the percentage changes in In {lIKr + [(CD)m]) values were considered small enough so
that reasonable estimates of ,dHf could be made from the slopes. Additional data
would have to be acquired for highly accurate values of ,dHf.

From the slopes of the lines in Fig. 2 and assuming In{IIKr + [(CD)m]) changed
little with temperature, it was then possible to calculate ,dHf because ,dHo values were
calculated earlier (Table II). Once ,dffl values were acquired then ,dSf values could be
calculated from eqn. 8. The Krvalues for the solutes needed for the calculation of ,dSf
values were obtained from ref. 18. Table II lists the calculated ,dHf and ,dSf values. As
shown in Table II, all the ,dHf values are negative indicating favorable conditions for
complex formation. However, the respective ,dHo value in Table II for a given
compound is more negative than the corresponding ,dHf value indicating that there
was more of a tendency for the hydroxyl aromatics to interact with the stationary
phase relative to f3-CD molecules in the mobile phase.

In Table II, the ,dSf values are all positive which indicates that upon complex
formation in the mobile phase a more disordered state results relative to the solute that
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is uncomplexed. This is in contrast to the LlSavalues in Table II with no f3-CD present
in the mobile phase where all of the LlSa value were negative. It should be mentioned
that Lewis and Hansen [21] reported values of -2.6 kcal mol- 1 (LlHr) and 7 cal
mol-1T-1 (LlSr) for the binding of phenol with f3-CD in aqueous solution using
calorimetry. These values correlate, in general, with the LlHf and LlSf values for the
hydroxyl aromatics in Table II. It is beyond the scope of this work to define all the
interactions that result in positive LlSr' values. For example, hydrogen bonding
interactions between the solute and solvent are involved in addition to interactions
between water and methanol molecules in the binary mobile phase.

Of primary interest in this work were the effects of the enthalpy and entropy
values on the capacity factors of the hydroxyl aromatics with f3-CD present in the
mobile phase. By subtracting eqn. 9 from eqn. 3, one obtains eqn. 10.

In k~ - In k' = -LlHf/RT + LlSflR + In{llKe + [(CD)"tl} (10)

From eqn. 10, it is seen that the change in capacity factor with the addition of
f3-CD is a function of T, LlHf, LlSe liKe, and the equilibrium concentration of f3-CD.
The three major terms in eqn. 10 (-LlHfIRT, LlSfIR, and In {liKe -+ [(CD)ml}) were
calculated for solutes 1 and 3-7 at 25aC and are listed in Table III. The Kevalues were
taken from ref. 18. The data in Table III shows that solutes 1,6, and 7 have similar
numerical values for the sets of major terms and 3, 4, and 5 have similar sets of
numerical values. The clustering of solutes indicates that the differences in the In of the
capacity factors without and with f3-CD for the solutes in a given cluster would be
similar. This conclusion is supported by the k' values reported earlier for the solutes in
Table III [18]. The grouping of solutes that appear in Table III implies similar
interactions for these compounds in a given group. The In {liKe + [(CD)m]) terms have
the greatest absolute values and thus determine to a large extent the magnitude of In
k~ - In k'. Because the equilibrium concentration is the same for f3-CD for all the
solutes the different values for the In {lIKe + [(CD)m]) terms are a result of the unequal
values obtained for Kefor the various solutes. For solutes 3, 4, and 5 the Ll HfIRT terms
make relatively smaller contributions compared to the LlSf/R terms. This is also
indicated by comparing the appropriate LlHf and LlSf values in Table II. For solutes I,
6 and 7 the same general conclusions can be made by comparing the data in Tables II
and III. However, the entropy contribution is somewhat less, while the enthalpy
contribution is somewhat greater.

TABLE 1II

COMPARISON OF THE MAJOR TERMS IN EQN. 10 AT 25°C FOR SIX SOLUTES

Solute" dIr,IRT dS~/R In {lIKr + [(CD)",])

1
3
4
5
6
7

-2.21 4.93
-0.83 5.23
-0.43 5.54
-0.57 5.38
-2.08 4.68
-2.18 4.80

-6.44
-5.79
-5.69
-5.71
-6.23
-6.36

" See Table I for names and structures of compounds.
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Using data reported earlier for solutes 1 and 3-7, the percentage changes in k'
values were calculated in going from 0.0 mM f3-CD to 4.0 mM f3-CD [18]. Percentage
changes of 71.0, 39.3, 33.0, 33.9, 60.0, and 66.3 were obtained for solutes 1, 3,4,5,6,
and 7, respectively. By plotting In {llKr + [(CD)m]) vs. percentage change of the k'
values a linear relationship was obtained with a correlation coefficient ofO.999. Linear
relationships were also obtained for - !JH'fIRT vs. percentage change of k' values and
!JS'fIR vs. percentage change of k' values for solutes 1,6, and 7 with both plots showing
positive slopes. In addition, graphs of -!JHfIRT vs. percentage change of k' values
and !JS'fIR vs. percentage change of k' values gave linear relationships for solutes 3, 4,
and 5, but the enthalpy plot had a positive slope and the entropy plot had a negative
slope. These various relationships show that the major terms in eqn. 10 can be
combined in a linear fashion to yield the change in capacity factors with the addition of
f3-CD. However, opposite trends were obtained for the enthalpy and entropy terms for
solutes 1, 6, and 7 compared to solutes 3, 4, and 5.

CONCLUSIONS

Without f3-CD in the mobile phase, the negative !JHo values for the solutes gave
a measure ofthe effectiveness of the transfer of the solute from the mobile phase to the
stationary phase. Because all of the entropy values were negative without f3-CD in the
mobile phase, this implied that the solutes were more ordered in the stationary phase
relative to the solutes in the mobile phase. The less negative !JH'f values relative to the
!JHO values implied that the hydroxyl aromatics favored interaction in the stationary
phase relative to the f3-CD cavity. Because all the !JS'f values were positive a more
disordered state resulted in the mobile phase as a result of complex formation.

It was shown that the change of the capacity factors with f3-CD in the mobile
phase was a function of several parameters, but these parameters could be grouped
into three major terms and the quantitative contribution of each term to the change in
capacity factor was evaluated. The model compounds fell into two groups with one
group showing the same trend for the !JH'f and !JS'f values, while the other group of
compounds showed opposite trends for the !JH'f and !JS'f values. The different trends
in the !JH'f and !JS'f values for a given group of compounds showed that different
interactions were operative with the two groups of hydroxyl aromatics.
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ABSTRACT

The retention bchaviour of stcroid isomers in reversed-phase liquid chromatography was studied.
Sclcctivity for the isomers changed as a function of both temperature and mobile-phase composition. In
addition, the influence of the stationary phasc on stcroid retention and selectivity was studied for a number
of monomeric and polymeric C I8 columns and fi-cyclodextrin columns. The selectivity of a polymeric C ,8

phase toward various androstane standards was similar to that for a liquid crystal phase used in super
critical fluid chromatography.

INTRODUCTION

Different modes of liquid chromatography (LC) have long been used for the
analysis of steroid hormones. The techniques used include early studies with paper,
partition, ion-exchange, adsorption and gel chromatography [1,2]. Today, high
performance liquid chromatography (HPLC) is becoming a widely used technique for
the separation of steroids [3], although most applications still utilize other techniques
such as gas chromatography (GC) or thin-layer chromatography. The applications of
HPLC for the determination of steroids are numerous and have recently been reviewed
[4]. A significant limitation to the use of HPLC for steroid analysis is detection, and
many steroids require derivatization for detection with available LC detectors. Low
efficiency is another limitation in the LC separation of steroids. On the other hand,
enhanced separation selectivity can often be achieved for various steroids by selecting
from the numerous packing materials and coatings available.

Steroid analyses by HPLC can be performed in both normal- and reversed-phase
modes, the latter being more widely used. Bonded octadecylsilane (C ts) is the most
commonly used reversed-phase material, although other supports and coatings can be
utilized. It is well known that great differences exist among C tS stationary phases

0021-9673/91/$03.50 © 1991 Elsevier Science Publishcrs B.V.
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owing to differences in properties such as the silica matrix, pore diameter, phase
synthesis and ligand density [5-7]. Reaction of octadecylsilane with the silica matrix
can be carried out in different ways, yielding phases with different properties.
Monomeric phases are prepared either with monofunctional silanes or with di- or
trifunctional silanes in the absence of water. Polymeric phases, on the other hand, are
prepared using trifunctional silanes in the presence of water [8,9]. Polymeric phases
have enhanced shape selectivity towards polycyclic aromatic hydrocarbons (PAHs)
compared to monomeric C i8 phases. It has been suggested that this shape recognition
ability is a result of ordering of alkyl chains within the polymeric phase, similar to
liquid crystalline phases in GC [10]. Such liquid crystalline phases have been used in
supercritical fluid chromatography (SFC) for the separation of isomeric steroids (e.g.,
androstanes and estrogens), and better separations were possible than with non
shape-selective phases [11]. Shape recognition for isomeric compounds has also been
demonstrated using cyclodextrin bonded phases [12,13]. Cyclodextrin has been
reported as both a mobile phase additive [14,15] and a bonded phase [16] for the
separation of steroid isomers.

As steroid hormones and their numerous metabolites are structurally very
similar, enhanced shape selectivity is an important consideration when selecting
a suitable system for their separation. Apart from the type of stationary phase used,
selectivity is dependent on parameters such as mobile phase composition and
temperature [17,18]. Because mobile phase composition has a dramatic effect on
column selectivity for steroids, the need for careful investigation of composition
parameters in method development is crucial.

Stationary phase selectivity towards steroids can be further modified by varying
the column temperature. It has been shown recently that the column selectivity toward
PAHs and carotenoids changes with temperature to the extent that the elution order
may be reversed [19,20]. This trend has also been observed with certain steroid isomers.
The use of subambient temperature for enhanced resolution of cortisol and cortisone
on a IlBondapak Ci8 column has been reported [21].

In this work, the retention behaviour of some selected steroid isomers was
investigated. The stationary phases used in this study differed in phase type (e.g.,
monomeric or polymeric) and ligand type. Dramatic changes in selectivity have been
observed with changes in mobile phase composition and temperature.

EXPERIMENTAU

Materials
Steroid standards were obtained from Sigma (St. Louis, MO, U.S.A.).

Methanol, acetonitrile and water (all HPLC grade) and 1,4-dioxane and tetrahydro
furan (both analytical-reagent grade) were obtained from commercial suppliers.

a Certain commercial equipment, instruments or materials are identified in this paper to specify
adequately the experimental procedure. Such identification does not imply recommendation or en
dorsement by the National Institute of Standards and Technology, nor does it imply that the materials or
equipment identified are necessarily the best available for the purpose.
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Columns
Standard solutions of steroid isomers were separated on the following columns:

(1) polymeric C18 columns: Vydac 201 TP (Separations Group, Hesperia, CA,
U.S.A.), Bakerbond wide-pore C18 (J. T. Baker, Phillipsburg, NJ, U.S.A.) and Erbasil
C18/H (Carlo Erba, Milan, Italy); (2) intermediate C t8 columns: Vydac TP (custom
synthesis, low load) and Bakerbond narrow-pore C 1S ; (3) monomeric C 1S columns:
Zorbax ODS (MAC-MOD Analytical, Wilmington, DE, U.S.A.), ODS Hypersil C 1S

(Keystone Scientific, State College, PA, U.S.A.) and SupelcQsil LC-18-DB (Supelco,
Bellefonte, PA, U.S.A.); and (4) cyclodextrin columns: Cyclobond I and Cyclobond
I acetylated (P-cyclodextrin) (Astec, Whippany, NJ, U.S.A.). All the columns were 250
x 4.6 mm rD. with 5-,um particle diameter silica.

Chromatography
A liquid chromatograph consisting of a reciprocating piston pump, a solvent

programming system, a 20-,u1 loop injector and a 254-nm fixed-wavelength detector
was used for the separation of the estrogen standards. For the androstane standards
(which have very low UV absorbance), a refractive index detector was placed in series
with the UV detector.

Retention data were determined using a chromatography data system (inital
studies) and, in later studies, an integrator. All samples were run isocratically with
aqueous organic mobile phases, and the solutes were dissolved in methanol prior to
injection. Androstane standards were eluted with aqueous methanol mobile phases at
1.5 ml/min. The methanol content varied between 60 and 90% depending on the
polarity of the solutes. The organic content in the mobile phases for elution of the
estradiol standards in the column comparison studies was varied in order to achieve
comparable capacity factors (k') between columns.

The column temperature was controlled either by placing the column in a block
heater or, for the subambient studies, in an ice-bath where the column temperature was
maintained at O°e.

RESULTS AND DISCUSSION

The chromatographic selectivity ofliquid crystalline phases in GC and SFC, for
the separation of androstane isomers, is based on the size and shape of the steroids
[11,22]. This shape discrimination ability results from the high degree of order in the
liquid crystalline phase. Using similar stationary phases, selectivity is enhanced in SFC
compared to GC because a lower operating temperature~can be used. This produces
a higher degree of order in the stationary phase and results in an increase in the
strength of solute-stationary phase interactions [11].

Among LC columns, selectivity is often strongly influenced by the way in which
the stationary phase is prepared. Most commercial C tS phases are prepared by
reaction of monochlorosilanes with silica (monomeric C1S phases); however, a few
(polymeric C tS phases) are prepared with polyfunctional silanes in the presence of
water. These two types of bonded phases often have dissimilar properties, particularly
when retention behaviour is compared for the separation of isomers or other
compounds with similar overall shape. The relative monomeric and polymeric
retention character of C tS columns can be characterized by Standard Reference
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Material (SRM) 869. This material contains three PAH solutes that have planar and
non-planar features {benzo[a]pyrene (BaP), phenanthro[3,4-c]phenanthrene (PhPh)
and 1,2:3,4:5,6:7,8-tetrabenzonaphthalene (TBN)}, and is primarily intended for
characterizing LC column selectivity for solute shape. The elution order of the three
components changes with CIS phase type. Monomeric CIS phases give the elution
order BaP:::::; PhPh < TBN whereas polymeric CIS phases usually give the elution order
PhPh < TBN:::::; BaP. A quantitative measure of phase selectivity can be calculated to
enable relative comparison between different CIS phases. The selectivity factor
aTBN/BaP is defined as k~BN/kBaP' where k' = (tR-to)!to and tRand to are the retention
times of the analyte and void volume marker, respectively. Among commercial CIS
columns, values for aTBN/BaP range from about 0.6 to 2.0, with aTBN/BaP :::::; 1 reflecting
"polymeric-like" selectivity and aTBN/BaP ~ 1.7 reflecting "monomeric-like" selectivity
(selectivity values 1 < aTBN/BaP < 1.7 denote intermediate selectivity). In general, better
separations of compounds with similar overall structure are possible with polymeric
CIS phases compared to monomeric CIS phases. This trend is most often observed for
non-polar solutes, in the absence of polar-polar (i.e., silanol-solute) interactions.

Liquid crystalline phases in GC and polymeric CIS phases in HPLC exhibit
remarkably similar selectivity towards PAHs. In both cases, this behaviour is based
primarily on the shape and size of the solute [10]. Androstane isomers can exist in two
structural conformations, which results from the position of the hydrogen atom at C-5:
trans (a) or cis (fJ) conformations (see Fig. 1). Chang et at. [11] showed that the
retention of these isomers on a liquid crystalline phase is clearly affected by this
conformational difference, and the bulkier cis-isomer (fJ) is less retained than the more
planar trans-isomer (a), which is more soluble in the ordered phase. This same trend
was observed for LC separations performed on CIS bonded-phase columns. An
drostane standards and relative retention data are listed in Table I. Zorbax ODS and
Supelcosil LC-18-DB columns are monomeric CIS phases; Vydac 201 TP is
a polymeric CIS phase. In each instance, the cis-isomer (5fJ-, nonplanar) elutes before
the corresponding trans-isomer (5a-, planar). This trend was observed for both
monomeric and polymeric CIS phases; however, resolution of 5a- and 5fJ-an-

~
1

"", 17
"'"

3 1 5 1

5 a-Androstane

~
1

,,,,, 17

"'"

5

3 1

5 ~-Androstane

Fig. I. Chemical structures and space-filling models for cis and trans conformational isomers of androstane.
Wedge bonds denote a-stereochemistry; hatched bonds denote fJ-stereochemistry.
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drostanediol isomers was only possible with polymeric C 18 phases. The fact that IY.- and
f3-androstanediol isomers are separated on polymeric C 18 phases, and are not
separated on monomeric C I8 phases, corresponds to similar observations reported for
the separation ofPAH isomers [7]. In general, polymeric C18 phases are more selective
toward isomer shape and are more likely to resolve isomer mixtures than are
monomeric C18 phases, at least when other effects such as silanol or other polar
stationary phase interactions are insignificant.

The stereochemical position of the hydroxyl groups at positions 3 and 17
significantly affects the retention of androstanediols. The retention behaviour of four
androstanediols was studied (3f3, 17 f3- and 31Y., 17f3-diol isomer combinations of the 51Y.
and 5f3- structures shown in Fig. I). Separations of androstanediol isomers differing
only in the position of the hydroxyl at C-3 were possible for both monomeric and
polymeric C 18 phases. For example, 5f3-androstane-3f3, 17f3-diol was fully resolved
from 5f3-androstane-31Y.,17f3-diol regardless of column type. As the position of the
hydroxyl group does ·affect polarity, but has little effect on the overall shape of the
molecule, it seems reasonable to assume that the separation of these critical pairs
depends more on solute polarity than on solute shape. Hydrogen bonding interactions
with hydroxyl groups may also contribute to retention processes. The position of
solute hydroxyl groups (i.e., axial or equatorial) affects the accessibility and strength of
any such interactions. This is consistent with the overall similar retention behaviour
observed for these solutes on monomeric and polymeric C 18 phases. Differences in
retention behaviour would be expected between these two classes of columns, for
solute pairs with dissimilar overall shape.

The effect of column temperature on the separation of various steroids was
examined. Because the individual C 18 ligands constituting the bonded phase straighten
at reduced temperature, the shape recognition ability of alkyl bonded phases increases
with decreasing column temperature. Stated differently, at subambient temperatures
monomeric C 18 phases gain some of the shape recognition properties exhibited by
polymeric C 18 phases at ambient temperature. At subambient temperatures, the shape
recognition ability of polymeric C 18 phases increases even more. Thus, shifts in
retention behaviour for steroids are expected for the monomeric and polymeric phases.
In fact, such changes in selectivity were observed when separations were carried out at
O°C, similar to the trends reported for PAHs [19]. The IY.- and f3-androstanediol isomers
were separated better at subambient than at ambient temperatures. This effect was also
observed by Sheikh and Touchstone for various steroid isomers [23]. The opposite
trend was observed when the polymeric C 18 phase (Vydac 20lTP) was heated to
+50°C and the androstanediols were eluted as on the monomeric C 18 phase. These
results correspond with earlier observations concerning phase morphology [19]. At
elevated temperatures the individual C 18 ligands become more disordered than at
ambient temperature, and the result is a loss in shape recognition ability. This is most
dramatic for polymeric C 18 phases, for which a high degree of shape recognition exists
at ambient temperature. Correspondingly, when the polymeric C 18 phase is cooled to
O°C, the distinction between IY.- and f3- (planar and non-planar) isomers becomes even
stronger.

The results for the androstane isomers are similar to trends in retention observed
for PAHs, for which solute shape and phase morphology are important aspects of the
retention mechanism. Because of the difficulties in the detection of androstane
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steroids, methods other than LC may prove to be simpler and more practical for
routine analysis (LC may prove most useful in preparative applications).

An analytical problem more suited for HPLC is the analysis of the UV-ab
sorbing estrogens (Fig. 2). Estrogens are produced in large amountsin the female body
and are also produced as pharmaceutical products for clinical therapy. Determination
of the female hormones in both biological fluids and in other media is required and,
owing to the close similarity of the isomers, chromatographic separation is difficult.
The selectivity and resolution of a set of estrogen standards were investigated on
a number of different C 1S columns (see Table II). These columns ranged from heavily
loaded polymeric C 1S columns (anN/BaP = 0.38, normally associated with high shape
discrimination) to monomeric C tS columns (aTEN/BaP = 2.01, associated with low
shape discrimination). However, little or no difference in selectivity based on solute
shape and size was observed between monomeric and polymeric C tS columns. This
similarity in retention behaviour with different phases is perhaps not unexpected, as
17a- and 17fJ-estradiol differ only in the position of the hydroxyl group at C-17, and
have very similar overall shapes (see Fig. 2). A more dramatic effect on selectivity has
been observed with changes in the mobile phase composition [17,24,25].

During this investigation it was observed that 17a- and 17fJ-estradiol were
strongly affected by mobile phase changes. They were selected as probe solutes,

16

Estrogens

17 (X-Estradiol

EqUilin

Fig. 2. Chemical structures and space-filling models for 17Cl- and 17p-estradiol isomers and equilin.
Separation of these solutes was strongly affected by the mobile phase composition.
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TABLE II

RELATIVE RETENTION DATA FOR ESTROGENS WITH DIFFERENT MOBILE PHASES

These data were determined for individual columns and do not necessarily renect representative column
performance. Intended or unintended variations in the manufacturing process may alter retention behaviour
between column types.

Mobile Column ctTBNfBaP (Xl 7<1. - estradiol/equilin a 17 fJ - estradiol/equilin

phase

Aqueous Polymeric high load 0.38 1.29 1.26
methanol Polymeric int. load 0.54 1.30 1.30

Polymeric int. load 0.60 1.15 1.30
Polymeric normal load 0.67 1.22 1.41
Polymeric low load 1.00 1.10 1.26
Intermediate I.l2 1.28 1.41
Intermediate 1.32 1.18 1.26
Monomeric 1.94 1.28 1.12
Monomeric. 1.98 1.32 1.15
Monomeric 2.01 1.33 1.23

Aqueous Polymeric high load 0.38 0.84 0.72
acetonitrile Polymeric int. load 0.54 0.85 0.79

Polymeric int. load 0.60 0.82 0.80
Polymeric normal load 0.67 0.84 0.84
Polymeric low load 1.00 0.85 0.81
Intermediate 1.12 0.90 085
Intermediate 1.32 0.85 0.79
Monomeric 1.94 0.82 0.65
Monomeric 1.98 0.84 0.67
Monomeric 2.01 0.85 0.72

together with equilin, which has a k' close to that of estradiol in the systems
investigated. Equilin was chosen as a reference for relative retention data. The 17rt.- and
17f3-estradiol isomers have identical functional groups and differ only in the
stereochemical conformation at position 17. Even though the isomers are structurally
very similar, the elution order was reversed when the percentage of methanol,
acetonitrile and water was varied (see Table III). Changes in mobile phase composition

TABLE III

RELATIVE RETENTION DATA FOR ESTROGENS ON VYDAC LOW LOAD

Mobile phase
(J. t 7cx. - c.~tradiol/cquilin IX I 7{J - estradiol/equilin

Methanol (%) Acetonitrile (%) Water (%)

0 30 70 0.89 0.85
5 25 70 0.95 0.91

15 20 65 1.00 1.00
25 15 60 1.11 I.ll
35 10 55 1.19 1.22
45 5 50 1.21 1.29
50 0 50 1.24 1.38
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caused changes in the elution order of 17Ct-estradiol and equilin (also 17f3-estradiol and
equilin) as well as the elution order of 17Ct- and 17f3-estradiol (e.g., the 17f3-isomer
elutes first when using aqueous acetonitrile and last when using aqueous methanol), as
shown in Fig. 3.

The composition and properties of the mobile phase were further changed by
adding different organic modifiers (acetonitrile, methanol, lA-dioxane and tetra
hydrofuran) to an aqueous phase. The organic modifiers were selected so that both
proton donors and proton acceptors would be represented [17,24,26]. Relative
retention data are presented in Table IV. Considering the very subtle differences in the
estradiol isomers, it is difficult to explain how the solvent environment can effect
retention in such a significant manner. It is possible that the methyl group at position
13 partially shields the hydroxyl at position 17 from interaction with solvent molecules.
The extent of any such interaction would, of course, be influenced by the proton
donating and -accepting properties of the mobile phase. Although actual retention
mechanisms can only be speculated on at this point, the importance of the choice of the
organic modifier in the development of a separation method is clear.

The retention behaviour of estradiols was also studied for a bonded f3-cyclo
dextrin (f3-CD) stationary phase. Peak tailing was severe, probably owing to hydrogen

50% MeOH,
0% ACN,
50% H,O

35% MeOH,
10% ACN,
55% H,o

EQUILIN 11ct-ESTAADlOL

I / 171l-ESTAADIOl

EQUILIN 17u·ESTAADIOL
/ 171l-ESTRADIOL

25% MeOH,
15% ACN,
60% H20

171l-ESTRADIOL+
17u-ESTRADIOl

15% MeOH,
20% ACN,
65% H20

171l-ESTRAOIOL+
17o.-ESTRADIOl+
EQUILIN

5% MeOH,
25% ACN,
70% H20

0% MeOH,
30% ACN,
70% H20

17u-ESTRAOIOL

17~'ESTRAOIOL" \

17ct-ESTRADIOl EQUILIN

17jl-ESTRAorOL - \

EQUILIN

Fig. 3. Separation of C(- and IJ-estradiol and equilin using various mobile phase compositions with a low-load
polymeric C ,8 column. MeOH = methanol; ACN = acetonitrile.
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TABLE IV

RELATIVE RETENTION DATA FOR ESTROGENS ON BAKERBOND NARROW-PORE

Mobile phase

Acetonitrile-water (35:65)
Tetrahydrofuran-water (35:65)
Methanol-water (60:40)
Dioxane-water (50:50)

C( 1 7a. - estradiol/equilin at 7fJ - estradiol/equilin

0.79 0.77
1.05 0.83
1.17 1.20
1.01 0.84

bonding between hydroxyIs of the estrogens and hydroxyls on the outside of the
cyclodextrin cavity. Relative retention data were collected on a f3-CD and on an
acetylated f3-CD. The peak shape was slightly improved with the acetylated f3-CD. The
selectivity on the acetylated f3-CD resembles that on CIS materials, and the same
reversal ofelution order was observed between the ketone and hydroxyl isomers when
changing the mobile phase from aqueous methanol to aqueous acetonitrile. However,
the relative retention of 17e<- and 17f3-estradiol did not change with mobile phase
composition, as shown in Fig. 4. As demonstrated for l7e<- and 17f3-estradiol, specific
solute-stationary phase interactions with cyclodextrin bonded phases can give rise to
enhanced selectivity for isomers and other structurally closely related solutes.

2.5

2.0 :----

T~k' 1.5

1.0

0.5
30%M +60%M 20% A 45%A

MOBILE PHASE COMPOSITION
4.0

3.5 V

~:
k' 3.0

2,.5

2.0
30%M+60%M 20% A 35%A

MOBILE PHASE COMPOSITION

Fig. 4. Plots of retention versus mobile phase composition for aqueous methanol (M) and acetonitrile (A)
mixtures, for cyclodextrin columns. Similar, but not identical, trends were observed for C t B phases. Top:
fJ-cyclodextrin; bottom: acetylated fJ-cyclodextrin. l' = l71X-Estradiol; • = 17fJ-estradiol; \J = equilin.
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CONCLUSIONS

83

The retention behaviour of steroid hormones in LC is complex and is related to
the overall shape and stereochemical positions of functional groups. Steroid isomers
with similar functional group stereochemistry but different overall molecular shape
are separated on the basis of shape, in a manner similar to that observed for polycyclic
aromatic hydrocarbons (i.e., planar solutes are retained longer than no'n-planar
solutes). In such instances, phase type and column temperature are important
separation parameters, and better separations of critical solute pairs may be possible
with polymeric C18 phases and/or low column temperatures. For similarly shaped
steroid isomers, functional group position is of importance, and the separation of these
critical pairs is more strongly affected by mobile phase composition than phase type.
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ABSTRACT

Fatty acid (C 16 and C 18) conjugates of pentachlorophenol and four other commonly us~d chlorinat
ed phenols (2,4-di-, 2,4,5- and 2,4,6-tri-, and 2,3,4,6-tetra-chlorophenols) were synthesized and their struc
tures were established by proton nuclear magnetic resonance spectroscopy and chemical ionization mass
spectrometry. The high-performance liquid chromatographic (HPLC) separation was achieved on re
versed-phase (C-18) column using methanol-water (39: I, v/v) at a flow-rate of 1 ml/min. Palmitoyl- and
olcoyl-2,4-dichlorophenols (19.6 min), palmitoyl- and oleoyl-2,4,5-trichlorophenols and stearoyl-2,4-di
chlorophenol (28.0 min), oleoyl-2,4,6-triehlorophenol and linoleoyl-2,3,4,6-tetrachlorophenol (30.8 min),
palmitoyl- and oleoyl-2,3,4,6-tetraehlorophenols and stearoyl-2,4,5-triehlorophenol (43.2 min) and palmi
toyl- and oleoyl-pentaehlorophenols (72.0 min) were co-eluted under the HPLC conditions described
above. Therefore, reversed-phase HPLC separation of a mixture of the five chlorinated phenol conjugates
of each fatty acid was achieved.

INTRODUCTION

The five chlorinated phenols (CPs) namely, 2,4-dichlorophenol (DCP), 2,4,5
and 2,4,6-trichlorophenols (TCPs), 2,3,4,6-tetrachlorophenol (TeCP) and pentachlo
rophenol (PCP) are the common contaminants present in the environment and hu
man body [1,2]. DCP and 2,4,5-TCP as reaction intermediates in the production of
chlorophenoxy acids (herbicides) and TeCP and PCP as pesticides and wood preser
vatives have widely been used in the U.S.A. [3]. These CPs are also spontaneously
formed when drinking or industrial waste water containing phenols is chlorinated
[1,2]. Hexachlorobenzene and lindane (y-hexachlorocyclohexane), widely used as fun
gicide and pesticide, respectively, and ubiquitous in the environment and human
body, metabolize to CPs [4-7]. Among CPs, the most extensively used compound is
PCP [8]. Contamination of PCP and other CPs in the environment and in humans
and animals is well documented [3,9-14]. The environmental and biological trans
formation of PCP to DCP, TCPs and TeCP has also been demonstrated [6].

Once absorbed in the body, a significant amount of the CPs may be retained
due to the formation of lipophilic conjugates of fatty acids. Surprisingly, very little is
known about such conjugates and their toxicity [15,16]. A palmitic acid ester of PCP
(palmitoylpentachlorophenol or PPCP) shown to be formed in vitro using the rat liver
microsomes fortified with coenzyme A and ATP [17] has also been detected in human

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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fat [18]. An accumulation of such conjugates in membranes of tissues and their fur
ther metabolism may have deleterious consequences. Recently, we have found a selec
tive toxicity ofPPCP to exocrine pancreas in rats [19]. The presence and formation in
the body tissues, and toxicity of other fatty acid conjugates of PCP as well as other
four CPs mentioned earlier have not been studied. Therefore, the fatty acid (C 16 and
CIS) conjugates of DCP, TCPs, TeCP and PCP were synthesized, characterized by
proton nuclear magnetic resonance eH NMR) spectroscopy, chemical ionization
mass spectrometry (CIMS) and reversed-phase high-performance liquid chromato
graphy (HPLC). The conjugates synthesized in this study will be used as standards to
study their formation under in vitro and in vivo conditions and toxicity.

MATERIALS AND METHODS

Chemicals and reagents
Acyl chlorides of palmitic, stearic, oleic and linoleic acids and linolenic an

hydride (purity 98-99%) were obtained from Sigma (St. Louis, MO, U.S.A.). Pyri
dine (anhydrous), 2,4-DCP, 2,4,5- and 2,4,6-TCPs and PCP (purity 98-99%) pur
chased from Aldrich (Milwaukee, WI, U.S.A.) and 2,3,4,6-TeCP (purity 93.6%) from
American Tokyo Kasei (Portland, OR, U.S.A.) were used. Silica gel (Bio-Sil A, 200
325 mesh) for column chromatography obtained from Bio-Rad Labs. (Richmond,
CA, U.S.A.) and HPLC grade solvents from Fisher Scientific (Fairlawn, Nl, U.S.A.)
were used in the present study.

Synthesis offauy acid conjugates of CPs
The fatty acid (C 16 and CIS) conjugates of the five CPs were synthesized ac

cording to the method described earlier by Ansari et al. [18]. Chlorinated phenol was
dissolved in dry pyridine and to this fatty acid chloride or anhydride was added
dropwise, in a conical flask. The contents were mixed well. The flask was screw
capped and kept in a water bath at 50-600C. The reaction was monitored periodically
and after 24 h, the mixture was transferred to a separating f4nnel and extracted twice
with diethyl ether. The extract was washed several times with 0.1 M hydrochloric acid
and followed by 10% Na2C03 in order to remove the impurities of pyridine and fatty
acid residues, respectively. The solvent was evaporated under nitrogen. The syn
thesized products were crystallized in hexane-methanol (for the CP conjugates of
palmitic and stearic acids) or purified by silica gel column chromatography (for the
CP conjugates of oleic, linoleic and linolenic acids) on a silica gel packed column (30
x 2 cm J.D.) to a height of 20 cm using hexane--ehloroform (10:1, v/v) as eluting

solvent. The elution flow-rate was 7 ml/min. A small aliquot from each fraction
collected at every minute was analyzed by thin-layer chromatography (TLC) on silica
gel coated glass plates (Analtech, Newark, DE, U.S.A.; 250 fim thick) using hexane
ethyl acetate (9:1, v/v) as the solvent system. Fractions between 21 and 53 showing
single spot at same RF by TLC were pooled and the solvent was evaporated under a
reduced pressure. The high-resolution IH NMR spectra were acquired by using a WB
Fourier transform NMR spectrometer (6.3 T) on lEOL GX 270. The samples were
dissolved in deuterated chloroform and tetramethylsilane was used as an internal
standard. Nermag, RIO-IOC, quadrupole mass spectrometer equipped with PDP 11/
73 data system was operated under positive chemical ionization mode with ammonia
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as a reagent gas (gas pressure 10- 1 Torr). The sample was dissolved in n-hexane (5
mg/ml) and 1-2 /11 was applied on tungsten filament probe tip. The solvent was
allowed to evaporate and the probe was inserted into the ion source, set at 1.1 A. The
temperature of the probe was programmed from 0 to 500 rnA at 20 mA/s.

HPLC analysis offatty acid conjugates of CPs
The fatty acid conjugates of CPs were separated on a reversed-phase (C-18)

column (25 x 0.46 cm 1.D., 5 /1m particle size) using 334 Beckman liquid chroma
tograph equipped with 165 variable-wavelength UV detector. The effluent was mon
itored at 210 nm. A mixture of all the 25 chlorinated phenol conjugates of the five
fatty acids were analyzed by reversed-phase HPLC using methanol-water (39: 1, v/v)
solvent system at a flow-rate of 1 ml/min. Several conjugates were co-eluted under the
reversed-phase HPLC conditions described above. Therefore, a reversed-phase
HPLC separation was achieved for a mixture of five chlorinated phenol conjugates of
each fatty acid. The five chlorinated phenol conjugates of each palmitic, stearic and
oleic acids were separated by using methanol-hexane (39: 1, v/v) at a flow-rate of 1
ml/min. The five chlorinated phenol conjugates of linoleic (flow-rate 1.5 ml/min) and
linolenic (flow-rate 1.0 ml/min) acids were resolved by using methanol-water (39: 1,
v/v) solvent system.

RESULTS AND DISCUSSION

The palmitic and stearic acid conjugates of all the five CPs were solids and their
melting points (uncorrected) were recorded to be 49,78,55,55,77,54,83,59,62 and
8SOC for the conjugates I to X (Fig. 1), respectively. Oleic, linoleic and linolenic acid
conjugates of the CPs were liquids at room temperature. The 1H NMR spectra of all
the conjugates synthesized in the present study gave signals at (j 0.88-2.66 for palmi
toyl, (j 0.87-2.67 for stearoyl and (j 0.87-5.37 for oleoyl, linoleoyl and linolenoyl
conjugates of CPs. Similarly, the signals for olefinic and allylic protons were detected
from (j 5.34-5.37 and (j 2.77-2.81, respectively, for the CP conjugates of unsaturated
C1S fatty acids depending upon the number of double bonds. The signals for the
aromatic protons were observed at (j 7.04--7.46 for 2,4-dichlorophenyl, (j 7.26-7.55
for 2,4,5-trichlorophenyl, (j 7.26-7.37 for 2,4,6-trichlorophenyl and (j 7.51 for 2,3,4,6
tetrachlorophenyl conjugates of all the fatty acids (Table I). The chemical ionization
mass spectral analysis of all the conjugates is summarized in Table II. The pseudomo
lecular ion peaks (M +NHt) of all the compounds exhibited a ratio characteristic to
the number of chlorines present in dichlorophenyl, trichlorophenyls, tetrachlorophe
nyl, and pentachlorophenyl fatty acid conjugates, respectively. These spectral pat
terns of the pseucomolecular ion peaks were found similar to those reported for the
di-, tri-, tetra- and penta-chlorophenols and other equivalent number of chlorine
containing compounds, respectively [20]. Relatively low abundance of pseudomolec
ular ion peaks were observed for the fatty acid conjugates of TeCP and PCP than
those of the conjugates of DCP and TCPs. Loss of one chlorine was also observed in
most of the spectra of CP conjugates of unsaturated fatty acids. Other major peaks of
RCOO- + NHt, RCOOH, RCO=O+ (R = fatty acid carbon chain) were also
detected in the spectra of the CP conjugates of fatty acids (Table II).

When a mixture of the 25 conjugates (I-XXV) was analyzed by reversed-phase
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R, = R3= CI, R2= R, = Rs= H (I); R, = R3= R4= CI, R2= Rs = H (II);
R, = R3= Rs = CI, R2= R4 = H (III); R, = R2= R3;, Rs= CI, R4 = H (IV);

R, = R,,= R3= R,= Rs ' CI (V),

R, = R3= CI, R2= R, = Rs= H (VI); R, = R3= R4= CI, R2= Rs= H (VII);
R, = R3= Rs= CI, R2= R4 = H (VIII); R, = R2= R3= Rs ' CI, R,= H (IX);

R, = R" = R3= R4 = Rs ' CI (X).

R, = R3= CI, R,,= R, = R,= H (XI); R, = R3= R4 = CI, R2= Rs= H (XII);
R, = R3= Rs = CI, R2=R,= H (XIII); R, = R2= R3= Rs = CI, R,= H (XIV);
R, = R,,= R3= R4=Rs = CI (XV).

R, = R3= CI, R" = R, = R" H (XVI); R, = R3= R4 = CI, R2= Rs = H (XVII);
R, = R3= Rs= CI, R2= R" H (XVIII); R, = R2= R3= Rs= CI, R<= H (XIX);
R, = R,,= R3= R,= Rs= CI (XX).

89

Fig. I. Structure of palmitic (I-V), stearic (VI-X), olcic (XI-XV), linoleic (XVI-XX) and linolenic (XXI
XXV) acid conjugates of CPs.

HPLC using methanol-water (39: I, v/v) at a flow-rate of I ml/ml, I and XI (19,6
min), II, VI and XII (28.0 min) XIII and XIX (30.8 min), IV, VII and XIV (43.2 min),
and V and XV (72.0 min) co-eluted (Fig. 2). Therefore, a mixture of OCP, TCPs,
TeCP and PCP conjugate of each fatty acid was separated by reversed-phase HPLC.
The five chlorinated phenol conjugates of each palmitic, stearic and oleic acids could
be separated by methanol-hexane (39:1, v/v) at a flow-rate of 1 ml/min. Methanol
water (39: 1, v/v) was found to be a suitable solvent system to separate the five chlor
inated phenol conjugates of linoleic (flow-rate 1.5 ml/min) and linolenic (flow-rate 1.0
ml/min) acids (Fig. 3). The minimum detectability of the fatty acid conjugates of CPs
ranges 0.05-0.10 J1.g. Among the five CP conjugates of a fatty acid, the 2,4-0CP
conjugate was eluted first followed by the conjugates of 2,4,5-TCP, 2,4,6-TCP arid
2,3,4,6-TeCP, and the PCP conjugate was eluted in the last. The elution time of these
conjugates from the reversed-phase HPLC column depended on the number of chlo
rines in phenyl ring, degree of unsaturation and number of alkyl residues in the fatty



TABLE II

CHEMICAL IONIZAnON MASS SPECTRAL ANALYSIS USING NH 3 AS A REAGENT GAS OF
FATTY ACID CONJUGATES OF CPs

RCOOR'; R=fatty acid carbon chain, R'=chlorinated phenyl ring.

Compounds" Pseudomolecular RCOO- -NH; RCOOH RC=O+
ions"

I (400) 418/420/422(a) 273 256 239
II (434) 452/454/456(b) 273 256 239
IJI (434) 452/454/456(b) 273 256 239
IV (468) 486/488/490/492(c) 273 256 239
V (502) Reported earlier [18]
VI (428) 446/448/450(a) 301 284 267
VII (462) 480/482/484(b) 301 284 267
VIJI (462) 480/482/484(b) 301 284 267
IX (496) 5I4/516/5 I8/520(c) 301 284 267
X (530) 548/550/552/554(d) 301 284 267
XI (426) 444/446/448(a) 282 265
XII (460) 478/480/482(b) 282 265
XIJI (460) 478/480/482(b) 282 265
XIV (494) 512/514/5 I6/5 I8(c) 299 282 265
XV (528) 546/548/550/552(d) 299 282 265
XVI (424) 442/446/446(a) 263
XVII (458) 476/478/480(b) 263
XVIJI (458) 476/478/480(b) 280 263
XIX (492) 5I0/512/514/516(c) 280 263
XX (526) 544/546/548/550(d) 280 263
XXI (422) 440/442/444(a) 261
XXII (456) 474/476/478(b) 261
XXIJI (456) 474/476/478(b) 261
XXIV (490) 508/51 0/512/514(c) 261
XXV (524) 542/544/546/548(d) 261

" See Fig. I. Digits in parentheses are the molecular weights.
b a, b, c and d are the m/z values for the fatty acid conjugates of di-, tri-, tetra- and pentachlorophe-

nols, respectively.
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Fig. 2. Reversed-phase HPLC analysis ofa mixture of the 25 conjugates (I-XXV) on C-18 column (25 x
0.46 cm J.D., 5 Jim particle size) using methanol-water (39: I, v/v) solvent system at a flow-rate of I ml/min.
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Fig. 3. Reversed-phase HPLC separation of the five CP conjugates of (a) palmitic (I-V), (b) stearic (VI-X),
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acid chain. The results of 1H NMR, mass spectral and HPLC analysis of all the
synthesized compounds (I-XXV) together support the synthesis of chlorinated phe
nol conjugates of C 16 and C18 fatty acids (Fig. 1). Thus, the CP conjugates of fatty
acids synthesized in the present study will be used to study their toxicity, structure
activity relationship and formation under in vitro and in vivo conditions.
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ABSTRACT

Free phenolic acids in Italian wines and a sherry were identified by high-performance liquid chroma
tography. The samples were concentrated and passed through a Sep-Pak C 18 cartridge and the acids were
recovered by elution with 2 ml of tetrahydrofuran. The separation was carried out by gradient elution on a
reversed-phase column with methanol-water and phosphate buffer (pH 2.7). Detection was carried out 280
and 230 nm.

INTRODUCTION

The phenolic compounds in wine are very important as they contribute to the
characteristic taste (astringency, bitterness), changing with age, and also possessing
vitaminic and bacteriological effects [1]. These compounds are a heterogeneous group
of substances consisting of several classes [2] (catechins, leucoanthocyanidins, flavo
nols, flavanol glicosides, high-molecular-weight tannins, hydrocinnamic acid-tartaric
esters and their glucose esters [3], proanthocyanidins and anthocyanidins [4]). They
include phenolic benzoic and phenolic cinnamic acids [5-7].

In this work the free phenolic acids in Italian wines and a sherry were identified
by high-performance liquid chromatography (HPLC) with UV detection.

EXPERIMENTAL

Apparatus
An LKB two-pump gradient HPLC system was used. The LKB 2150 pump,

based on the dual-piston principle, gives pulse-free flow from 5 ml/min to as low as 10
,ul/min. The system employs a high-pressure mixing system (400 ,ul). A lasco Model
100 VA variable-wavelength UV detector equipped with a l-,ul flow cell was used. A
Rheodynemodel 7410 valve injector was fitted with an internalloop.A Perkin-Elmer

0021-9673/91/$03.50 ©. 1991 Elsevier Science Publishers B.Y.
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Series 2 liquid chromatography with a Model LC 55 B variable-wavelength detector
was also used.

Column 1 (165 mm x 4.6 mm I.D.) and column 2 (250 mm x 2.1 mm I.D.)
both contained ODS2 (5 lIm). They were slurry-packed in the laboratory with Spheri
sorb obtained from Phase Separations (Norwalk, CT, U.S.A.) [8].

Reagents
Distilled water, stored in glass, was filtered and passed through aNorganic

System Cartridge supplied by Millipore (Bedford, MA, U.S.A.) to remove organic
substances. .

The solvents used (methanol, acetic acid and tetrahydrofuran) were of HPLC
grade (Carlo Erba, Milan, Italy). Phenolic acids were purchased from Fluka (Buchs,
Switzerland). The cinnamic acids were in the trans form.

Phosphate buffer (pH 2.7) was prepared by adding 1.425 g of disodium hydro
genphosphate dihydrate to 4.58 ml of acetic and diluting to 1 1with distilled water. It
was then filtered through a 0.45-llm Millipore filter. This stock solution was stored at
4°C.

Samples
The samples studied were a fino sherry (Tio Pepe), Verdicchio, Pinot Grigio,

Fontana Candida and wine A (our production) white wines, Chianti red wine and a
white vermouth.

Preparation of the wine sample
A lO-ml volume of wine sample was concentrated under vacuum to 3 ml at a

temperature below 30°C fgor 20 min to remove ethanol, then transferred into a test
tube and 0.5 ml of phosphate buffer stock solution (pH 2.7) was added. This solution
was passed through a Sep-Pak CiS cartridge that had previously been washed with
methanol and subsequently with water, then the cartridge was washed with 2 ml of
posphate buffer (pH 2.7) (1 ml of stock buffer solution diluted to 2 ml with distilled
water). The phenolic acids were recovered by elution with 2 ml of tetrahydrofuran.
The solvent was evaporated under nitrogen (below 30°C) and the residue was dis
solved in 100 III of methanol.

Preparation of standards
A 3-mg amount of each phenolic acid was dissolved in 3 ml of methanol. This

solution was stored at - 20°C in the dark for no longer than 2 months (gradual
formation of cis isomers of cinnamic acids was observed on exposure to UV light) [9].

Under the elution conditions reported in Fig. 1, trans and cis isomers are well
separated. The cis isomers are not present in nature.

Table I gives the absorption maxima for some of the phenolic acids [10]. The
UV spectra were taken between 200 and 400 nm with the Perkin-Elmer LB 55 C
detector by stopping the solvent flow and scanning the solute while stationary in the
cell.

Each compound was injected in the isocratic mode at a mobile phase composi
tion of methanol: water (buffer stock solution diluted 1:10) such as to obtain capac
ity factor, k' > 2.
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TABLE I

ABSORPTION MAXIMA NM OF SOME PHENOLIC ACIDS
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Vanillic acid
Caffeic acid
Ferulic acid
Sinapic acid
m-Coumaric acid
o-Coumaric acid
p~Coumaric acid
3,4,5-Trimethoxycinnamic acid
3,5-Dimethoxybenzoic acid
Syringic acid

RESULTS AND DISCUSSION

221
295
321
235
280
276
309
295
249
274

Am., (2) (nm)

260
315

315

325

297

The chromatographic conditions in Table II and Fig. 1 were established
through a preliminary study with a purified sample of wine.

Each phenolic acid was injected (as the single compound) at least twice. As the
retention times obtained in gradient elution are not perfectly reproducible, identifica
tion ofadjacent peaks was carried out by method of standard additions. The chroma
togram of phenolic acids previously identified in wine was compared with each wine
analysed at wavelengths of 280 and 320 nm. The recoveries of three phenolic acids
added to distilled water, extracted and purified as described above were caffeic acid
81.1 ± 2%, ferulic acids 81.5 ± 2% and o-coumaric acid 86.4 ± 2%.

TABLE II

RETENTION TIMES OF THE PHENOLIC ACIDS INVESTIGATED

Systematic name

2,6-Dihydroxybenzoic acid
2,4-Dihydroxybenzoic acid
3,4-Dihydroxybenzoic acid
3,4,5-Trihydroxybenzoic acid
2,6-Dimethoxybenzoic acid
2-Hydroxybenzoic acid
4-Hydroxybenzoic acid
4-Hydroxy-3-methoxybenzoic acid
3,4-Dihydroxycinnamic acid
3,5-Dimethoxy-4-hydroxy acid
trans-4-Hydroxycinnamic acid
trans-3-Hydroxycinnamic acid
4-Hydroxy-3-methoxycinnamic acid
3,4-Dimethoxybenzoic aicd
3,5-Dimethoxy-4-hydroxycinnamic acid
trans-2-Hydroxycinnamic acid
3,5-Dimethoxybenzoic acid
3,4,5-Trimethoxycinnamic acid

Trivial name

Resorcylic acid

Protocatechuid acid
Gallic acid

Salicylic acid

Vanillic acid
Caffeic acid
Syringic acid
p-Coumaric acid
m-Coumaric acid
Ferulic acid
Veratric acid
Sinapic acid
o-Coumaric acid

Retention time (min)

6.0
10.0
IO.!
10.4
17.1
22.0
25.3
35.4
39.1
39.1
46.4
54.7
54.7
57.1
59.5
64.4
68.5
73.6
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Fig. I. Chromatogram of standard mixture detected at 280 nm. Peaks: 1 = vanillic acid; 2 = syringic acid;
3 = p-coumaric acid; 4 = m-coumaric acid; 5 = o-coumaric acid; 6 = 3,4,5-trimethoxycinnamic acid.
Column, ODS2 (250 mm x 2.1 mm 1.0.); flow-rate 200 ,ul/min; mobile phase, (A) methanol-phosphate
buffer (pH 2.7) (stock solution diluted 1:10) (95:5) and (B) phosphate buffer (pH 2.7) (stock solution
diluted 1:IO)-methanol (95:5) with the following gradient from B to A: 0 min, 0%; 36 min, 29%; 46 min,
29%; 72 min, 50%; and 80 min, 100% A.

Fig. 1 shows the elution of a standard mixture of phenolic acids (detected at 280
nm), prepared from the stock solution (l Jig/Jil) of each phenolic acids in appropriate
amounts according to the UV detector response.

Fig. 2 shows a chromatogram of a sample of Fontana Candida white wine and
Fig. 3 that of a sample of white vermouth. Peaks K and F are unknown and are
present in a larger amount in vermouth ~han in any of the other wines. The vermouth

B

c

F K
A

35MIN 70

---"-+--------------+-------------1-1.
o

Fig. 2. Chromatogram of Fontana Candida white wine sample. Conditions as in Fig. 1 and peaks as in
Table Ill.
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F

c

B K

Fig. 3. Chromatogram of white vermouth sample. Conditions as in Fig. I and peaks as in Table III.

also contains substances from the extracts of aromatic herbs or plants, but it is not
possible to establish the source of these two compounds.

Fig. 4 shows the chromatogram of the Fontana Candida whith wine at 320 nm
and Fig. 5 that of the Chianti red wine. The chromatogram of red wine is more
complex because larger amounts of flavonoids are present.

The chromatogram for vermouth in Fig. 6 shows that compound K does not
absorb at 320 nm. Table III reports the free phenolic acids detected in the wines and
vermouth at 280 and 320 nm.

Syringic acid is not resolved from caffeic acid but the former has maxima at 295

2

3

MIN so o
Fig. 4. Chromatogram of Fontana Candida white wine sample detected at 320 nm. Elution conditions as in
Fig. I and peaks as in Table III.
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Fig. 5. Sample of Chianti detected at 320 nm. Elution conditions as in Fig. 1 and peaks as in Table III.

and 320 nm whereas former absorbs at 280 nm. Detection at 320 nm corresponds
mainly to caffeic acids. Peaks C and F are characteristic of many wines but are
unidentified; M-coumaric (absorption maximum at 280 nm) and ferulic acid (absorp
tion maximum at 320 nm) are also not resolved.

The amounts of the acids are small and their determination is difficult, but their
contribution to the conservation of wine and for the identification ofhydroxycinnam
ic acid-tartaric acid esters are important.

F

2

MIN 60 30 o

Fig. 6. Sample of vermouth detected at 320 nm. Elution conditions as in Fig. I and peaks as in Table III.
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TABLE III

CHARACTERISTIC PEAKS OF WINES

+ = detected; - = not detected.
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Wine Gallic 4-Hydroxy- Unknown Vanillic Syringic acid, Unknown p-Coumaric m-Coumaric
acid benzoic acid acid caffeic acid acid acid, ferulic

acid

A" Ba ca I" 2" F" 3" 4"

Tio Pepe sherry + + + + + + +
Verdicchio + + + + + + + +
Fontana Candida + + + + + + + +
Pinot Grigio + + + + + + + +
Wine A + + + + + + + +
Unbottled wine + + + + + +
Chianti + + + + + + +
Vermouth + + + + + + + +

a Peak identification on chromatograms
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ABSTRACT

Anthocyanins of the main red fruits (bilberry, blackcurrant, strawberry, blackberry, black cherry,
morello, raspberry and elderberry) were analysed by high-performance liquid chromatography (HPLC).
Some identifications could only be achieved after semi-preparative HPLC, partial hydrolysis and analysis
of the fragments obtained. The various parameters affecting the retention were studied and, in particular,
the respective influences of the constituent aglycone and sugars could be distinguished and quantified. The
effect of the mobile phase composition was also studied and allowed the peak inversions observed to be
explained and some of the coelutions to be solved.

INTRODUCTION

Anthocyanins are an important family of flavonoid compounds and have been
thoroughly studied. Anthocyanin pigments of many fruits have been separated by
paper chromatography [1-7], thin-layer chromatography (TLC) [8-10] and, more
recently, high-performance liquid chromatography (HPLC) [11-29].

From the published data, very different chromatographic profiles are obtained
when dealing with raspberries, strawberries and blackcurrants as starting material.
This diversity is ofinterest when examining the problems of the purity offood products
prepared from red fruits (fruit juices, sorbets, fruit wines, liquors, jams, etc.). An
anthocyanin chromatographic profile could help to determine adulteration of these
products with fruits other than those with which they are supposed to be prepared.

A serious drawback in the analysis of anthocyanins is their instability towards
temperature, oxidizing agents and light [30]. Nevertheless, it is known from long
experience that noticeable amounts of anthocyanins still remain injams or heated food
products. Sample pretreatment and clean-up are of major importance to keep the
anthocyanins free from degradation.

In this study, our interest was focused only on non-acetylated monomeric
anthocyanins, which constitute the main part of the red pigments in most fruits
(structures are shown in Fig. 1). From the literature, reversed-phase (RP) HPLC looks
promising for the separation of the different anthocyanins. For this purpose, a CIS

0021-9673/91/$03 .50 © 1991 Elsevier Science Publishers B.V.
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Fig. I. Formulae of the anthocyanins and the di- and triosides present in anthocyanins.

column was selected. A large number of different mobile phases have been advocated
and comparisons between published data are difficult. Some essential features are well
established, as follows.

(i) As usual in RP-HPLC, the retention of the aglycone moiety is correlated with
the hydrophobicity of the molecule and the observed elution order is delphinidin <
cyanidin < petunidin < pelargonidin < peonidin < malvidin [11,15-17,19,20,22,
26,29,31].

(ii) With an identical anthocyanin aglycone moiety, the order of elution is
3-galactoside < 3-glucoside < 3-rutinoside < 3-arabinoside [16,19,21,31]. However,
Van de Casteele et at. [15] pointed out that cyanidin 3-arabinoside is eluted between
cyanidin 3-galactoside and cyanidin 3-glucoside.

(iii) Addition of a second carbohydrate moiety to a 3-glucoside anthocyanin
increases its polarity, resulting in a decrease in retention. The presence of a methyl
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group in the rhamnose molecule affects the chromatographic behaviour as cyanidin
3-rutinoside is eluted after cyanidin 3-glucoside [24,29].

The prediction of an absolute order of retention for all the anthocyanins is
impossible as some polyglycosylated molecules elute among monoglycosylated
compounds. For each of these two groups (mono- or polyglycosylated) the retention
order is always the same, but the relative positions of these groups can change. For
example, peak cross-over occurs between delphinidin 3-glycoside and peonidin
3,5-diglucoside [11,22,26]. Moreover, it is well known that the elution order may be
dramatically affected by the origin of the alkyl-bonded phase or the treatment of silica
prior to the alkyl-bonding reaction [32].

Peak identification is not a major problem when dealing with fruits containing
monoglycosylated anthocyanins, such as bilberries or strawberries. Conversely, the
situation is more difficult with redcurrants, raspberries or elderberries, which contain
many polyglycosylated anthocyanins. Sometimes the recommended procedure is to
perform hydrolysis and to analyse the fragments obtained.

The purpose of this work was to investigate the different parameters that affect
retention in order to predict the elution order of a set of anthocyanins with no
overlapping. This will facilitate unambiguous identification and permit the analysis
time to be optimized.

EXPERIMENTAL

Selection of chromatographic conditions
We used a Cis-bonded silica stationary phase. Mobile phases advocated in the

literature are usually water-methanol, water-acetonitrile or water-tetrahydrofuran
mixtures together with formic, acetic acid or phosphoric acid to maintain acidity.
Detection is usually carried out at 546 nm in the visible range and it is well established
that the response factor is enhanced with an acidic mobile phase. Ribereau-Gayon [33]
demonstrated that a change from pH 2.9 to I yields a sixfold increase in colour
intensity. Unfortunately, pH I is not suitable with a CIs-bonded silica column and we
selected pH 1.9, which corresponds to 10% formic acid in the mobile phase.

Owing to the wide polarity scale of anthocyanins, gradient elution has usually
been performed in most studies. For the sake of unambiguous retention character
istics, the isocratic mode was selected. From the data, gradient elution was carried out
to enhance the separation and to accelerate the elution of the strongly retained solutes.

Sample preparation
Only fruit juices were considered. Prior to injection, centrifugation for 10 min at

3500 g and filtration through a O.5-{tm filter were performed. The selected detection
wavelength (546 nm) is specific to anthocyanins and no compounds from other fruits
can interfere. Therefore, there is no need for further sample treatment.

Chromatography
HPLC was performed on a Model SP 8000 instrument (Spectra-Physics, San

Jose, CA, U.S.A.) equipped with a Valco (Houston, TX, U.S.A.) UHP valve with
a 1O-{t1 sample loop for analytical injections and a 250-{t1 loop for semi-preparative
purposes. The analytical column was RP-18 LiChrospher (Merck, Darmstadt,
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F.R.G.) (250 x 10 mm J.D.) packed with 7-pm particles. A Model SP 8310
fixed-wavelength detector (546 nm) from Spectra-Physics was used.

The solvents were ofHPLC grade, filtered through a 0.45-pm filter and sparged
with helium. In the analytical chromatography of anthocyanins two mobile phases
were generally used: (a) water-acetonitrile-formic acid (84:6:10, vjvjv) (I) and (b)
water-acetonitrile-formic acid (81:9:10, vjvjv) (II). Where specified, a less polar
mobile phase (80:10:10. vjvjv) (III) or a more polar (3-6% acetonitrile gradient in 20
min) were used. Solvent I was used for preparative chromatography. In the
chromatography of anthocyanidins water-acetonitrile-formic acid (75:15:10, vjvjv)
was selected as the eluent.

The flow-rate was 1 mljmin in analytical chromatography and 6 mljmin in
semi-preparative chromatography. Chromatography was performed at ambient
temperature.

Fragmentation by acid hydrolysis. The anthocyanins isolated by semi-preparative
chromatography were collected in distilling flasks and evaporated to dryness under
low pressure. To prevent any degradation of the anthocyanins, the temperature must
be kept below 30°C. Hydrolysis was performed either in a water-bath in test-tubes or in
a drying oven directly on silica plates according to the method selected for the
fractionation (HPLC or TLC).

In the water-bath hydrolysis, 1-2 ml of 2 M hydrochloric acid were added to the
dry residue and heating at 100°C was performed for 45 min for complete hydrolysis or
for 1,2,5, 10 or 20 min for partial hydrolysis. Products of the reaction were evaporated
to dryness and the residue was dissolved in the minimum volume of slightly acidic
water (0.1 % hydrochloric acid) prior to injection.

Prior to TLC, hydrolysis was performed directly on the plate with subsequent
fractionation according to the procedure of Andary et al. [34]. The dry residue of the
collected anthocyanin was dissolved in methanol and spotted on the TLC plate under
a cold air stream. A 2-pl volume of3 Mhydrochloric acid was added to the spot, which
was then covered with a glass plate. Heating at 100°C for 5-30 min was then
performed.

Thin-layer 'chromatography. Precoated silica gel TLC plates (20 x 20 em)
(Merck) were used for the identification of the sugars of polyglycosylated antho
cyanins following hydrolysis. The mobile phase was acetone-butanol-phosphate
buffer [0.05 M NazHPOc O.05 M H 3P04 (pH 5)] (50:40:10 vjvjv).

Detection was performed by staining with 2,3,5-triphenyltetrazolium chloride [a
4% solution in methanol-l M sodium hydroxide solution (50:50, vjv)].

Standards. Glucose, galactose, arabinose, xylose and L-rhamnose were purchased
from Merck. Cyanidin 3-glucoside, cyanidin 3-rhamnoside, cyanidin 3-rutinoside,
cyanidin 3,5-diglucoside, pelargonidin 3,5-diglucoside, paeonidin 3,5-diglucoside,
cyanidin, pelargonidin, paeonidin, petunidin, malvidin were purchased from Extra
synthese (Gemay, France).
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RESULTS AND DISCUSSION

Identification of anthocyanins
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Bilberry, blackcurrant, strawberry, blackberry, black cherry and morello cherry
These red fruits mainly contain monoglycosylated anthocyanins, with the

exception of delphinidin and cyanidin 3-rutinoside. These anthocyanins are more
retained than those which are polyglycosylated and they can be rapidly separated with
water-acetonitrile-formic acid (81 :9: 10) as the mobile phase. Fig. 2 shows the
chromatograms obtained. Identification of the separated solutes was carried out by
comparison with the retention of standard solutes; the observed elution order is con
sistent with the hydrophobicity order as described in previously published separations
[11,16,17,19-22,26,29,31]. Table I lists the identified anthocyanins together with the
selectivity rt. towards cyanidin 3-glucoside, which was selected as a reference solute, and
log rt..

It must be pointed out that replacement of one sugar by another results in the
same variation of log rt. value, whatever anthocyanin is considered. For example,
a change from galactose to glucose yields the same shift in log rt. whatever Pg, Cy or Pt
are considered. In Fig. 3 log rt. values for anthocyanins are plotted against the
anthocyanidins arranged in order of increasing hydrophobicity. With this representa
tion, the galactosides line is parallel to the glucosides line, shifted by Lllog rt. = 0.11.
This behaviour is valid for the four lines drawn and provides a valuable means of
accurately predicting an individual anthocyanin retention time. Moreover, retention
times of all the anthocyanins having the same glycoside can be found from the
retention of one of them and from a known plot corresponding to another glycoside
group. This mode of identification may only be approximate but it provides useful
guidelines for further studies. Use ofa gradient precludes advantage being taken of this
phenomenon.

Redcurrant, raspberry and elderberry
The acetonitrile content of the above-mentioned mobile phase is too high to

permit the resolution of the anthocyanins from these fruits. A mixture of lower elution
strength [water-acetonitrile-formic acid (84:6:10, v/v/v)] is convenient, as shown in
Fig. 4. Peak identification is more difficult as the glycoside part of the anthocyanins
from these fruits is constituted by diholosides or triholosides.

Reports on HPLC separations in this area are scarce, with the exception of
the work of Bronnum-Hansen and Hansen [18] on elderberries and Spanos and
Wrolstad [29] on raspberries. Cyanidin 3-rutinoside is the only standard solute
commercially available and we had to perform semi-preparative chromatography with
subsequent acid hydrolysis of the isolated fractions. Partial hydrolysis first cleaves the
carbohydrate-carbohydrate bond and then the aglycone-carbohydrate bond, while
complete hydrolysis yields the aglycone moiety together with the different carbo
hydrates that constitute the anthocyanins.

Table II lists the fragments obtained by partial hydrolysis of the different
heterosides. The number of identified fragments and the hydrolysis kinetics yield
information for the further identification of the anthocyanin of interest.

Redcurrant anthocyanins. Eleven peaks are present in the chromatogram of the
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A B c

1 2 56 7 8 1112 14 15 17 18 19 20 21 7 9 24 7 9

302010o
~---~--~---~---~---...... '---~-~-+- '----~---~ ....

40 t,(min) 0 t"min) 0 10 t,(min)

o

7 10 13 16 7 9

10
~---~---~~)~'---~---~~.

trimin) 0 10 ',(mini 0 10 20 t r (minI

Fig. 2. Chromatograms of fruit juices. (A) Bilberry; (B) blackberries; (C) blackcurrant; (D) morello cherry;
(E) strawberry; (F) cherries. Mobile phase: water-acetonitrile-formic acid (81:9:10, v/v/v). See Table I for
peak identification.

anthocyanins from this fruit, but we are only interested in the five major peaks 6, 8, 9,
10 and 11. Peaks 9 and 11 were identified as cyanidin 3-g1ucoside and cyanidin
3-rutinoside, respectively, by comparison with authentic samples. The three others
were submitted to preparative chromatography and hydrolysis. Chromatograms
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TABLE I

ANTHOCYANINS IDENTIFIED IN FIGS. 2 AND 3

107

t'
a = --'-with t' = (t, - to), where t, = retention time of a solute and to = retention time of an

t;(CY 3-glu) r

unretained compound.

Peak No. Abbreviation" a Log a

I Dp 3-gala 0.456 -0.341
2 Dp 3-glu 0.578 -0.238
3 Cy 3-glu-ruti 0.676 -0.170
4 Dp 3-ruti 0.706 -0.151
5 Cy 3-gala 0.772 -0.112
6 Dp 3-ara 0.814 -0.089
7 Cy 3-glu I 0
8 Pt 3-gala 1.17 0.070
9 Cy 3-ruti 1.29 0.110

10 Pg 3-gala 1.29 0.110
II Cy 3-ara U5 0.130
12 Pt 3-glu 1.51 0.179
13 Pg 3-glu 1.66 0.219
14 Pn 3-gala 1.92 0.283
15 Pt 3-ara 2.09 0.320
16 Pg 3-ara 2.27 0.355
17 Pn 3-g1u 2.56 0.408
18 Mv 3-gala 2.79 0.445
19 Pn 3-ara 3.36 0.527
20 Mv 3-glu 3.61 0.557
21 Mv 3-ara 4.93 0.693

a Dp = Delphinidin, Cy = cyanidin, Pt = petunidin, Pg = pelargonidin, Pn = peonidin, Mv =
malvidin, glu = glucose, gala = galactose, ara = arabinose, ruti = rutinose.

obtained with the anthocyanin corresponding to peak 8 are displayed in Fig. 5. To
shorten the chromatographic run time, gradient elution was performed from the 25th
to the 33rd minute, the acetonitrile content being increased from 9% to 25%. The
anthocyanin retention times are unchanged as they are eluted before the gradient delay
time.

At the very beginning of the hydrolysis, cyanidin and three intermediate
anthocyanins are formed, which could be easily identified as (in order of elution)
cyanidin 3-sophoroside, cyanidin 3-g1ucoside and cyanidin 3-rutinoside. According to
Table II, the structure of the anthocyanin which yields three intermediates by
hydrolysis and the aglycone moiety of which is cyanidin, corresponds to

Therefore the fragment Cy 3-S 1 is obVIously cyanidin 3-glucoside, Cy 3-S 1-SZ is
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A B

123456789 10 11 2 34

o 10 20 trlmin) 10 20 trlmin )

C3C2C1

~. !L ~
3 43 12 34
4 ... ) :-

0 10 tr(minl 0 10 20 30 trim in) 0 5 trlminl

Fig. 4. Chromatograms of fruit juices. (A) Redcurrant; (B) raspberry. Mobile phase: water-acetonitrile
formic acid (84:6: 10, v/v/v). (C) Elderberry: (C ,) elution with the mobile phase used for A and B; (C z) elution
with a linear gradient from 3 to 6% acetonitrile in acidic medium (10% formic acid) in 20 min and 10 min
isocratic with 6% acetonitrile; (C 3) isocratic elution with 10% acetonitrile in acidic medium (10% formic
acid). See Table III for peak identification.
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TABLE II

FRAGMENTS OBTAINED BY PARTIAL ACID HYDROLYSES OF THE DIFFERENT HETERO
SIDES

Heteroside

3-Monoside Ag 3-S"
3-Bioside Ag 3-S,S2
3,5-Bioside Ag 3-S" 5-S2

1
Ag3-S,S2S3

3-Trioside ~2

Ag3-S,

I
S3

3-Bioside, 5-monoside:
Ag 3-S, S2, 5-S3

Anthocyanidic fragments obtained

Ag
Ag3-S, + Ag
Ag3-S, + Ag5-S2 + Ag
Ag3-S,S2 + Ag3-S, + Ag

No. of
intermediates

o
I
2
2

3

" Ag = aglycone; S = sugar.

cyanidin 3-sophoroside and Cy 3-S j -S3 IS cyanidin 3-rutinoside. Peak 8 in the
redcurrant chromatogram is

glu
I

Cy 3-glu
I
rha

The amount of Cy 3-sophoroside produced is higher than that of Cy 3
rutinoside, which indicates that the 1-6 glu-rha bond is easier to cleave than the 1-2
glu-glu bond.

Further, the small amount of Cy 3-rutinoside produced decreases much faster
than the amount of sophoroside and the corresponding peaks on the chromatograms
remain small. TLC of the hydrolysis products reveals the presence of glucose and
rhamnose and makes the identification complete.

TLC was utilized for the identification of redcurrant peak 10 and elderberry
peak 1. Redcurrant peak 10 yields two intermediates, cyanidin 3-glucoside and
cyanidin 3-rutinoside. Conversely, from TLC data three carbohydrates were identified:
glucose, xylose and rhamnose. These results come from the fact that cyanidin
3-glucoside and cyanidin 3-sambubioside are eluted simultaneously. With a mobile
phase of lower elution strength (3-6% acetonitrile gradient within 20 min) these two
solutes were separated and the peak 10 was identified as:

xyl
I

Cy 3-glu
I
rha
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A

8

III

c

o

1-J
1 23 4

o 10 20 30 40 tdmin)

Fig. 5. Results of partial hydrolysis of anthocyanin corresponding to peak 8 of redcurrant. (A) Initial
product; (B) hydrolysis time I min; (C) 2 min; (D) 5 min; (E) 10 min. Mobile phase: formic acid content
constant (10%); from 0 to 25 min, water-acetonitrile-formic acid (84:6:10); from 25 to 35 min, linear
gradient from 6 to 25% acetonitrile; from 35 to 45 min, water-acetonitrile-formic acid (65:25: 10). Peak
identification: (2) Cy 3-g1u(glu)(rha) -+ (I) Cy 3-glu-glu + (4) Cy 3-g1u-rha -+ (3) Cy 3-glu -+ (5) cyanidine.
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The above mobile phase was used when xylose was evidenced by TLC.
All anthocyanins identified from redcurrant, raspberry and elderberry are listed

in Table III.
Raspberry and elderberry anthocyanin~. The same approach as above allowed the

identification of cyanidin 3-sophoroside from raspberry. This result is consistent with
the report of Spanos and Wrolstad [29]. Peak 4 could not be separated in a sufficient
amount by preparative chromatography to allow its identification. Nevertheless,
considering Spanos and Wrolstad's studies, it was assumed to be pelargonidin
3-sophoroside. This assumption agrees with retention diagrams, which are discussed
below.

TABLE III

ANTHOCYANINS OF REDCURRANT, RASPBERRY AND ELDERBERRY (el, FIG. 4) WITH
IDENTIFICATION OF THE FRAGMENTS OBTAINED BY ACID HYDROLYSIS WHEN
NECESSARY

Complete hydrolysisFruit Peak
No.

Sugar
(TLC)

Anthocyanidin
(HPLC)

Partial hydrolysis,
intermediate
anthocyanins"

Anthocyanin"

Redcurrant 6

8

9

10

II

Raspberry

2
3
4
5

Glu + trace Cy
of rha

Glu + rha Cy

Glu + rha Cy
+ xyl

Glu Cy

Cy 3-g1u
+ unidentified
intermediate
anthocyanin

Cy 3-glu-glu
Cy 3-ruti
Cy 3-g1u

Cy 3-ruti
Cy 3-sam
Cy 3-glu

Cy 3-glu

Cy 3-glu-glu
(Cy 3-sopho)
+ unidentified
minor anthocyanin

glu

I
Cy3-glu

I
rha

(Cy 3~2G glu-ruti)
Cy 3-glu

xyl

I
Cy3-glu

I
rha

(Cy 3~2G xyl-ruti)
Cy 3-ruli

Cy 3-g1u-glu
(Cy 3-sopho)
Cy 3~2G glu-ruti
Cy 3-glu
Pg 3-sopho
Cy 3-ruti

Elderberry

2
3
4

Glu + xyl

Glu + xyl

Cy

Cy

Cy 3,5-diglu
Cy 3-g1u
Cy 3-sam

Cy 3-g1u

Cy 3-sam, 5-g1u

Cy 3,5-diglu
Cy3-sam
Cy 3-glu

a Rha = rhamnose, xyl = xylose, sopho = sophorose, sam = sambubiose.
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In contrast to Spanos and Wrolstad, we could not detect any pelargonidin
3-glucoside rutinoside and pelargonidin 3-glucoside. This may be due to the raspberry
variety.

Hydrolysis and subsequent TLC of elderberry anthocyanins indicated the
presence of xylose. In spite of the use of an acetonitrile gradient (3-6% acetonitrile
within 20 min), we could not separate Cy 3-sam 5-glu from Cy 3,5-diglu. This
separation was performed by Bronnum-Hansen and Hansen [18] with a tetrahydro
furan (THF) gradient in 0.05 M phosphoric acid (pH 1.8) from 1 to 40% THF within
15 min. From the solubility parameter difference between THF and acetonitrile, it
seems difficult to achieve such a good separation with acetonitrile.

Retention behaviour

Table IV gives the observed retentions of the identified anthocyanins and
anthocyanidins as the selectivity IX towards Cy 3-glu, which was selected as a reference
compound. Many solutes coelute and water-acetonitrile-formic acid (84:6: 10) does
not permit complete resolution.

Contribution of glycosides to anthocyanin retention
A graph similar to that in Fig. 3 was constructed from the results obtained with

mobile phase I (6% acetonitrile). The lines connecting the different aglycones and
those connecting the anthocyanins exhibiting the same glucoside moiety are parallel
(cf, Fig. 6). The slopes of the anthocyanidins lines are slightly steeper than those
corresponding to the anthocyanins.

The observed data can be interpreted with the aid of the general treatment of
fragmental constants derived by Rekker and Kort [35]. Retention characteristics in
RP-HPLC depend on the hydrophobicity and can be determined by considering each
part of the molecule ofa given solute and taking in account its hydrophobic properties,
fi. The hydrophobicity of a molecule is the sum of the different hydrophobic fragment
constants and the intramolecular effectsJi. Following Rekker and Kort's theory, there
should be a linear relationship between logIX and the hydrophobicity of the solute.

Let P be the partition coefficient of a solute between organic and aqueous phases
and k' the capacity factor:

logP = If; + If;

logk' = A logP + B

where A and B are constants for a given chromatographic system.

Ii
IX=-

k~ef

where k~ef is the capacity factor of the reference solute (cyanidin 3-glucoside).

log IX = log k' - log k~ef

(1)

(2)

(3)
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TABLE IV

RETENTION BEHAVIOUR OF THE IDENTIFIED ANTHOCYANINS

Mobile phase:water-acetonitrile-formic acid (84:6: 10).

t'
Anthocyanin aU bb c' ex=--'- Log ex

t'
r(Cy 3-g1u)

Dp 3-gala x 0.45 -0.35
Cy 3,5-diglu x 0.47 -0.33
Cy 3-sam, 5-g1u x 0.47 -0.33
Dp 3-glu x 0.59 -0.23
Cy 3-sopho x 0.66 -0.18
Cy 3-gala x 0.73 -0.14
Pg 3,5-diglu x 0.75 -0.12
Dp 3-ara x 0.80 -0.10
Dp 3-ruti x 0.84 -0.07
Cy 3_(2G glu-ruti) x 0.91 -0.04
Cy 3-glu x I 0
Cy 3-sam x 1.00 0.00
Pg 3-sopho x 1.05 0.02
Cy 5-glu x 1.21 0.08
Pn 3,5-diglu x 1.22 0.09
Pt 3-gala x 1.22 0.09
Cy 3-ara x 1.30 0.11
Cy 3_(2G xyl-ruti) x 1.35 0.13
Cy 3-ruti x 1.52 0.18
Pt 3-glu x 1.67 0.22
Pg 3-g1u x 1.66 0.22
Mv 3,5-diglu x 1.80 0.26
Delphinidine x 1.95 0.29
Pn 3-gala x 1.96 0.29
Pt 3-ara x 2.17 0.34
Pg 5-glu x 2.30 0.36
Pn 3-glu x 2.67 0.43
Cy 3-L-rha x 2.68 0.43
Mv 3-gala x 3.06 0.49
Pn 5-glu x 3.80 0.58
Cyanidine x 3.98 0.60
Mv 3-glu x 4.17 0.62
Mv 5-glu x 6.00 0.78
Petunidine x 6.6 0.82
Pelargonidine x 8.0 0.90
Paeonidine x 13.4 1,13
Malvidine x 20.4 1.31

115

U Standards and their products from partial hydrolysis.
b Identified through a comparison with literature.
, Isolated through semi-preparative HPLC and identified through a thermal fragmentation

followed by analytical chromatography of the products obtained.

From eqns. 1-3, we can write

log IX = A(~/; + ~fi) - AlogPref (4)
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where Alog P reF is constant under fixed analysis conditions.
To evaluate the hydrophobicity of a single anthocyanin, we can consider the two

fragments: aglycone (Ag) and glycoside (S):

log IX = A(fAg + Is + .f~g-s) - AlogPref

With the aglycone,

and we can write

(5)

(6)

(7)

This difference is represented in Fig. 6 by the distance between the Ag-S
anthocyanin and the related aglycone Ag. It has been observed experimentally that it is
constant for all the aglycones, as evidenced by the constant shift between the lines.
From eqn. 7 it is obvious that the intramolecular effect f~g-s is not related to the
aglycone species. This can be explained as follows: the different anthocyanidins exhibit
distinctive substituents (H, OH, OCH3) which are far from the Ag-S bond and as
a consequence it may be guessed that the aglycone-sugar interaction is not influenced
by these groups. In this mode the effect is identical whatever the aglycone considered.
In consequence, fs + fA;-S is characteristic of the sugar.

We can write

and we can consider it as the sugar contribution to the anthocyanin retention:

log IX = log IXAg + Ll S

(8)

(9)

The determination of LlS from available anthocyanins allows the prediction of the
retention characteristics of unknown or unavailable anthocyanins.

When many sugars Sb S2, S3' etc., are involved in the glucoside structure, then
LlS = LlSl + LlS2 + LlS3 ..• , where LlSl is the contribution of the first sugar bonded to
an anthocyanidin (it is a glucose molecule in every case), LlS2 that of the second sugar
fixed either on Sl or in the 5-position on the anthocyanidin and LlS3 that of the third
sugar also bonded to S 1 or in the 5-position, etc.

In Fig. 6, Ll S1 is represented by the distance between the points corresponding to
the aglycone Ag and to the anthocyanin Ag Sb LlS2 by the distance between Ag glu and
Ag glu S2 and LlS3 by the distance between Ag glu S2 and Ag glu S2 S3. As already
mentioned, the aglycone line has a slightly steeper slope than the anthocyanin line and
LlS1 is different from delphinidin to malvidin.

Table V gives the values of LlSb LlS2 and LlS3 obtained from the chromato
graphic behaviour of cyanidin. Fig. 7 displays the LlS values of all the glycosides
encountered. Parallelism of the segments corresponding to the bonding of a third
identical sugar on different anthocyanins (e.g., the segments sam-xyl ruti and



HPLC OF ANTHOCYANINS

TABLE V

CONTRIBUTION OF SUGARS TO ANTHOCYANIN RETENTION

Sugar LIS, LlS2 LlS3

3-Glucose -0.60 ~0.18 -0.23
3-Xylose 0 -0.05
3-L-Rhamnose -0.17 0.18 0.12
5-Glucose -0.52 -0.34 -0.34
3-Galactose -0.74
3-Arabinose -0.49

o dS-=-lOG «anthocyanin - LOG Uaglycone

117

3 Numb" of lug.,

Fig. 7. Sugar contribution to the anthocyanin retention. Mobile phase: water-acetonitrile-formic acid
(84:6: 10). The glycosides in parentheses do not correspond to experimental points but were deduced from the
other points by the dotted segments.
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sopho-glu ruti). From the plots, the prediction of the retention characteristics of other
triholosides not previously encountered in the experiments (glu-sopho, glu-sam,
3-ruti-5-glu, etc.) is straightforward.

From Table V and Fig. 7, the following comments can be made:
(a) With every sugar LlS1 is always smaller than LlSz, and the addition of a sugar

to a monoglycosylated anthocyanin has much less effect on retention than adding
a sugar to an aglycone. For rhamnose the effect is even the reverse. This phenomenon
can easily be explained (see eqn. 8):

The presence of the glucoside S1 decreases the hydrophobicity of the Ag-S1
molecule (negative value offs) with the consequence of a decrease in retention. On the
other hand, hydrophobicity is increased by the interactions between polar groups
(positive value off~g-s) that increase retention and act in the reverse direction to the
glucoside moiety. However, Irs I > If~g-S I and LlS1 is always negative (decrease in

I I

retention).
For the same sugar added to the first one:

LlSz = AUsz + fAgs -s) US
I

= fs)
I Z

The interaction AgS 1-SZ is logically stronger than the Ag-S 1 interaction, f~gs -s >
f~g-s and the effect of Sz on retention is less important than that of S1. I Z

.1 With rhamnose, Ir~gglu-rhal > Ifrhal and the LlSz value is positive, i.e., rutinosides
are eluted after glucosides.

(b) On the other hand, the third sugar molecule S3 has a slightly greater effect
than the second sugar Sz in the case of the ramified structure:

Sz
I

Ag 3-S1

I
S3

Interactions between two sugars look stronger in a diglycoside .than in
a triglycoside molecule.

(c) The addition of a glucose in the 5-position to an aglycone leads to a decrease
in log IX that is greater than that given by the same addition to anthocyanin glycosylated
in the 3-position (compare the values in the fourth line in Table V). Therefore, an
interaction would exist between a sugar in the 3-position and glucose in the 5-position.

(d) A modification of the mobile phase such as an increase in the acetonitrile
content leads to a decrease in LIS that is greater for diosides and triosides than for
monosides (cf., Figs. 7 and 8) and the elution order is changed: with 9% acetonitrile,
rutinosides are eluted after arabinosides whereas with 6% acetonitrile they are eluted
first.

The results are in agreement with Bitteur's work [36] on the coefficient a in the
relationship log k' = acp" + b, where cp represents the volume percentage of water in
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Fig. 8. Sugar contribution to anthocyanin retention. Mobile phase: water-acetonitrile-formic acid
(81:9:10).

the mobile phase. She reported a linear variation ofa with the molar volume ofsolutes.
In other words the retention variations due to an increase in the acetonitrile content are
higher for large than for smal1 molecules. This allowed us to separate cyanidin
3-glucoside from cyanidin 3-sambubioside by using different acetonitrile contents.
When the acetonitrile content is less than 6%, elution is very slow, and we used a slow
gradient from 3 to 6% in 20 min, the 6% content then being maintained until the
elution was completed. In this instance cyanidin 3-glucoside appears before cyanidin
3-sambubioside (eI, Fig. 4Cz). Experiments with an acetonitrile content higher than
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6% were also performed and good results were obtained with 10% acetonitrile. The
elution order is then reversed when compared with the previous results (c/, Fig. 4C 3).

Contribution of aglycone moiety to anthocyanin retention
In eqn. 9 this contribution is denoted as log ()(Ag, and the experimental values are

given in Table 4. The plot in Fig. 6 shows that the addition of a hydroxyl group to
pelargonidin, cyanidin or peonidin leads to the same variation, J(OH), of log ()(. The
corresponding segments are colinear or parallel. The same effect occurs with addition
of a methoxy group to cyanidin or pelargonidin [J(OCH 3 ) variation of log ()(].
However, this does not account well for such an addition to peonidin.

This is also valid for the lines corresponding to anthocyanins and is of obvious
practical interest. The possibilities ofdeducing the retention values of one anthocyanin
from anoth~r are thus increased. With 3-gJucosides, the values obtained are J(OH) =

-0.23 and J(OCH 3) = 0.22.
With the same anthocyanins which were chromatographed with the 9%

acetonitrile mobile phase (see Fig. 3), the J(OH) value is nearly the same (-0.24)
whereas J(OCH 3 ) is slightly lower (0.18). This result is in agreement with Bitteur's
data: an increasing acetonitrile concentration has more effect upon the largest mole
which contains OCH 3 and then J(OCH 3) is lowered. As OH is small, this behaviour is
not shown by J(OH).

CONCLUSION

From this study a better understanding of the retention of anthocyanins has been
obtained. The experimental results explained by Rekker's theory established that the
retention of these compounds is due to two independent factors, one specific to the
anthocyanidine and the other to the sugar. These two factors were studied and rules
governing the chromatography of anthocyanins have been established and it is now
possible to predict the retention of any compound in this family, either graphically or
by calculation.

Now, with the identification of the peaks in the redcurrant chromatogram, the
anthocyanidine profiles of most common red fruits are known and HPLC analysis is
therefore a suitable method for determining which red fruit has been used in the
preparation of a particular food product.
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ABSTRACT

A solid-phase reaction technique is described for improved derivatization of aliphatic amines, amino
alcohols and amino acids. A polymeric activated ester is used for the immobilization of the 3,5-dinitroben
zoyl group, which can then be used for derivatizations of strong or weak nucleophiles, while avoiding
solution-phase derivatization conditions. The reagent is easily prepared and can be regenerated after use to
attain its original reactivity. The resulting chromatograms are free of system peaks due to excess derivatiz
ing reagent, and sample handling is kept to a minimum. The reagent can be used in conjunction with both
reversed- and normal-phase chromatography and can be used for off-line gas chromatographic or high
performance liquid chromatographic (HPLC) derivatizations. In addition, the reagent can be used on-line
for derivatization in HPLC. Since the labelling reagent is a strong n-acid, chiral substrates can be deriv
atized and separated on a Pirkle-type n-donor column. The confirmation and quantitation of amphetamine
in urine was accomplished using a polymer containing two labelling moieties, p-nitrobenzoyl and 3,5
dinitrobenzoyl. The derivatization and separation of chiral and achiral amines, amino alcohols and amino
acids is described.

INTRODUCTION

Amine-containing compounds are used in the synthesis of a majority of chiral
and achiral pharmaceutically important compounds. The precursors and final
products must be chemically and optically pure to assure high yield and purity of the
final product. However, the analysis of aliphatic amines and amino acids is
complicated by ionization of the amino functionality and poor chromatographic
behavior on silica-based supports. The usual methodology for trace analysis of amines
involves a homogeneous solution-based derivatization procedure, whereby a chromo
phore or electrophore is introduced, thus increasing the chromatographic perfor
mance, detectability and, at times, the volatility of the analyte [I]. Such derivatization
procedures can be unwieldy, requiring time and effort and introducing many steps
where analyte losses can occur. The resulting chromatograms are further complicated
by excess or hydrolyzed derivatization reagents. Without suitable sample treatment

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.
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after the derivatization step, these reagents can contaminate the system, interfere with
ultimate quantitation, and reduce the efficacy and lifetime of the chromatographic
column. Such arguments are applicable to gas chromatography (GC), as well as to
high-performance liquid chromatography (HPLC).

Over the past decade, solid-phase reagents have become increasingly popular for
the facile conversion of analytes to more detectable species. These methods have
largely been enzyme based, whereby an enzyme-substrate reaction produces an
electrochemically or optically detectable species [2,3], or based on organic chemistry,
whereby an immobilized activated site is reacted with a sufficiently electrophilic or
nucleophilic substrate [4-7]. The advantages of performing these solid-phase reactions
have been well covered in the literature [8,9]. Some of the more notable advantages
include:

(1) Only the amount of reagent that reacts with the analyte is used. This yields
chromatograms which are free ofexcess derivatizing reagent and allows the same batch
of polymer to be used many times before efficacy of derivatization becomes a concern.

(2) More selective conversion of the analyte to the desired derivatives, yielding:
(a) less complex chromatograms with higher signal-to-noise ratios and (b) functional
group discrimination which is often not possible in solution phase derivatization
without the use of blocking groups.

(3) Improved stability of the solid-phase reagents over time compared with the
analogous solution-phase reagent.

(4) Trace analysis of analytes is facilitated by high local concentrations of the
derivatizing reagent. These concentrations in solution would likely exceed the
solubility of the derivatization reagent.

(5) Solid-phase derivatizations often allow for a higher percentage of conver
sions [10].

(6) The use of co-immobilized reagents allows for the quantitation and
confirmation of analyte presence within a single chromatographic run. This method
ology has been proven invalid for solution-phase derivatization, due to kinetic effects
and the possibility of cross-reactions between the derivatization reagents in solution.

The resolution of optical isomers by HPLC is recognized as being the most
sensitive technique available for unequivocal determination of enantiomeric composi
tion [11]. The importance of this technique cannot be understated, in that about 25%
of all pharmaceuticals dispensed between 1959 and 1980 contained at least one chiral
center and the pharmacological activity of the enantiomers is often very different
[12,13]. One need only be reminded of the thalidomide tragedy to understand the
importance of absolute knowledge of enantiomeric excess for any given pharmaceu
tical [14]. Chiral molecules that lack chromophoric ligands generally require deri
vatization for visualization by UV-fluorescence detection. For physical resolution of
chiral molecules, at least three points of interaction between the chiral analyte and the
chiral selector are necessary, while one of these interactions must be steric in nature
[15]. Thus, derivatization, which enhances the detectability of the analyte, can also be
used to introduce a specific site for interaction with the brush-type Pirkle chiral
columns. The usual treatment is to introduce a n-donor (naphthyl) or n-acceptor
(3,5-dinitrophenyl) moiety to the molecule being analyzed [16-18]. Columns are
commercially available, designed specifically to be used for such derivatized analytes.

We have synthesized two polymers which contain activated ester moieties. The
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Fig. I. Structure of polymeric reagents. (I) Polymeric benzophenonc-DNB, (II) polymeric benzotriazole
DNB.

first polymer (1, Fig. I) was prepared from 200-400 mesh polystyrene beads cross
linked with 4% divinylbenzene (DVB). We modified the polymer to obtain an o-nitro
phenol to which various acid chloride-chloroformate moieties could be attached. The
second polymer (II, Fig. I) was based on ethylvinylbenzene (EVB) cross-linked with
DVB, in which a hydroxybenzotriazole functionality had been introduced. The two
polymers showed remarkably different reaction kinetics due to their different activated
linkages and polymeric supports. These reagents could be used off-line or on-line,
pre-column, for real- or delayed-time derivatizations of sufficiently nucleophilic
analytes, such as amines and amine analogues. The derivatives had enhanced
sens;tivity to absorbance detection due to the addition of a chromophoric label. The
dinitrophenyl derivatives were amenable to reductive electrochemical detection, as
well as photochemical dissociation and reduction of the cleaved aromatic nitro groups
to nitrite, which could then be detected electrochemical in an oxidative mode [19].
Thus, three possible modes of detection were possible; a significant advantage in
confirmation of the analyte in a complex matrix over detection of the Uli.derivatized
analyte. Other detector labels (fluorenyl, o-acetylsalicyloyl andp-nitrobenzoyl) can be
attached to the polymeric reagents to yield different chromatographic and detector
selectivity to the derivatized analyte.

These different polymers can be mixed to form a known amount ofeach label per
gram of the mixed polymer. Derivatization of a single analyte produced a character
istic profile of derivatives having known retention times and detector responses. This
efficiently solved the problem of co-elution of a matrix component with the analyte of
interest since the likelihood of matrix co-elution with both derivatives was minimal
[20].

In this paper, the simultaneous determination of amphetamine in urine using
a 1:1 molar mix ofimmobilized p-nitrobenzoyl and 3,5-dinitrobenzoyl (DNB) moieties
is shown. Both derivatives eluted well-resolved from the matrix, without any
extraction/matrix work-up involved. The simultaneous analysis and confirmation
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within a 5-min chromatographic run exemplifies the utility of solid-phase derivatiza
tion methodology for analyses in complex matrices.

EXPERIMENTAL

Materials
A LiChrosorb5-,um particle size, C 1S column (EM Science, Cherry Hill, NJ,

US.A.), 250 mm x 4.6 mm J.D., was used for the hydrolysis analysis and analysis of
achiral derivatives. For chiral separations Supelcosil LC-(R)-Naphthyl Urea/LC-(S)
Naphthyl Urea, 250 mm x 4.6 mm J.D. columns (Supelco, Bellefonte, PA, U.S.A.)
were used. 3,5-Dinitrobenzoyl chloride (DNBCI) and other reagents were obtained
from Aldrich (Milwaukee, WI, U.S.A.). Amino acids and amino acid methyl esters
were purchased from Sigma (St. Louis, MO, US.A.). The dinitrobenzamide (DNBa)
standards were synthesized following literature procedures [21,22]. Polymeric sup
ports were purchased from Fluka (polystyrene cross-linked with 4% DVB, 200
400 mesh), and from Waters (Milford, MA, U.S.A.; Porapak Q; 57% DVB, 38.6%
EVB, meta/para ratio 2.5: 1, 100-120 mesh) [23]. Amphetamine sulphate and
norephedrine HCl were donated by Thomas Doyle (FDA, Washington DC, U.S.A.).
HPLC solvents were obtained from EM Science, as their Omnisolv grade. All solvents
were filtered through a 0.45-,um membrane (PTFE, Millipore, Bedford, MA, U.S.A.;
Nylon 66, Supelco) and degassed under vacuum before use.

Apparatus
The HPLC system consisted of a Waters Model 6000A pump, a Rheodyne

Model 7125 injection valve (Rheodyne, Cotati, CA, U.S.A.) and a UV Monitor III
(LDC Milton Roy, Riviera Beach, FL, US.A.). Data acquisition was performed
using Rainin Dynamax DA (Rainin Instruments, Berkeley, CA, U.S.A.) through
a Macintosh Plus personal computer (Apple Computers, Cupertino, CA, US.A.). At
times, data was collected from a Hitachi D-2000 Chromatointegrator (Hitachi
Instruments, Naka Works, Mito City, Japan).

Physical and spectral characterization of the derivatives, used to characterize the
kinetics and thermodynamics of the polymeric reagent with various analyte classes,
included a Varian Model XL-300 NMR Spectrometer (Varian, Palo Alto, CA,
U.S.A.), a Perkin-Elmer Model 599B infrared spectrophotometer (Perkin-Elmer,
Analytical Instruments, Norwalk, CT, US.A.), a Thomas Hoover capillary melting
point apparatus (Arthur H. Thomas, Philadelphia, PA, U.S.A.), a Milton Roy Model
Spectronic 1201 scanning UV-VIS spectrophotometer (Milton Roy, Analytical
Products Division, Rochester, NY, U.S.A.) and a Nuclide magnetic sector mass
spectrometer (Nuclide, State College, PA, U.S.A.). Elemental analyses of the
polymeric reagents were performed at Galbraith Laboratories (Knoxville, TN,
U.S.A.). Solvents removal under reduced pressure was performed on a Buchi RotoYap
(VWR Scientific, Boston, MA, U.S.A.).

Synthesis of analytical standards of amines, amino alcohols and amino acids
All DNBa-standard derivatives were characterized via lH NMR and electron

impact mass spectrometry (EI-MS) and were determined to be the expected structures.
Amines. DNBa standards of primary and secondary amines were prepared via
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solution-phase derivatization of the amine with pyridine-catalyzed DNBCI according
to literature procedures [21].

Amino alcohols. Standards of primary and secondary amino alcohols were
prepared via solution-phase derivatization of the amine functionality with triethyl
amine (TEA)-catalyzed DNBCl according to literature procedures [22].

Amino acids. For achiral, reversed-phase (RP) analysis of amino acids using
solid-phase derivatization, only the amine functionality was modified. Synthesis of the
derivatives required temporary protection of the carboxylic acid group, while the
amine group was acylated with DNBCl. The standards were prepared following
a modification of a literature procedure, in which the electrophilic reagent, trityl
chloride, was replaced with DNBCl [24].

Amino acid methyl esters. The methyl esters of some of the amino acids used were
purchased as the methyl ester hydrochlorides. Others were synthesized in our
laboratory using the amino acid and dry methanol-HCI or BFrmethanol (50:50,
w/w) according to literature procedures [22].

Synthesis of the polymeric benzophenone and polymeric hydroxybenzotriazole
Polymeric benzophenone. Polystyrene-divinylbenzene was washed with aceto

nitrile (ACN) using a Soxhlet apparatus for 48 h to remove monomeric impurities
which would leach from the polymer and complicate the chromatograms of the
derivatives. The modification of the polystyrene followed a literature procedure [25].
The analytical label was covalently attached to the polymeric phenol intermediate, via
the acid chloride, using pyridine as a nucleophilic catalyst [25].

Polymeric benzotriazole. The second polymeric reagent contained an immo
bilized hydroxybenzotriazole functionality. This polymeric hydroxybenzotriazole was
synthesized from an EVB-DVB polymer following a literature procedure [26].
Addition of the analyticallabel to the polymeric hydroxybenzotriazole intermediate
was identical to that of the polymeric benzophenone.

Physical characterization of the polymeric activated esters
Hydrolysis of polymeric benzophenone activated ester. A hydrolysis procedure

was used to quantitatively cleave the analytical label from the polymer. The benzoic
acid generated was quantitated via HPLC using external-standard calibration. A
200-mg amount, weighed to the nearest 0.1 mg, was hydrolyzed by suspension in 2 ml
of2 M KOH and 3 ml of dimethylformamide (DMF). The suspension was heated with
stirring to 60°C for 30 min. The solution was then acidified (pH 3) using concentrated
HCI, and the polymer was filtered directly into a 25-ml volumetric flask. The solution
was made to the mark with ACN-water (30:70) and analyzed by RP-HPLC (Table I).

Hydrolysis ofpolymeric benzotriazole-DNB. The characterization of the benzo
triazole labelled with o-acetylsalicyloyl chloride was via a similar hydrolysis procedure
[6] (Table I).

Elemental analysis of polymeric benzophenone and polymeric benzotriazole.
Elemental analyses of both polymers were performed at Galbraith Laboratories
(Table I).

Regeneration of the polymeric reagents
Since both polymeric reagents swell in ACN it was often sufficient to wash the
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TABLE I

QUANTITATIVE DATA FOR POLYMERIC REAGENTS

A. J. BOURQUE, I. S. KRULL

Benzophenone elemental analysis
Polystyrene-DVB 91.88% C,
Polymeric phenol 77.00% C,
Tagged phenol 71.82% C,

8.02% H
5.93% H,
5.12% H,

2.67'Yo N,
4.46% N,

10.30% 0
14.56% 0

Benzophenone elemental analysis results"
1.91 ± 0.02 mequiv. phenoljg of polymer
0.64 ± 0.02 mequiv.· labeljg of polymer

Benzophenone hydrolysis resultsb

0.62 ± 0.02 mequiv. labeljg of polymer

Benzotriazole hydrolysis results'
0.31 ± 0.01 mequiv.labeljg of polymer

" Based on increase in nitrogen, less than 0.014 mequiv. Cl- found, indicating near quantitative
conversion of intermediate to the polymeric phenol.

b Hydrolysis was performed on polymer acylated with benzoyl chloride due to instability of the
3,5-dinitrobenzoate anion to the hydrolysis conditions.

, Hydrolysis was performed on polymer tagged with o-acetylsalicyloyl chloride.

reagent with several aliquots of ACN, allowing each aliquot to sit for 60 s to allow for
impurities to diffuse out of the pores of the polymer. Occasionally, an overnight
Soxhlet extraction was performed using ACN to thoroughly clean the polymer. The
polymer was then dried and acylated with DNBCl to yield the final tagged reagent.

Solid-phase on-line derivatization
Only the polymeric benzophenone-DNB reagent was used on-line, due to the

instability of the polymeric benzotriazole-DNB reagent to water. The on-line reactor
was assembled from stainless-steel hardware (27 mm x 2.2 mm I.D., 0.2-flm frits).
Similar-dimension columns are commercially available for facile in-house packing of
guard columns from Upchurch Scientific (Oak Harbor, WA, U.S.A.). The reactor was
attached to an injector through the injection-loop ports (ports I and 4, Rheodyne
Model 7010), and this configuration was used as a switching valve [5]. The analyte was
injected and allowed to pass through the reactor for real-time, on-line derivatization,
or was switched to a bypass mode to trap the analyte to attain longer reaction times
(Fig. 2). The reactor was attached to the switching valve using 15 cm of small bore
(0.009 in. LD.) stainless-steel tubing. It could then be lowered into a thermostated hot
water reservoir to increase the temperature of the reaction.

Reversed-phase derivatization. The derivatization of nucleophiles in aqueous
organic solvents on-line, was complicated by the reactivity of the polymer. A dual
pump apparatus was configured such that only anhydrous organic solvent passed
through the reactor. A mixing tee was placed after the reactor and before the analytical
column, where the strength of the final eluent was adjusted through proportioning of
the pumps (Fig. 2). The derivatization solvent was ACN or tetrahydrofuran (THF)
and the aqueous solvent was generally ACN-water (10:90) or THF-water (10:90). A
mixture ofthree amines (morpholine, n-propylamine and n-butylamine; 20 ppm each),
was derivatized on-line using the dual-pump system. The derivatization of amines was
tested in two different anhydrous organic eluents, THF-ACN (I: I) and ACN (Fig. 3).
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Fig. 2. Diagram of dual-mobile-phase HPLC system. Pump A contains anhydrous ACN, pump B contains
ACN-water (10:90). Column, LiChrosorb 5 flm C tS cartridge, 125 x 4.0 mm 1.D.
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Fig. 3. On-line derivatization of (I) morpholine, (2) propylamine and (3) butylamine using two mobile
phases. (A) THF-ACN (1:1); (B) ACN. Both systems are split mobile-phase gradients in which only pure
organic flows through the on-line reactor. Conditions: injection volume, 20 fll; column, LiChrosorb 5 flm
CIS cartridge, 125 x 4.0 mm 1.D.; pump A: 100% organic; pump B: 10% organic. Gradient No.8, 5-85% A
over 5 min. Retention time in min.
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Normal-phase derivatization. The derivatization of amines and amine analogues
in normal-phase was expected to be more facile than in reversed-phase due to the lack
of water in the mobile phase. However, since the reactivity of the polymer was
enhanced at elevated temperatures (50-80°C), the reactor had to be protected from
alcohols as well. Reactions were accomplished using a single programmable pump
(Waters, Model 590) with flow-programmed step gradient. The analyte flowed
through the reactor at 0.1 ml/min and was then stepped up to higher flow-rates at the
rate of I ml increments every ten seconds, to a final flow-rate of3.1 ml/min. The reactor
column was placed in a hot water bath to equilibrate 2 min before injection of the
analyte, and was removed from the bath after 4 min to prolong its lifetime. Analysis of
the enantiomers of amphetamine was accomplished in < 20 min from injection to
derivatization, separation and detection of the on-line formed derivatives (Fig. 4).

Solid-phase off-line derivatizations
An amount of the polymeric reagent was added to a Pasteur pipet which had

been scored and broken ca. 5 cm above the tapered section. The tapered end was
plugged with a small amount of tissue paper which kept the polymer bed intact, and
filtered any particulates from the final solution containing the derivatives. A volume of
analyte (30~100 Jil) was added to a fixed mass of the polymer (30-150 mg) such that the

A

d

8
d

I I I I lIt I I I I I I I I I I! I I I I I I I I I I I I I 1'1 I I I I I I
In <S) Ln (S) tn (S) UI (S)

N N

Fig. 4. On-line derivatization and separation of the enaritiomers of amphetamine. (A) Injection of75 ppm of
the standard amphetamine-3,5-dinitrobenzamide; (B) injection of 100 ppm amphetamine free base in
ACN-DCM (1:1) with 0.05% TEA added. Real-time derivatization at noc in a mobile phase of
hexane-DCM-THF (70:27:3). Derivatization occurred at 0.1 mljmin for 40 s. The flow-rate was increased in
increments of 1 ml every 10 s to a final flow-rate of3.1 mljmin. Conditions: injection volume, 10 Ill; column,
Supelco 5 11m, LC-(R)-Naphthyl Urea 250 x 4.6 mm I.D. Retention time in min.
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polymer was wetted without the analyte reaching the tissue plug. The solid-phase
reaction was allowed to proceed for an amount of time determined by the kinetics of
the substrate, and was washed with 500 ,ttl ACN. The eluent was then diluted with
water to match the mobile phase. For normal-phase work, the derivatives were eluted
from the reactor using I ml of the mobile phase. For normal-sensitivity work (ppm and
above), 20 ,ttl of the final solution was injected into the HPLC. After each
derivatization, the polymer was removed from the cartridge, the tissue paper replaced,
and the reactor filled with fresh polymer. The used polymer was placed aside to be
regenerated.

Optimization of off-line derivatization conditions
Time and temperature. Typical primary and secondary amine substrates were

used to characterize the kinetics of the solid-phase reagents with amines. Thus,
a 200-ppm solution of n-butylamine in ACN and a 200-ppm solution of diethylamine
in ACN were used as test substrates to determine the dependence of percent
derivatization as a function of time. Each analyte was derivatized separately, off-line
for different intervals, and the product obtained was compared to the external
standard that had been synthesized and characterized. The percent conversion of the
amine to the amide was quantitated. Reaction time intervals were 5, 10,20,40 and 80 s.
A 30,tt1 volume of the amine solution was injected onto 70 mg of the polymeric reagent,

9
o
o
o
o
tj

2

0.0 6.8

Fig. 5. Analysis of amines using off-line derivatization. Derivatives in order of elution: I = morpholine
DNBa, 2 = n-propyl-DNBa, 3 = n-butyl-DNBa. Conditions: 20 ppm each in ACN, 30 It! x 70 mg
polymeric benzophenone-DNB; I min at RT, elute to I ml ACN, inject 10 Jll. Column, LiChrosorb 5Jlm C I8

cartridge, 125 x 4.0 mm 1.0., ACN-water (50:50) at 1.5 ml/min. Retention time in min.
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and the reaction was quenched with 200 pI of ACN-water (80:20), which was adjusted
to a concentration of2 mMHN03 . Quantitation ofpercent conversion was performed
as before. The off-line derivatization of three amines was performed (Fig. 5).

The same experiment was performed using a base catalyst. An equimolar
amount of TEA was added to the 200-ppm solution ofn-butylamine-diethylamine in
pure ACN, The identical study was performed using a 4 mM HN03 quenching
solution (Fig. 6).

An analogous experiment was performed using the polymeric benzotriazole
DNB reagent. Since nearly quantitative conversion of the amine, in the presence of
a base catalyst, to the 3,5-dinitrobenzamide (DNBa) occurred at room temperature
(RT) in ~ 60 s with both polymeric reagents, no temperature optimizations were
performed.

Concentration of base catalyst vs. amine concentration
The amount of TEA used as a base catalyst was varied from 0.5 to 2 equiv. vs.

n-butylamine concentration. Derivatization conditions were identical to those used for
the optimization of time.

pH. study vs. percent derivatization
For partially or wholly aqueous solutions, the pH of the solution was an

important factor, since ionization of the analyte rendered the amine functionality
non-nucleophilic. Eight buffers were prepared by adjusting the pH of a 50-ml aliquot
of 0,4 M H 3B03 to the pH of interest using 0,5 M KOH and diluting to a 100 ml
volumetric. Thus, 0.2 MH 3B0 3 buffers with pH values between 7.0 and 10.0 in 0.5 pH
increments were prepared. A 400-ppm solution of n-butylamine was prepared and
25-ml aliquots of the amine solution were mixed with 25-ml aliquots of the appropriate
buffer solution to prepare the final analyte solution. The final composition was
200 ppm n-butylamine in ACN-O.l M borate buffer (50:50) at different pH values.
Derivatization conditions and quantitation of percent conversion were identical to
those used for the optimization of time. No analogous pH study was performed with
the polymeric benzotriazole-DNB reagent.

100..-----------------,

90

WITH TEA (91.5%)

WITHOUT TEA (56.3%)

ol-~...........~~--,.~~~~~__,__~.,....~.....__J
o 10 20 30 40 :50 60 70 80

Time (s)

Fig. 6. Percentage of derivatization V.I'. time of butylamine with polymeric benzophenone-DNB in ACN
with and without equimolar TEA present. Conditions: 30 III of 200 ppm in ACN x 70 mg polymeric
benzophenone-DNB; 2 min at RT, elute with 500 III ACN, dilute with 500 III water; injection volume, 10 Ill;
column, LDC-Milton Roy 311m Spherisorb ODS-II, 100 x 4.0 mm J.D., ACN-water (50:50) at 1.5 ml/min.
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Percent derivatization vs. amine concentration
The working range of amine concentrations over which the percent derivatiza

tion remained constant was determined. Solutions of n-butylamine were prepared in
the concentration range of 500 ppba to 20 000 ppm. No base catalyst was used.
Derivatizations and quantitation using the polymeric benzophenone-DNB were
performed as before.

Derivatization protocolfor amines, amino alcohols, amino acids and amino acid methyl
esters using both polymeric reagents

Amines. Amines as the free base were weighed or injected into a volumetric flask
containing ACN and an equimolar amount of TEA. The TEA had to be specially
treated to remove I° and 2° amine impurities, which otherwise complicated the
chromatograms [27]. Amines as the hydrochloride or sulphate were prepared in
ACN-0.05 M NaOH (80:20). For derivatization of these solutions followed by
normal-phase chromatography, the water was trapped using 500 mg of anhydrous
Na2S04, which was placed below the polymer bed in the off-line reactors. Thus, the
derivative and solution were made anhydrous as they eluted from the reactor. The
comparison of percent derivatization vs. time for both polymers is given in Fig. 7.
Quantitation was performed using peak areas (Table II).

o

Benzotriezole-DNB @> RT

Benzophenone-DNB @> RT

Fig. 7. Time dependence of derivatization of n-butylamine and diethylamine with the two polymeric
reagents. (A) Kinetic curve for n-butylamine, (B) kinetic curve for diethylamine. Conditions: 200 ppm
n-butylamine-diethylamine in ACN with equimolar TEA. 30 III x 70 mg polymeric benzophenone-DNB,
50 III x 30 mg polymeric benzotriazole-DNB; 2 min at RT, elute with 500 III ACN, dilute with 500 III water.
Chromatography, injection volume, 20 Ill; LiChrosorb SlIm C ,8 , 125 x 4.0 mm I.D., ACN-water (50:50) at
1.5 ml/min.

a Throughout the article, the American billion (109
) and trillio'n (10 12) is meant.
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TABLE II

ENANTlOMERIC PURlTY OF AMINEsa,e

Sample d(%)

A. J. BOURQUE,!. S. KRULL

1(%)

(± )-I-amino-I-phenylpropaneb (lot KM63206KM)
(R)-( +)- I-amino- I-phenylethane' (lot AP03909TM)
(S)-( - )-I-amino-I-phenylethane' (lot 0090IJP)
(R)-( + )-I-amino-I-(I-naphthyl)ethaned (lot 03424HM)
(S)-( - )-I-amino-I-(I-naphthyl)ethaned (lot 88F0342)

50.45 ± 0.05
98.86 ± 0.04

1.95 ± 0.16
99.11 ± 0.05
0.78 ± 0.07

49.55 ± 0.05
1.14 ± 0.04

98.05 ± 0.16
0.89 ± 0.05

99.22 ± 0.07

Elenzotri"zole-DNEl @ RT

Elenzophenone-DNB @ 75°C

a 40 /ll amine solution x 80 mg benzophenone-ONB, 2 min at RT, elute to I ml with mobile phase,
LC-(S)-Naphthyl Urea column, 250 x 4.6 mm 1.0.,20 /ll x 0.016 a.uJ.s. at 254 nm.

b Hexane-OCM-methanol (90:7:3) at I ml/min.
, Hexane-DCM-methanol (80:15:5) at 2 ml/min.
d Hexane-DCM-methanol (70:25:5) at 2 ml/min.
e All amines purchased through Aldrich.

Amino alcohols, The amino alcohols were dissolved in ACN contammg
equimolar TEA. For reversed-phase work, the derivatives were eluted from the off-line
reactor with 500 J.l1 of ACN and diluted with water prior to injection (Fig. 8), For
normal-phase chromatography, the derivatives were eluted from the off-line reactor
using 1 ml of the mobile phase.

Amino acids. The amino acids were dissolved in ACN-0.05 M NaOH (80:20).
This allowed the amine functionality to remain as the free base and provided good
wetting and swelling properties for the polymer. Derivatization was as above for the
amines, and separation was performed on a C18 column with 0.1 % trifluoroacetic acid
(TFA) added for pH suppression (Fig. 9).

Amino acid methyl esters. The methyl esters of the amino acids studied were
either synthesized using BF3-methanol or methanol-HCI(g), or were purchased as the
hydrochloride salt and were neutralized in 0, I M NaOH. The solution was made
partially organic (ca. 12%), and the analyte was extracted using a solid-phase
technique. The preparation ofa 200-ppm solution of the methyl ester of phenylalanine
was as follows: 24.1 mg of the hydrochloride was weighed directly into a 5-ml
Reacti-vial and 2 ml of0.1 MNaOH was added. A 0,250 ml volume ofACN was added

100r~-~-~~~;;:::::==:::::::;:::::~==01
90

~ 80

~ 70

"N 60

~ SO
:>
'C,40

~ 30
&l! 20

25 50 75 100 125 150 175 200 225 250
Time (5)

Fig. 8. Time dependence of derivatization of ethanolamine with both polymers. Same conditions as Fig. 7,
except separation was performed on a Spherisorb 3 /lm CN 100 x 4.6 mm J.D., ACN-water (50:50) at
1.5 ml/min.
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Fig. 9. Derivatization of (1) valine; (2) methionine; (3) phenylalanine; and (4) tryptophan dissolved in
ACN-0.05 M NaOH (80:20). Conditions: 50 III (200 ppm each) x 30 mg polymeric benzotriazole-DNB;
2 min at RT, elute to 500 III ACN, dilute with 500 III water; injection volume, 20 Ill; column, Spherisorb 311m
CN 100 x 4.6 mm J.D., ACN-water (20:80) (0.1 % TFA). Retention time in min.

to aid in the dissolution of the free base. The solution was taken up in a 5-ml gastight
syringe and passed over an RP-C 18 Sep-Pak cartridge which had been conditioned
with 3 ml of ACN and 1 ml of distilled water. The eluate was discarded and the
cartridge washed with 1 ml of distilled water. The amino acid methyl ester was eluted
into a 100-ml volumetric flask with two 5-ml aliquots of pure ACN. The solution was
made equimolar with TEA and the volumetric flask was brought to the mark.
Derivatization of this solution was identical to that of a free amine in ACN (Figs. 10
and 11). Quantitation was performed using peak areas (Tables III and IV).
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Fig. 10. Derivatization of the methyl esters of (I) valine; (2) methionine; (3) tryptophan; and (4)
phenylalanine. Conditions: 100 III (100 ppm each) x 60 mg polymeric benzotriazole-DNB; 2 min at RT,
elute to 500 III ACN, dilute with 500 III water; injection volume, 20 Ill; column, LiChrosorb 5 Ilm C ,8, J25 x
4.0 mm J.D., ACN-water (45:55) at 2.5 ml/min. Retention time in min.

Single-blind chiral analysis of amphetamine
The enantiomeric ratio ofamphetamine isomers was determined in five samples,

spiked with varying ratios of d- and I-amphetamine. The samples were prepared from
the pure enantiomers of amphetamine sulphate, which was dissolved in ACN-O.25 M
KGB (50:50). Unknown ratios of d- and I-amphetamine were prepared by adding
different amounts of the two stock solutions to a third vial. The authors had no
previous knowledge of the enantiomeric compositions.

Determination of the enantiomeric composition was via derivatization and
chromatographic analysis of the samples. Five samples were analyzed by injecting
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Fig. ,11. Chiral separation of d- and I-valine methyl esters as the off-line formed 3,5-dinitrobenzamide. (A)
I ppth d,l-Valine showing 50:50 composition by area; (B) 2 ppth I-valine showing 0.18 ± 0.02%
enantiomeric contamination of the d-isomer. Conditions: 20 iii x 30 mg polymeric benzophenone-DNB,
3 min at RT, elute to I ml with mobile phase, injection volume 20 iiI. Chromatography, 5 lim LC-(S)
Naphthyl Urea 250 x 4.6 mm I.D., hexane-DCM-methanol (90:5:5) at 3.0 ml/min. Retention time in min.
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TABLE 1II

CHROMATOGRAPHIC FIGURES OF MERIT FOR THE AMINO ACID OERIVATIVES"

Compound as 3,5-0NBa Column efficiency k' (J,

(methyl ester) (N)J [(I, - 10)lloJ (k~/k',)

Phenylalanineb

d-form 7780 2.12
1.38

I-form 7610 2.92

Alanine'
d-form 7820 0.95

1.66
I-form 7580 1.75

Valine"
d-form 7590 2.21

1.68
I-form 7510 3.72

Tryplophan'
d-form 8540 1.49

1.74
I-form 7630 2.59

a 40 III X 80 mg benzophenone-ONB, 3 min at RT, elute to I ml with mobile phase. Supelco
LC-(S)-Naphthyl Urea column, 250 x 4.6 mm J.O., 20 III x 0.004 a.uJ.s.

b Hexane-OCM-methanol (75:23:2) at 2 ml/min.
, Hexane-OCM-methanol (70:25:5) at 2 ml/min.
" Hexane-OCM-methanol (90:5:5) at 3 ml/min.
, Hexane-OCM-methanol-ACN (70:22:5:3) at 2 ml/min.
J N = number of plates.

70 III of the amine solution onto 150 mg of the polymeric benzophenone-DNB reagent,
aJlowing the reaction to occur at RT for 60 s and eluting the derivative to 0.7 ml with
100% THF. Four derivatizations were performed with 2-3 injections per derivatiza
tion. Determination of enantiomeric composition was performed using peak areas
(Table V).

TABLE IV

ENANTIOMERIC PURITY OF AMINO ACIDS"

Amino acid d/I d

Phenylalanineb (49.95150.05) ± 0.03 99.15 ± 0.02
Alanine' (50.01/49.99) ± 0.04 98.90 ± 0.05
Valine" (50.21/49.79) ± 0.10 _J

Tryptophan' (49.99/50.01) ± 0.01 100.00 ± 0.00

99.62 ± 0.02
97.90 ± 0.05
99.82 ± 0.02

100.00 ± 0.00

" 40 III sample x 80 mg polymeric benzophenone-ONB, 1 min at RT, elute to I ml with mobile
phase. Supelco LC-(S)-Naphthyl Urea column, 250 x 4.6 mm J.O., 20 III x 0.004 a.uJ.s. at 254 nm.

b Hexane-OCM-methanol (75:23:2) at 2 ml/min.
, Hexane-OCM-methanol (70:25:5) at 2 ml/min.
" Hexane-OCM-methanol (90:5:5) at 3 ml/min.
, Hexane-OCM-methanol-ACN (70:22:5:3) at 2 ml/min.
J d-Enantiomer not analyzed.
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TABLE V

SINGLE-BLIND SPIKED AMPHETAMINE ANALYSIS"

Sample Spiked composition Determined R.S.D. REb
(%) (%) (%) (%)

5-119-1
d-form 65.0 64.7 ± 0.2 0.3 -0.6
I-form 35.0 35.3 ± 0.2 0.6 +0.9

5-119-2
d-form 75.0 73.4 ± 0.5 0.7 -2.1
I-form 25.0 26.6 ± 0.5 1.9 +6.4

5-119-3
d-form 50.0 50.5 ± 0.3 0.6 + 1.0
I-form 50.0 49.5 ± 0.3 0.6 -1.0

6-13-2
d-form 65.0 64.6 ± 0.4 0.6 -0.6
I-form 35.0 35.4 ± 0.4 1.l +1.1

6-13-3
d-form 50.0 50.1 ± 0.2 0.4 +0.2
I-form 50.0 49.1 ± 0.2 0.4 -0.2

139

" 70 iii amine solution x 150 mg polymeric benzophenone-DNB, I min at RT, elute to 1 ml with
mobile phase hexane-ethanol (97:3) at 3 ml/min. Supelco LC-(R)-Naphthyl Urea column, 250 x 4.6 mm
I.D., 5 lim; 10 iii injection x 0.016 a.uJ.s. at 254 nm.

b Relative error (% RE) = [(found - spiked)/spiked] . 100%.

Single-blind achiral analysis of amphetamine in urine using a mixed-bed reactor
A solution of amphetamine sulphate was spiked into a urine sample (0.1 M

NaOH) to a representative concentration oflevels found when the substance is abused
[28]. The presence of amphetamine in the sample was shown by derivatization with the
polymeric benzotriazole-DNB reagent. The derivative retention time matched that of
the standard amphetamine-DNBa which had been synthesized earlier. The presence of
amphetamine was confirmed by the use of a second labelling reagent, p-nitrobenzoyl
(pNB). The polymer was tagged with this reagent and used as above to prove the
identity of the amphetamine derivative peak, again compared to the retention time of
the standard amphetamine-pNBa. To quantitate the amount of amphetamine present
in the spiked samples both polymers were simultaneously used. A I: I mixture of the
two polymeric reagents (pNB-DNB) was prepared and the sample again derivatized.
This time, two derivative peaks were formed, indicating reaction of the amphetamine
with both polymeric reagents (Fig. 12). A calibration curve of amphetamine from 5 to
50 ppm was prepared in a urine matrix which had been adjusted to contain 60% ACN.
Three single-blind spiked samples were prepared in the same manner at concentrations
within the standard curve. The standard curve and samples were derivatized using
100 J.tI sample vs. 60 mg of the I: I labelled polymeric benzotriazoles. Both derivatives
were used to quantitate the concentration of amphetamine present (Table VI).

Single-blind analysis of amino acid enantiomeric composition
To further validate the method with a different class of analyte, an experiment

was performed with a known amount of phenylalanine of unknown enantiomeric
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Fig. 12. Mixed-bed derivatization of amphetamine in urine. (A) Urine blank derivatized with polymeric
benzotriazole-(pNB/DNB) (I :I); (B) spiked sample (35 ppm) derivatized with polymeric benzotriazole
(pNB/DNB) (1:1). Conditions: derivatization, 100 III sample x 60 mgpolymeric benzotriazole; 2 min at RT,
elute with 500 III ACN, dilute with 500 III 0.05 M NaOH, injection volume 20 Ill. Chromatography,
LiChrosorb 5 11m CIS, 125 x 4.0 mm J.D., ACN-water (50:50) adjusted to 0.05% (v/v) NH4 0H at
2.0 ml/min. Retention time in min.
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TABLE VI

SINGLE-BLIND SPIKED AMPHETAM[NE ANALYSIS USING POLYMERIC M[XED BED
REACTOR OFF-LINE"

Sample

8-84-1
8-84-2
8-84-3

Spiked Determined (ppm)
concentration
(ppm) pNP-amphetamine RE(%) DNP-amphetamine RE(%)

32.3 33.0 ± 0.4 +2.2 34.0 ± 0.5 +5.2
28.2 28.7 ± 0.3 +1.6 29.8 ± 0.8 +5.6
40.4 40.9 ± 0.1 +1.3 42.8 ± 0.5 +5.9

" 100 fil sample x 60 mg (pNP/DNB)-benzotriazole (1:1), 2 min at RT, elute with 0.5 ml ACN,
dilute with 0.5 ml 0.05 M NaOH, ACN-water (50:50) adjusted to 0.05% (v/v) NH40H at 2 ml/min, [25 x
4.0 mm I.D. LiChrosorb 5 11m CIS, 20 III injection x 0.016 a.uJ.s. at 254 nm.

composition. The experiment simulated a real-world analysis to determine enantio
meric purity of a lot of amino acid. It was necessary to prepare the methyl ester of the
amino acid for chiral recognition. Thus, each lot was alkylated using 2 ml
BFrmethanol (50:50, w/w) and 20 ml of anhydrous methanol at 70°C for 30 min. The
methanol was evaporated under reduced pressure and the residue dissolved in 5 ml of
5 M KOH. The KOH was extracted with 5 x I ml aliquots of dichloromethane
(DCM), and the DCM extracts were combined and dried over NaZS04 directly into
a 10-ml volumetric flask. The NaZS04 was washed with a 5-ml aliquot of ACN, and
the volumetric flask was brought to the mark with DCM. A 40-{l1 sample of this
solution was injected onto 80 mg of the polymeric benzophenone-DNB reagent, and
after 3 min at RT the derivative was washed from the reactor cartridge with I ml
THF-hexane (15:85). A 20-{l1 sample was injected. Separations were performed on
a 5-{lm LC-(S)-Naphthyl Urea 250 x 4.6 mm J.D. column using hexane-DCM
methanol (75:23:2) at 1.5 ml/min. The ratio of enantiomers was determined via area
counts of the two enantiomers (Table VII).

TABLE VI!

SINGLE-BLIND SPIKED PHENYLALANINE ANALYSIS"

Sample Spiked compo Determined R.S.D. RE
(%) (%) (%) (%)

6-73-2
d-form 33.6 33.3 ± 0.3 0.9 -0.9
I-form 66.4 66.7 ± OJ 0.4 +0.5

6-74-1
d-form 11.2 II. [ ± 0.4 3.6 -0.9
I-form 88.8 88.9 ± 0.4 0.4 +0.[

6-74-2
d-form 11.2 11.2 ± 0.2 1.6
I-form 88.8 88.8 ± 0.2 0.2

" 40 ,ul sample x 80 mg polymeric benzophenone-DNB, 3 min at RT, to I ml of THF-hexane
(15:85), hexane-DCM-methanol (75:23:2) at 3 ml/min. Supelco LC-(S)-Naphthyl Urea column, 250 x
4.6 mm I.D., 20 ,ul injection x 0.004 a.uJ.s. at 254 nm.
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Comparison of chiral resolution of urea vs. amide derivatives of d,l-norephedrine
The 3,5-dinitrobenzamide and 3,5-dinitrophenylurea derivatives of d,l-nore

phedrine were synthesized via the solution-phase reactions of d,l-norephedrine with
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Fig. 13. Comparison of chiral resolution of the standards of the (A) 3,5-dinitrobenzamide and the (B)
3,5-dinitrophenylurea ofdJ-norephedrine. Conditions: 40 ppm each inmohile phase, injection volume 10 Ill.
Chromatography, 5-11111 LC-(S)-Naphthyl Urea 250 x 4.6 mm I.D., methyl-tert.-butyl ether (MtBE)
ACN-methanol (92:7:1) at 1.0 ml/l11in. Retention time in min.



HPLC-UV OF AMINES, AMINO ALCOHOLS AND AMINO ACIDS 143

3,5-dinitrophenylacylazide (DNPAA) and DNBCI, respectively. The dinitrophenyl
urea was formed by decomposition of the DNPAA at SO°C in toluene to form
dinitrophenylisocyanate in situ [29]. The d,l-norephedrine was added to this solution
and allowed to react for 30 min. The urea was isolated by rotary evaporation and
recrystallized from methanol-water. The derivatives were purified via recrystallization
and a 40-ppm solution of each was prepared in the mobile phase. The chiral resolution
of each under identical separation conditions was determined (Fig. 13).

RESULTS AND DISCUSSION

We describe here a solid-phase approach for the derivatization of nucleophiles
for improved separation and detection in HPLC with UV detection. Two polymeric
reagents have been prepared by modifying commercially available polymeric supports.
The first polymeric reagent contained an o-nitrobenzophenone activated ester linkage
which had been proven useful for on- and off-line derivatizations of amines and related
nucleophiles. The second polymeric reagent contained a benzotriazole ester, which was
> 2 orders of magnitude more reactive towards nucleophiles [25]. This was due to the
polymeric matrix which differed from the first reagent in structure as well as mesh size,
surface area and possibly pore size. This reagent allowed for enhanced derivatization
of less nucleophilic species, such as amino acids and amino alcohols. It was, however,
sensitive to moisture and could not be used on-line for HPLC derivatizations [6].
A comparison of the reactivity of the two polymers is made in this paper, but we have
not compared specific rate constants. We are currently synthesizing new batches of
both polymers from the same polystyrene-divinylbenzene matrix and a true compari
son of rate constants is forthcoming [30].

Synthesis/characterization of derivatives
For true calculations of the percent conversion of analytes, the expected

derivatives from the solid-phase reactions with amine substrates were synthesized on
a preparative scale. This allowed knowledge of the chromatographic behavior of the
derivatives, as well as the efficiency of conversion of analyte to derivative. The
derivatives of amines, amino acids and amino alcohols were synthesized via solution
phase techniques and then characterized for physical and spectral purity. Derivatives
which contained a secondary amide, obtained from a primary amine analogue, had
a maximum at 207 nm. Those containing a tertiary amide, had a maximum at 233 nm.
For HPLC determinations, the UV wavelength used was 254 nm, which provided good
sensitivity for both 2° and 3° amides.

Characterization of the polymeric reagents
Hydrolysis. The polymers were characterized via a hydrolysis procedure, which

quantitatively hydrolyzed the ester groups, as well as by elemental analysis. The
hydrolysis procedure afforded the absolute amount of analytical label covalently
attached to the polymeric benzophenol or the polymeric hydroxybenzotriazole. The
benzoic acid released from the polymers under high pH conditions, was quantitated
via HPLC using external standard calibration. The hydrolysis procedure for the
benzophenone was performed with a benzoyl, not 3,5-dinitrobenzoyl, moiety attached
to the polymer. A significant amount of the 3,5-dinitrobenzoate anion underwent
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decarboxylation under conditions of the experiment. Unsubstituted benzoyl chloride
(BCI) was used to tag the polymer under the assumption that the two different acid
chlorides would add to the polymer to the same extent. The BCl-tagged polymer was
hydrolyzed and the benzoic acid generated, then quantitated. The recovery of benzoic
acid from the hydrolysis procedure was constant at 96.1 ± 0.4%, from 30 min to 2 h.
This suggested that none of the benzoic acid released from the polymer was lost. The
amount of benzoic acid found was a true representation of the amount originally
covalently attached to the polymer (Table J).

The polymeric hydroxybenzotriazole was tagged with o-acetylsalicyloyl chlo
ride, washed and dried prior to the loading determination. The hydrolysis procedure
was performed previously and included a liquid-liquid extraction procedure [6]. The
amount obtained for the polymeric hydroxybenzotriazole was roughly one half of the
loading of the polymeric benzophenone (Table J).

Elemental analysis. The elemental analysis of the polymeric benzophenone was
performed on the virgin polystyrene, the intermediate polymeric phenol and the final
reagent which had been acylated with DNBCI. Though the reactivity of the polymers
acylated with BCl and DNBCl would be expected to be different due to the inductive
effects of the nitro groups in the 3,5-DNB label, the two acid chlorides added to the
polymer in nearly equivalent amounts as indicated by the agreement between
hydrolysis and elemental analysis data (Table J). The quantitative conversion of the
polymeric p-chloro intermediate to the benzophenol was indicated by the lack of
chlorine. From the difference in nitrogen content in the starting polystyrene and the
polymeric benzophenol intermediate, the absolute loading possible, if all polymeric
benzophenol sites were converted to the active ester, was calculated to be 1.9 mmoljg.
The difference in nitrogen content between the polymeric phenol and the final
analytical reagent gave the amount of label which was covalently attached to the
solid-phase reagent. The elemental analysis data indicated 30% of the phenol sites
were esterified. The reason for the unlabelled sites may be a combination of incomplete
acylation of accessible phenol sites, hydrolysis of the activated ester during the washing
procedure, and phenol sites within the pores of the polymer which were sterically
inaccessible to the DNBCI. The loading obtained, however, still created a local molar
excess of labeling reagent of > 350-fold for ppm concentrations of analyte.

The elemental analysis of the polymeric hydroxybenzotriazole reagent was
performed using only the starting polystyrene and the final reagent tagged with an
o-acetylsalicyloyl group [6]. The 'percentage of each element was calculated based on
the hydrolysis data of 0.31 mequiv. o-acetylsalicyloyljg polymer. The calculated
percentages matched closely the actual percentages of each element present, which
suggested agreement between hydrolysis data and elemental analysis data for the
polymeric hydroxybenzotriazole (Table .J).

Regeneration ofpolymeric reagents
Regeneration of the polymeric reagents was accomplished by washing with

ACN, and retagging with DNBCI. After > 50 regenerations, the polymeric benzo
phenone-DNB still acylated butylamine to over 90% completion in < 60 s. After two
years, the polymeric hydroxybenzotriazole was washed with ACN and tagged. The
reagent showed very high reactivity for amines, amino alcohols and amino acids. This
corroborated our theory that the polymeric intermediates were totally regenerable and
only the final tagging reaction need be repeated.
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On-line derivatization
Only the polymeric benzophenone-ONB was used on-line for real-time or

delayed conversion of the amine analogues to the corresponding amides. The solvent
used for on-line derivatizations was the mobile phase or, at times, a single component
of the mobile phase. The solvents used for optimal percent derivatizations had to be
chosen with the separation scheme in mind. Again, ACN-. THF- and OCM-con
taining mobile phases offered the highest percent of conversions. Not unexpectedly,
the solvents which yielded the highest percent of conversions, also led to increased
reactor bleed and reduced lifetime. The average useful analytical lifetime of the reactor
was one day's work; the reactor had to be dismantled and repacked at the beginning
of each day for efficient, reproducible results.

For on-line derivatizations in reversed-phase solvents, a dual-mobile-phase
system was configured in which only anhydrous organic solvent flowed through the
reactor (Fig. 2) [5]. This was necessary due to the reduced lifetime of the polymeric
benzophenone-DNB in aqueous solutions. The analytes were injected in pure ACN
and were passed through the reactor at low flow-rates and elevated temperatures. The
derivatives formed on-line were preconcentrated on the head of the analytical column
by forming an initially weak isocratic mobile phase. When the derivatives had left the
reactor column, the gradient was increased to remove the derivatives from the
analytical column. In thiS manner, all band broadening contributions prior to the
analytical column were negated. While in theory very large injection volumes could be
used, only 20-111 injections were attempted. The on-line derivatization of three amines,
morpholine, n-propylamine and n-butylamine, was performed using two different
solvent systems. The first was a 1: 1 mixture of ACN and THF. The anhydrous oganic
contained a 1:1 mixture of these solvents, and the aqueous pump contained 10% of the
1:1 organic mixture. This was done because of the difference in reactivity in THF
compared to ACN. The derivatives were more easily formed in solvents which were
partially or wholly ACN (Fig. 3).

For normal-phase on-line derivatizations, a single pump was configured due to
the inability of the system to effectively precipitate the derivatives at the head of the
chiral column. The polymeric benzophenone-ONB was more stable towards normal
phase solvents due to their non-polar, anhydrous nature. It was found that the
polymeric benzophenone-ONB effectively acylated alcohols which were used as polar
modifiers, and these had to be substituted with other non-nucleophilic polar modifiers.
The amount of time the reaction was allowed to continue could be chosen through
a choice of flow-rate in real-time derivatizations, or the amount of time the analyte was
allowed to reside within the reactor under bypass conditions (Fig. 2). The real-time
derivatizations gave less baseline disturbance and more symmetric peak shapes. The
baseline disturbance was understandable, since a small amount of analytical label was
constantly bleeding through the system due to the instability of the reagent. To switch
the reactor on- and off-line, caused a break in this constant bleed. The better symmetry
of the peaks was due to reduced diffusion within the reactor under steady flow
conditions. When the analyte was trapped, the heat from the water bath caused
thermal convection inside the reactor which lead to diffusional band broadening.
Interestingly, less reactive polymeric reagents yielded more symmetric derivative peaks
in the bypass mode than for real-time conversions [31']. With less reactive polymers,
diffusional band broadening was not as important as reaction band broadening. While
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less reactive, these polymeric reagents proved useful for the on-line conversion of many
pharmaceutically important amines [32]. Another factor in the symmetry of the
derivative peaks was the kinetics of reaction. Slow reaction kinetics with a moving
analyte will lead to what is termed, "reaction band broadening" which means that the
analyte plug experiences derivatization throughout the length of the polymeric reactor,
instead of instantaneous derivatization. This would appear most noticeably for
real-time derivatizations at higher flow-rates or, as mentioned, with less reactive
polymers [33]. This was noticed for the injected amphetamine vs. the injected standard,
amphetamine-DNBa (Fig. 5). The standard had some asymmetry due to void volume
and eddy diffusion band broadening, but the derivative peak tailed more so, indicating
reaction 'band broadening had also occurred.

For on-line derivatizations, the temperature of reaction was raised to enhance
the rates. Since kinetics are based on activation energy, concentration of reactants and
temperature, higher temperatures yielded higher overall conversions. The increase in
temperature had a two-fold effect; it raised the energy of the reactants closer to the
activation energy of the tetrahedral intermediate, and it decreased the viscosity of the
solution, increasing mass transfer to and from the active ester sites. For on-line studies,
derivatization temperatures of 50-70°C were used, depending on the mobile phase.
The optimal temperature was chosen by allowing the injected analyte to flow through
the reactor at low flow-rates and determining the increase in derivatization with
increases in temperature.

Optimization of off-line derivatization conditions
Solvent. The solvent must be a polar, aprotic, non-nucleophilic solvent of low

viscosity to properly stabilize the tetrahedral adduct formed upon nucleophilic
addition to the carbonyl carbon. The solvent must be compatible with the separation
scheme and the detection mode. The solvent must also swell the polymer, to allow for
better mass transfer of analyte into the pores of the polymer. The optimum solvent for
derivatization of primary and secondary amines was determined to be ACN [6].

Temperature and time. The proper amount oftime was determined for amines by
plotting the percentage of analyte converted vs. time. The carbonyl carbon of the ester
linkage is highly activated towards nucleophilic attack, due to the ortho-nitro group
and the para-carbonyl group in the polymeric phenol, which act to delocalize the
negative charge on the leaving group. However, activation of the carbonyl center now
was due largely to the inductive effect of the two nitro groups in the analytical label.
This was determined by ,a comparison of the reactivity of the same polymeric
benzophenol which had been tagged with other reagents such as 9-tluorenylchloro
formate and o-acetylsalicyloyl chloride. These polymeric reagents were less activated
due to the structure of the labelling moiety, and yielded lower percent of derivatiza
tions. Under ambient temperature conditions, the polymeric benzophenone-DNB
reacted with a 200-ppm concentration of n-butylamine to more than 90% completion
within 60 s. This was convenient, and thus, no attempts at optimizing reaction
temperature were performed.

The same optimization of time was performed with indentical substrate and
solvent conditions. The polymeric hydroxybenzotriazole-DNB reagent was more
reactive than the polymeric benzophenone-DNB. The rate of acylation of a primary
amine, n-butylamine, could not be measured at RT. A 10-s derivatization yielded 95%
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conversion, while a 5-s derivatization yielded 96%. The reaction was assumed to occur
instantaneously. The reaction ofdiethylamine was slower due to steric hindrance of the
nucleophilic center, conversion was 48% in 5 s.

Effect of base catalyst on percent conversions
The kinetic plot of percent conversion vs. time asymptoted to a constant value

after reaching 50% conversion (Fig. 6). At this point, the hydrogen ion generated
during the final stage of the addition~elimination reaction was protonating unreacted
amines. Addition of TEA scavenged this proton, allowing the reaction to proceed to
completion [34]. TEA also deprotonated any residual phenol sites, thus removing
a source of hydrogen bonding and possible loss of analyte due to ion-pair formation.
This was first noticed when n-butylamine and diethylamine were derivatized
simultaneously. n-Butylamine proceeded to a higher percent conversion, while the
percent conversion of diethylamine was reduced. Addition of TEA allowed for the
derivatization of three amines simultaneously, without any interaction between the
analytes (Fig. 5). Concentrations of the base catalyst in greater than an equimolar
amount gave no higher percent derivatizations, but were deleterious due to derivatiza
tion of impurities in the TEA. For aqueous derivatizations, the pH was adjusted with
hydroxide, which kept the analyte as the free amine. The only drawback was that the
analytes and hydroxide were now competing for the same active ester sites. The high
molar excess of the derivatizing reagent assured that at pH 11 or lower, this was not
a major factor.

pH dependence of derivatization
The pH dependence was determined using partially aqueous solutions. Borate

buffer was adjusted to appropriate pH values and mixed with an equal amount of
ACN. The derivatization maximum, 70%, occurred at pH 9.5. At pH 7 the analyte was
partially protonated and non-nucleophilic, while at higher pH values there may have
been competition of the amine with hydroxide for the active ester sites, and/or alkaline
hydrolysis of the derivatized analyte.

Linearity of derivatization with substrate concentration
Theoretically, the reproducibility of the percentage of derivatization should

remain constant, regardless of the concentration of amine. This was true when the
polymeric ester was in large molar excess. For 30 III of 200 ppm n-butylamine, the
immobilized reagent (70 mg) was in 366-fold excess. This was important for standard
addition experiments, where additional analyte added must produce a linear response.
The linear range of n-butylamine was from 10 parts per thousand (ppth) to the
detection limit, which for amines derivatized precolumn, off-line, was 1 ppm. Above
10 ppth, the percent derivatization began to drop. The polymer became the limiting
reagent at this concentration.

Derivatization characteristics
Detection limits. The high limit ofdetection was due to the dilution of the analyte

as it was extracted from the polymeric matrix, off-line. The injection volume was 20 Ill;
a larger injection volume would have allowed lower concentrations to be detected.
A larger amount of analyte injected onto a larger mass of polymer would have
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accomplished the same feat. Solid-phase extraction of the analyte using ion-exchange
sorbents or ion-pair formation using hexanesulphonic acid and hydrophobic (CIS)
solid-phase extraction could also be used to lower detection limits [35]. Evaporation of
the solvent after elution from the solid-phase derivatization cartridge was considered,
but this usually leads to a loss in precision. A detection limit of approximately I ppm
was deemed appropriate for most applications.

Optimization of analytejreagent ratios
Ideally, the polymer should remain in at least 40-fold molar excess if

derivatization of the analyte is dependent only on concentration of the analyte. When
performing off-line reactions, the polymer bed should not be completely wetted with
the sample. If this occurred, some of the analyte would be absorbed by the tissue plug
and reproducibility of the method would suffer. The ratio of injected volume to mass of
polymer used was different for the two polymers and was a function of surface area.
The ratio of volume to mass in pljmg for the two polymers was 1:2 for the polymeric
benzophenone-DNB and 1.7: 1 for the polymeric benzotriazole-DNB. The higher
surface ·area of the polymeric benzotriazole reagent allowed for a smaller mass to
adsorb a larger volume of injected analyte.

Reproducibility of the method
For derivatization off-line of analyte concentrations at lOx the detection limit,

the reproducibility ofderivatization was good. The percent relative standard deviation
(R.S.D.) of peak areas obtained was in most cases less than 5%. This, in conjunction
with a 2% R.S.D. for injection from a fixed-loop injector, gave good reproducibility
for injection volumes of ~ 10 pI. Thus, reproducibility of the entire method was :s; 7%
R.S.D.

A chiral analyses
Amines. The achiral analysis of amines was shown for three amines derivatized

off-line (Fig. 5). Aliphatic amines are not easily analyzed by HPLC in the absence of
derivatization due to their poor molar absorptivity, ionization at neutral pH and poor
behavior on silica-based supports. The facile derivatization of these analytes using
solid-phase reagents solved these problems, and the final derivatives could be easily
detected· to low ppm levels. Comparison of the reaction of n-butylamine and
diethylamine with the two polymers indicated their difference in relative reactivity
(Fig. 7).

Amino alcohols. Amino alcohols had even less desirable qualities for separation
and detection than amines. This was due to the increased intramolecular hydrogen
bonding, high water solubility and lower vapor pressure. Thus, even GC analyses are
not effective in the absence of derivatization. The polymeric benzophenone-DNB
reagent reacted slowly with these compounds, due to intramolecular hydrogen
bonding which slowed mass transfer to the polymeric surface. For a homologous series
of amino alcohols this meant that the nucleophilicity of the amine group increased as
the carbon chain separating the alcohol oxygen and the amine increased. This was due
to inductive effects of the electronegative oxygen, which removed electron density
from the nitrogen atom. However, viscosity increased with chain length, due to
intramolecular hydrogen bonding, which was possible when the chain length was> 3.
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The polymeric benzophenone-DNB accomplished a 15% derivatization of ethanol
amine at 75°C for 10 min, while the polymeric benzotriazole-DNB accomplished
a 96% conversion in under 2 min at RT (Fig. 8).

Amino acids. Amino acids were slow to undergo derivatization with either
reagent due to their zwitterionic nature at neutral pH. For most amino acids, at pH 10
the carboxyl group was ionized, leaving the amine group unprotonated and
nucleophilic. However, the hydration sphere around the carboxyl group slowed mass
transfer to the polymer, and electron induction from the carboxyl group lowered the
nucleophilicity of the amine. Methionine and phenylalanine were dissolved in
ACN-0.05 MNaOH (80:20) and reacted with both polymeric reagents. The polymeric
benzophenone-DNB reagent derivatized both amino acids 2% in 2 min at RT while
the polymeric benzotriazole-DNB reagent derivatized both amino acids ca. 25%. The
separation of valine, methionine, phenylalanine and tryptophan, derivatized using the
polymeric benzotriazole-DNB reagent off-line, showed a hydrolysis peak due to
reaction of the hydroxide ions (Fig. 9). The hydrolysis product, 3,5-dinitrobenzoate
anion, was retained due to pH suppression of the mobile phase. Use of a gradient
would have yielded better resolution and smaller peak volumes; isocratic conditions,
however, were sufficient.

Amino acid methyl esters. The derivatization of amino acid methyl esters yielded
higher percent derivatizations, since the amine group was more accessible. The methyl
ester hydrochlorides were neutralized, solid-phase extracted from solution, and eluted
into ACN. Using the polymeric benzotriazole-DNB for 2 min at RT, the percent
derivatization of phenylalanine and methionine was 75%. A better separation from
early-eluting compounds was obtained, since the methyl esters were more hydro
phobic. [n addition, the hydrolysis peak was not as severe since there was no pH
suppression (Fig. 10). The hydrolysis peak was removed in subsequent analyses by
using a mobile phase with ACN-water (45:55) adjusted to 0.05% (vjv) NH4 0H.
Again, a gradient system would be necessary for analysis of all amino acids, and these
amino acid methyl esters were chosen to show efficacy of the methodology.

Chiral analyses
The derivatization of chiral analytes with an achiral n-acid label, allowed for

direct chiral recognition on Pirkle brush-type stationary phases [16-18]. All chiral
work was performed in normal phases, because solvation of the chiral analytes with
water obscured the I: I (analyte-stationary phase), 3-point molecular recognition. The
use of a n-acid-Iabelled analyte and a n-base stationary phase, offers higher resolution
of enantiomers than the opposite logic. In addition, n-acid derivatizing reagents are
more powerful acylating reagents, and allow for facile conversions of weak nucleo
philes. Thus, the use of a n-acid immobilized reagent seemed justified.

The off-line derivatization of chiral amines was accomplished using the
polymeric benzophenone-DNB to exemplify the usefulness of the analytical method
ology. (J. Values for some substrates were as high as 1.8 and this recognition allowed for
sensitive measurements of enantiomeric excess. Although all chiral amines analyzed
were less than 100% optically pure, most contained less than I % of the other isomer
(Table II). The 3,5-dinitrobenzamides of secondary amines have no proton on the
amide nitrogen and it appeared that this hydrogen bonding with the stationary phase
was important for chiral recognition. None of the secondary amines were baseline
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resolved as the 3,5-dinitrobenzamides. Generally, these compounds were reacted with
3,5-dinitrophenylisocyanate in solution to form a dinitrophenyl urea [29]. The
separation of d,l-norephedrine as the 3,5-dinitrobenzamide vs. the 3,5-dinitrophenyl
urea derivative gave an indication of the effect of the urea's enhanced recognition
(Fig. 13).

Derivatives of the amino alcohols did not separate well, due to the achiral
interactions of the alcohol group with the stationary phase. a Values ranged from 1.0
to 1.2. The compounds studied did not contain an aromatic center, which enhances the
recognition through n-n interactions and increased steric bulk of the ligand. The
distance of the chiral center from the site of acylation also had a profound effect on the
recognition. As the chiral site moved further from the n-acid label, recognition became
less due to a poorer fit of the necessary sites of interaction with the stationary phase
(i.e., dipole interaction, hydrogen bonding and steric fit).

Chiral recognition of amino acid methyl esters was enhanced due to dipole
interaction of the carbonyl group adjacent to the chiral carbon. Only tryptophan
methyl ester was found to be 100% optically pure (Tables III and IV). The detection
limit of enantiomeric excess was assumed to be ~ 0.1 % based on the detection limit of
d-valine methyl ester, which showed 0.18% optical impurity. This allowed for
approximately 0.06% to be detected at a signal-to-noise ratio of 2 (Fig. 11). The
separation values for many of the amino acid methyl esters were comparable to values
obtained with similar chiral stationary phases [36,37].

Single-blind spiked chiral analysis of amphetamine
Artificial spiked samples in ACN-O.l M NaOH (50:50) of d,l-amphetamine

sulphate were prepared at different enantiomeric compositions. Analysis of the
samples involved injection of the analyte solution onto the polymeric benzophenone
DNB off-line, and elution of the derivatives after a set amount of time. Injection of the
solution containing the derivatives yielded the enantiomeric ratio of the amphetamine
enantiomers from peak areas (Table V).

Single-blind achiral analysis of amphetamine in urine using a mixed-bed reactor
The analysis of amphetamine spiked into urine was accomplished using a 1: 1

molar mix of polymeric benzotriazole-(pNB/DNB) off-line. Quantitation was
performed via comparison to an external-standard calibration plot which was
obtained from known amounts of amphetamine, spiked into the same urine matrix.
The pNB derivative of amphetamine was more accurate than the DNB derivative,
possibly due to matrix coelution. This possibility was negated since there was no peak
present in the blank at that retention time. Also, the standard curve should have
accounted for that problem, since it was prepared in the same matrix. We are uncertain
as to the determinant error. Numbers for each derivative were. within an acceptable
percent relative error of the true amount (Table VI and Fig. 12).

Single-blind analysis of enantiomeric composition ofphenylalanine
This experiment was designed to show the validity of the approach to a real

world lot of amino acid which could be used for pharmaceutical preparations or
peptide synthesis. It also proved a lack of racemization inherent in the methodology.
The phenylalanine was alkylated, extracted and derivatized off-line using the
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polymeric benzophenone-DNB reagent. Chiral analysis was performed using peak
areas of the enantiomers. Excellent agreement was seen between the spiked ratios and
those determined using off-line solid-phase derivatization followed by chiral chroma
tography (Table VII).

CONCLUSIONS

We described two polymeric reagents useful for the conversion of nucleophilic
substrates to more detectable species for HPLC-UV detection. These derivatives were
amenable to reversed- or normal-phase chromatography, and the polymers generated
derivatives which were amenable to Pirkle-type enantioselective separations. In
previous work, the derivatives had been engineered to contain a chiral center, in which
case derivatives of enantiomeric analytes were separated as diastereomers on achiral
stationary phases [7]. This approach was shown to be a viable alternative to solution
phase derivatizations for indirect enantiomeric recognition. However, the preferred
approach to analysis of chiral analytes is direct enantiomeric recognition on a chiral
stationary phase, and the use of a polymeric reagent which imparted an achiral tag to
the analyte has now allowed for this. Sensitive, facile determinations of enantiomeric
excess for chiral analytes has been shown possible using these solid-phase reagents.
The use of a polymer containing more than one labelling moiety yielded additional
information about an analyte in a complex matrix. Future work will include the
detection ofcatecholamine metabolites in serum and/or urine to further exemplify the
utility of the methodology.
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ABSTRACT

A fully automated exopeptidase digestion procedure for thc partial determination of N- and C
terminal peptide/protein sequence is described. The digestion of various substrates with aminopeptidase
M, carboxypeptidase A, P or Y was accomplished with the Varian 9090 autosampler's robotic automix
routines. The released free amino acids, in addition to free amino acids from acid hydrolysates, were
derivatized withphenylisothiocyanate in an automated fashion and subsequently ehromatographed on a
C's column for separation and quantitation. The advantages of automating this precolumn phenylisothio
cyanate derivatization are the virtual elimination of sample manipulation errors and very reproducible
data due to the precise control of the reaction conditions both of which, facilitate the interpretation of the
exopeptidase reaction kinetic data.

INTRODUCTION

Analysis of C- and N-terminal sequences using exopeptidases can provide
important information about the primary structure of proteins and peptides. Methods
involving the digestion of a protein or peptide with carboxypeptidases and amino
peptidases and subsequent identification of the released amino acids by reversed-phase
high-performance liquid chromatography (RP-HPLC) have been employed for such
analysis [1,2]. Presently, enzymatic digestion using a carboxypeptidase is the most
common method for obtaining C-terminal sequence, although recent work using
C-terminal chemical modification appears promising [3,4]. Carboxypeptidase A
(CPA) [5,6], P (CPP) [7] and Y (CPY) [8] are all used to obtain C-terminal sequence.
The number of amino acids sequenced and the rate at which proteolysis occurs is
substrate specific. Each carboxypeptidase has a distinct pH optimum, i.e., pH 7.8 for
CPA [6], pH 6.0 for CPY [8] and pH 3.7 for CPP [7]. For all three carboxypeptidases,
proteolysis drastically slows when a proline residue is encountered. Classical Edman

"Portions of this work have been presented at the 9th International Symposium on HPLC oj Proteins,
Peptides and Polynucleotides, Philadelphia, PA, November 6-8, 1989. The majority of the papers presented
at this symposium have been published in J. Chromatogr., Vol. 512 (1990).

0021-9673/91/$03 .50 © 1991 Elsevier Science Publishers B.V.
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degradation chemistry is the preferred procedure for obtaining N-terminal sequence
[9]. Situations arise however, where labile amino acids {e.g., tyrosine-sulfate (Y[S03])
and methionine-sulfoxide (M[O])} exhibit poor recovery after exposure to the
chemistry of the sequencing reaction. In these cases, exopeptidase digestion can be
performed, such as with aminopeptidase M (APM) [10].

All exopeptidase reactions require extensive sample manipulation during the
digestion and subsequent residue analysis. Since the rate of the digestion reaction is
residue specific, precise timed removal of the aliquots is often crucial and may require
5-10 aliquots to obtain reliable sequence information. For each aliquot then, the
reaction must first be quenched and then prepared for HPLC analysis. It is apparent
that sample manipulation alone, is a major source of error in manual exopeptidase
digestion reactions. Several other potential sources oferror associated with amino acid
analysis are: (i) the derivatization reaction and the derivative stability; (ii) the
procedure used to hydrolyze the samples, e.g., acid hydrolysis or proteolysis; (iii)
reagent and .sample purity; and (iv) the chromatographic system used for peak
identification and quantitation [11,12].

We present data which shows that free amino acids obtained from acid
hydrolysates can be reproducibly and quantitatively derivatized with phenylisothio
cyanate (PITC) in an automated fashion using a heptane extraction procedure [13] to
remove excess PITe. In addition, exopeptidase digests (CPA, CPP, CPY and APM)
are automated and the liberated amino acids derivatized as above, thereby minimizing
sample manipulation errors frequently encountered with these reactions. Automating
this entire procedure aided in the interpretation of the resulting kinetic data.
Furthermore, the relevant reaction parameters can be tested, e.g., enzyme/substrate
ratio, incubation time, simply by programming the 9090 autosampler for overnight
runs thus allowing for "next-day" optimization. Several other researchers have
successfully automated the precolumn derivatization procedure primarily for hydro
lysates using PITC [14-17], 9-fluorenynmethyl chloroformate (FMOC-CI) [18-23],
o-phthaldehyde (OPA) [22,23] and 5-dimethylaminonaphthalene-l-sulfonyl chloride
(Dns-Cl) [24].

EXPERIMENTAL

Chemicals and reagents
CPY (lot No. 851101092) and APM (lot No. 840629002) were Pierce (Rockford,

IL, U.S.A.) products and Boehringer Mannheim (Indianapolis, IN, U.S.A.) was the
supplier for CPA (lot No. 11201822-22) and CPP (lot No. 10109521-01). Peptides and
proteins were purchased from Sigma (St. Louis, MO, U.S.A.) or Peninsula Labs.
(Belmont, CA, U.S.A.) and used without further purification. Radio-labeled [3H]_
proline (30.8 Ci/mmol) and [3H]leucine (153 Ci/mmol) were purchased from New
England Nuclear (Boston, MA, U.S.A.). The sources of HPLC columns and solvents,
amino acid reagents, water purification and additional materials have been described
[25,26].

HPLC instrumentation ,and chromatography
Chromatographic hardware included an Applied Biosystems (Foster City, CA,

U.S.A.) l30A separation system (254-nm amino acid analysis) and a Varian (Walnut
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Creek, CA, D,S.A.) 9090 autosampler. Data were acquired and analyzed as previously
described [25,26]. Radioactivity was determined using a Beckman (Fullerton, CA,
U.S.A.) LS7000 scintillation counter.

The solvent program used to effect separation of the phenylthiocarbamyl (PTC)
amino acids was a two-step gradient of7 to 30% Bin 10 min followed by 30 to 58% B
in the next 10 min at a flow-rate of 0.3 ml/min and column temperature of 37°C with
mobile phases 50 mM sodium acetate, pH 5.4 (A) and acetonitrile-water (70:30, v/v)
(B).

Exopeptidase digestions
For each digest one of the following exopeptidase solutions was prepared: CPA

(1.0 Ilg/pJ in 0.025 M ammonium bicarbonate, pH 7.8), CPP (0.01 units/ill in 0.1 M
acetic acid, pH 4.0), Cpy (0.1 Ilg/J11 in 0.025 M ammonium acetate, pH 6.0) or APM
(0.01 J1g/J11 in 0.1 M sodium phosphate, pH 7.0). The reaction was automated using the
Varian 9090 autosampler as outlined in Fig. IB and Table I. Manual digestion
reactions were performed under identical conditions to that of the automated
procedure. The reaction was started by adding 10 III of the exopeptidase solution to
90 III peptide/protein (5-15 Ilg) solution (same buffer as exopeptidase). Allquots of 5 III
of the reaction mixture were removed at seven time points (3.5, 6.5, 10.5, 16.5, 25.5,
42.5 and 74.5 min) over 1.5 h. Reactions were quenched by adding 2 III I M HCI (CPA,
CPY or APM) or I M NaOH (CPP). The resulting solutions were then subjected to
precolumn PITC derivatization and amino acid analysis as described below.

Amino acid analysis
Samples containing norleucine as internal standard were acid hydrolyzed in the

vapor phase and derivatized with PITC with slight modifications [25,26] ofestablished
procedures [11,27,28]. To a 5-10-1l1 sample of hydrolysate or exopeptidase digest
aliquot was added 40 III methanol-triethylamine (TEA) (8:1, v/v) followed by 5 J11
PITC and incubated for 20 min at room temperature. Excess PITC was extracted with
2 x 15 J11 of heptane [13] and the aqueous phase containing the PTC amino acids was
diluted with 2 x 40 III mobile phase A-acetic acid (l00:3, v/v) prior to injection
(Fig. IA and Table I).

RESULTS AND DISCUSSION

Automated PITC derivatization of acid hydrolysates
Reagent addition, mixing and extraction with the automix feature of the Varian

9090 autosampler permits the amino acid derivatization steps to be automated with no
increase in total analysis time. Fig. lA and Table I present a schematic of the various
automix steps and the autosampler programming, respectively, for amino acid
analysis. The derivatization procedure follows standard PITC precolumn reaction
conditions as outlined in earlier publications [11,27,28] with two modifications. First,
there is no provision to dry the sample to remove excess PITe. Heptane has been
reported to efficiently extract excess PITC in a manual procedure [13] thus generating
a two-phase system. Analogous procedures have been successfully automated for
FMOC-Cl precolumn derivatization to remove excess reagent and by-products
[18-21]. In our system, the heptane/PITC extract separates to the top layer after
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A.
Automated Amino Acid Analysis

'1' 40 ~ I MeOH- TEA (8: 1)® 5 ~ I PITC + 1 mix

15 ~ I Heptane +4 mix, 20 min delay

® +2 mix@ 15 ~I Heptane

~ 40 ~I Buller A-AcOH (100:3) +2.mix

5 40 ~I Buller A.AcOH (100:3) +4 mix, 0.5 min delay

® 1 4 mix, 0.5 min delay1+

~
5 ~ I Hydrolysate

B.
Automated Exopeptidase Digestions

10 ~I 5 ~I at time tI +1 +r- A.A. Analysis

~ ~ ~
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100 ~I

Exopeptidase
Solution

90 ~I

Peptide
Solution
(5-15 ~g)

2 ~I

1M HCI -CPY
CPA
APM

1M NaOH - CPP

Rxn solutions

0.1 ~g CPY in 0.025 M Ammonium acetate pH 6.0
1.0 ~ 9 CPA in 0.025 M Ammonium bicarbonate pH 7.8
0.01 units CPP in 0.1 M Acetic acid pH 3.7
0.01 ~g APM in 0.1 M Sodium phosphate pH 7.0

Fig. 1. Schematic layout of the automated derivatization and digestion procedure using the Varian 9090
autosampler. (A) Automated amino acid analysis; (B) automated exopeptidase digestions. See Table I for
autosampler programming. MeOH = Methanol; TEA = triethylamine; AcOH = acetic acid; A.A. =

amino acid; Rxn = reaction.

thorough mixing with the aqueous solution. This is fortunate since the injection needle
adds or removes sample only from the bottom of the vial and thus the PITC in the
organic phase will not be injected onto the column. The second modification to the
standard PITC reaction conditions required the partial neutralization of TEA and
dilution of methanol (Fig. lA and Table I) which are normally removed from the
reaction mixture in vacuo [11,27,28]. Failure to dilute these reaction constituents
resulted in aberrant chromatography, particularly in the first half of the chromato
gram (data not shown). The addition of mobile phase A-acetic acid (Fig. lA and
Table I) completely eliminated this problem and produced an acceptable chromato
gram (Fig. 2A). The relative elution order for the PTC amino acids (Fig. 2A) is in
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TABLE I

PROGRAMMING THE VARIAN 9090 AUTOSAMPLER
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Sequence
line

Method Position Next sampling Automix
time (min)

Exopeptidase digestion"
I II 2-1 1.0 D
2 12 l~2 1.0 E
3 13 1~3 2.0 E
4 14 1-4 4.0 E
5 15 1-5 7.0 E
6 16 1-6 15.0 E
7 17 1-7 30.0 E
8 18 1-8 E

Amino acid analysis
9 I l-I"/I-8 9.0 FABBCC

10 0

Automix Position Delay Transfer Mix
time volume cycles
(min) (f.ll)

Automix routines'
PITC A 3-\ 20.0 5 4
Heptane B 3-2 15 2
Buffer A-acetic acid (l00:3) C 3-3 0.5 40 4
Exopeptidase D 2-2 10 2
Reaction vial E 2-1 5 0
Methanol-triethylamine (8: I) F 2-5 40 I

" The AB! 130 was "double-programmed" so that at the start of the exopeptidase reaction the
HPLC was subjected to a 90-min wash cycle. After this mock run, the HPLC system was then ready to accept
the first sample (standard H control). Every 43 min thereafter, an exopeptidase aliquot was injected until all
seven time points were analyzed. Thus, the total time required to analyze the automated exopeptidase
reaction including subsequent PTe-amino acid analysis was about 7 h.

b Position I-I contains standard H and no enzyme is added to the vial.
, The configuration set-up for the autosampler was: tube volume = 0 f.ll; wash cycle volume = 40 f.ll;

viscosity factor = 1; and air displacement by the syringe was used to mix the liquids.

agreement with previous data [11,27,28] and up to 90 J.lI out of the 130 J.ll in the aqueous
phase can be chromatographed without a serious loss of resolution.

It was important to demonstrate that the PTC-amino acids were quantitatively
recovered in the aqueous phase. To this end, [3H]leucine and eH]proline were
individually added to a standard H mixture and derivatized by the automated
procedure. The autosampler was programmed for a O-!tl injection so that the two
layers could be independently analyzed for radioactivity. Table II shows that more
than 98% of the 3H derivatives was recovered in the aqueous phase. Furthermore,
these eH] PTC-amino acids were found to coelute with their corresponding unlabelled
counterparts (data not shown).

Prior to the exopeptidase experiments, it was necessary to investigate the
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Fig. 2. Chromatogram of PTC-amino acids, and injection linearity and percent relative standard deviation
(% R.S.D.) for the automated precolumn PITC derivatization procedure. (A) Chromatogram of
PTC-amino acids (Pierce standard H) derivatized at 250 pmoJjamino acid and injected at 96 pmoljamino
acid monitored at 254 nm (200 mY full scale). The standard single-letter code for the amino acids is used;
Cz = cystine; * = norleucine; X = reagent-associated peaks. (B) Injection linearity and % R.SD. for four
different standard H concentrations (pmol derivatized) of 50, 250, 500 and 1000 pmoljamino acid. Twelve
individual analyses were made at each concentration and both the average observed pmoljamino acid and
% R.S.D. were then calculated . • -. = Average pmoljamino acid observed; A- - -A = % R.S.D. for
each standard H concentration.

reproducibility of the automated precolumn PITe derivatization procedure and
subsequent chromatography and data quantitation. Twelve separate standard H sam
ples each, at four decreasing concentrations (1000, 500, 250 and 50 pmol/amino acid)
were subjected to this procedure. Fig. 2B (filled circles) shows the mean result for all 16
amino acids at each of the four concentrations. All four averaged concentrations fall
on the expected line when exactly 50 .ul of the aqueous layer is injected which also
indicates that the 50-.ul loop used in the 9090 autosampler was completely filled.
Fig. 2B (filled triangles) also shows the percent relative standard deviation (% R.S.D.)
for each of the four concentrations. There was a slightly greater variation from run to
run when less material was taken for analysis, 5.63% R.S.D. (50 pmol) VS. 3.18%
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TABLE II

RECOVERY OF TWO PTC-AMINO ACIDS AFTER HEPTANE EXTRACTION
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Extraction with heptane (and radioactivity analysis of each phase) as described in Experimental and as
illustrated in Fig. IA and Table I. Five independent samples (100000 cpm) were analyzed and the average
% cpm for each phase calculated, with the range of all five determinations shown in parentheses for the
aqueous phase.

% cpm

Aqueous Organic

[3H]Leucine 98.8 1.2
(97.3-99.6)

[3H]Proline 98.9 l.l
(98.5-99.6)

R.S.D. (1000 pmol). These values are in the range reported for other automated
precolumn derivatization procedures [17,19-23]. The % R.S.D. for each of the
individual 16 amino acids were determined at each concentration and two of these
(50 pmoljamino acid and 1000 pmoljamino acid) are shown in Table III. Not

TABLE III

PERCENT RELATIVE STANDARD DEVIATION (% R.S.D.) FOR 50 AND 1000 PMOL DERIV
ATIZED STANDARDS

Twelve separate standard H samples at the indicated concentration were derivatized as described in
Experimental and as illustrated in Fig. IA and Table 1. The standard single-letter code for the amino acids is
used and the % R.S.D. was calculated for an individual amino acid at a given concentration from these
twelve analyses. See also Fig. 2B (filled triangles) for a global average % R.S.D. for other standard H
concentrations.

Amino acid % R.S.D.

50 pmol 1000 pmol

D 5.32 2.58
E 4.27 2.28
S 5.05 2.97
G 5.09 2.91
H 4.35 3.43
R 5.50 2.83
T 5.25 3.44
A 5.26 2.67
P 5.51 2.91
Y 5.02 3.95
V 5.36 3.58
M 5.16 2.90
I 6.20 3.47
L 7.98 3.09
F 6.15 3.13
K 8.61 4.66

Average 5.63 3.18
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surprisingly, the % R.S.D. for a given amino acid at the 50-pmolleve1 was greater than
at lOOO-pmollevel. The lysine % R.S.D. was noticeably higher for both, which may be
due to incomplete reaction at the two potential reactant sites or a recovery problem in
the heptane extraction step. The leucine % R.S.D. at the 50-pmollevel was appreciably
higher than the average. It is unlikely however, that this is the result of the heptane
extraction step (Table I).

Peptides and proteins were acid hydrolyzed and the resulting free amino acids
derivatized by the automated procedure. Table IV shows the amino acid analysis for
three peptides, Leu-enkephalin, bradykinin and angiotensin I and three proteins,
myoglobin, concanavalin A and lysozyme. No major diferences between the observed

TABLE IV

AUTOMATED PTC-AMINO ACID ANALYSIS OF PEPTIDE AND PROTEIN ACID HYDRO
LYSATES

Samples were hydrolyzed as described in Experimental and derivatized as described in the legend to
Table III. The amount of sample hydrolyzed was 0.9 Ilg Leu-enkepha1in; 2.0 Ilg bradykinin; 2.1 Ilg
angiotensin I; 2.7 Ilg myoglobin; 4.2 Ilg concanavalin A; and 2.3 Ilg lysozyme. The standard single-letter code
for the amino acids is used and the values corresponding to the observed number of residues are given in
parentheses. C and W were not determined. The peptide hydrolysates were diluted/injected such that
I residue corresponds to about 250 pmol and for the proteins, I residue corresponds to about 25 pmo!.

Leu-enkephalin Bradykinin

G 2.0 (2) S 0.88 (1 )
Y 1.0 (1) G 0.98 (1)
L 0.98 (1) R 2.2 (2)
F 0.99 (1) P 2.9 (3)

F 2.0 (2)

Myoglobin Concanavalin A

D/N 10.5 (10) 31.1 (32)

E/Q 19.6 (19) 12.4 (12)
S 4.8 (5) 28.0 (31)
G 14.9 (15) 16.1 (16)
H 10.9 (11) 6.1 (6)
R 2.3 (2) 6.5 (6)
T 6.6 (7) 17.5 (19)
A 15.3 (15) 18.4 (19)
P 4.3 (4) 10.3 (11)
Y 1.8 (2) 6.6 (7)
V 6.8 (7) 16.2 (16)
M 2.3 (2) 1.8 (2)
I 7.6 (9) 13.2 (15)
L 16.6 (17) 18.8 (18)
F 6.8 (7) 10.7 (11)
K 17.5 (19) 12.2 (12)

Angiotensin I

D 1.1 (1)
H 2.1 (2)
R 1.l (1)
P 0.97 (1)
Y 0.90 (1 )
V 0.99 (1 )
I 0.94 (I)
L 1.0 (I)
F 1.0 (1)

Lysozyme

22.1 (21)
5.6 (5)
8.6 (10)

11.4 (12)
1.1 (1)

11.7 (12)
6.5 (7)

11.9 (12)
2.0 (2)
2.7 (3)
5.9 (6)
2.2 (2)
5.5 (6)
8.0 (8)
3.1 (3)
6.0 (6)
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and expected values were found for any of the six samples. The 9090 autosampler was
able to perform all the necessary manipulations for the analysis of acid hydrolysates
except for the hydrolysis step [14,17].

Automated exopeptidase digestions
Automated exopeptidase digestions were performed using the automix feature

of the Varian 9090 autosampler. Fig. lB and Table I present a schematic of the
automix steps prior to amino acid analysis and the autosampler programming,
respectively. The 9090 transfers 10 fll of the exopeptidase solution (CPA, CPP, CPY or
APM) to another vial containing the substrate to start the reaction. Samples (5 fl1) are
then removed at seven different time points and the reaction was quenched with 2 fll
1 M HCI (CPA, CPY or APM) or 2 {il 1 M NaOH (CPP). Programming steps for the
9090 autosampler are sequential so that the next sampling time (min) of 1.0, 1.0,2.0,
4.0,7.0, 15.0 and 30.0 (Table I) translates to 3.5, 6.5, 10.5, 16.5,25.5,42.5 and 74.5-min
aliquots in real time. A feature of the 9090 autosampler is that transfers must be
directed to a single target vial and at the end of all transfers an injection must occur.
For the exopeptidase digests, the reaction is quenched by transferring aliquots from
the reaction vial to a third vial containing the quenching agent. We defeated the
injection command, which would have resulted in sample loss, by programming O-fll
injections after the addition of exopeptidase to the substrate and after the reaction
aliquot was transferred to the quenching solution. Each timed aliquot remained in the
presence of acid or base until all seven were sampled after which, PITC derivatization
proceeded as above. Since each aliquot was derivatized and then immediately
chromatographed, the stability of the PTC derivatives was not a concern [11,12].

Examples of several peptide digests are presented to demonstrate the utility of
the 9090 autosampler for exopeptidase digests (Figs. 3 and 4). All digests were designed

, so that the release of one amino acid would be equivalent to 100-400 pmo!. Fig. 3A
shows a typical CPY digestion of angiotensin I. From these kinetic data, one would
predict a C-terminal sequence of F-H-L-COOH, in perfect agreement with this
peptide's known sequence. In this example all three amino acids were cleaved at
a steady rate resulting in simple interpretation of the kinetic data. Often, C-terminal
predictions become more difficult as the number of liberated residues increases. The
CPY digestion of renin substrate tetradecapeptide (Fig. 3B) provides such an example
by showing the rapid cleavage for the first five C-terminal amino acids. S, Y, V and two
residues ofL all appear to be cleaved almost simultaneously from the peptide. Careful
inspection of the first 20 min of the digestion profile indicated that S is the first amino
acid cleaved (data not shown). After S however, no additional sequence could be
unambiguously assigned. Decreasing the CPY concentration did not improve this
situation.

Fig. 3 C-F shows more examples of peptide digests using other carboxy
peptidases. CPA digested two amino acids (I-V-COOH) for gonadotropin releasing
hormone (14-26) as illustrated in Fig. 3C and two amino acids (F-M-COOH) for
Met-enkephalin (Fig. 3D). In both cases, further digestion was impeded when the
enzyme encountered an unfavorable residue [5]. Examples for CPP digestion are
shown in Fig. 3E for angiotensin I (F-H-L-COOH) and Fig. 3F for dynorphin A (1-6)
(F-L-R-COOH). Again, the rate ofcleavage was affected by specific residues [7]. For
all the examples presented in Fig. 3 C-F, increasing the enzyme concentration did not
materially change the results.
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Fig. 3. Kinetic analysis of released amino acids from automated carboxypeptidase digestion of six peptides.
(A) Angiotensin I (CPY); (B) renin substrate tetradecapeptide (CPY); (C) human pre-pro-gonadotropin
releasing hormone (14-26) (CPA); (D) Met-enkephalin (CPA); (E) angiotensin I (CPP); (F) dynorphin A
(1-6) (CPP). The order of released amino acids is indicated by the following symbols: 0 = 1st; ... =

2nd; 1:1 = 3r; '" = 4th; • = 5th. Filled symbols indicate a positive sequence assignment while open
symbols indicate that this residue could not be assigned in the sequence. The sequence of the peptide, using
the standard single-letter code, is located in the top left corner of each plot.

N-Terminal sequencing was accomplished using APM. Fig. 4A presents the
kinetic plot of an APM digest of the peptide adrenocorticotropic hormone (1-10). For
this reaction, eight amino acids were released yielding a tentative prediction of
NHrS-(S, Y)-M-(E, H, R, F). It becomes increasingly difficult to assign sequence
when either multiples of a given residue are released or the total number of liberated
residues exceeds about 5.

Peptides with modified amino acids, e.g., Y[S03] and M[O] are known to
quantitate poorly, if at all, after standard acid hydrolyis [29]. Exopeptidase digestions
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provide an alternate means of sequencing and potentially quantitating these residues.
Fig. 4B demonstrates an almost complete digest of Leu-enkephalin (Y[S03D with
APM yielding a predicted sequence of NH z- Y[S03]-G-G-F-L. In this instance, the
concentration of peptide was approximately 100 pmol. Fig. 4C shows the analysis of
the modified amino acid M[O] in the peptide adrenocorticotropic hormone (4-10)
(M[OD after digestion with APM. Sequence prediction for this reaction was
NHz-M[O]-E-H.
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A total of six peptides were digested with each of the four exopeptidases CPA,
CPP, CPY and APM by either the fully automated procedure (both digestion and
amino acid analysis) or in the totally manual mode (both digestion and amino acid
analysis). Table V presents these results for the total number of released amino acids
for a specific substrate-enzyme pair and the number of residues unambiguously
assigned to the sequence is given in parentheses for each mode ofanalysis. The number
of amino acids cleaved per peptide varied from a to 10 and the number of positive
assignments ranged from a to 4 residues. The results derived from any automated
procedure must, as a minimum, be the equal of those obtained from a manual analysis
if the automated procedure is to gain acceptance. Furthermore, the automated
procedure should be less labor intensive than the manual counterpart and also allow
for both rapid analysis and optimization. The data listed in Table V clearly show that
the automated exopeptidase procedure (97 total released residues and 36 total positive
sequence assignments) is comparable to the manual procedure (89 total released
residues and 33 total positive sequence assignments). We interpret this to mean that the
automated procedure performs as well as the more labor intensive manual procedure.

It should be emphasized that in the course of this investigation, no attempt was
made to use "ideal" substrates which may yield extended sequence information.
Rather, we surveyed a broad spectrum of substrates and exopeptidases to evaluate the
general utility of the automated procedure. In this regard, our preliminary experiments
with automated protein-exopeptidase reactions were not very successful. Few if any
residues were liberated for the six proteins tested (myoglobin, f3-casein, cytochrome c,
concanavalin A, f3-lactoglobulin and lysozyme) when using the above four exo
peptidases. This may be due to poorly accessible te'rmini and future experiments will
include the use of denaturants in an attempt to force the reaction. Lastly, in this initial
investigation we decided to analyze samples at what we considered to be a comfortable
minimum level of 50 to 100 pmol. This amount of material is in the range reported
[11 ,27,28] for successful, routine PITC derivatization. It is fully anticipated that if

TABLE V

NUMBER OF AMINO ACIDS CLEAVED COMPARING MANUAL (M) VERSUS AUTOMATED
(A) EXOPEPTIDASE SEQUENCING

The six peptides were digested with the four exopeptidases as described in Experimental either in the totally
automated mode (both digestion and amino acid analysis) or totally manual mode (both digestion and
amino acid analysis). The total number of released residues for a specific substrate/enzyme pair is listed and
the values in parentheses correspond to the number of correct sequence assignments from this total number
of released residues.

Peptide CPA CPP CPY APM

M A M A M A M A

Renin substrate tetradecapeptide 8(1) 7(0) 6(1) 7(2) 7(1) 7(3) 6(0) 6(0)
Angiotensin I 3(3) 3(3) 3(3) 4(2) 3(3) 3(3) 10(0) 10(0)
Adrenocorticotropic hormone (1'-10) 2(2) 4(1) 8(2) 8(1) 2(0) 2(2) 8(2) 8(1 )
Dynorphin A (1-6) 0(0) 0(0) 4(2) 3(1) 3(3) 3(3) 6(2) 6(2)
Bradykinin 0(0) 0(0) 2(2) 4(4) 2(2) 3(3) 1(0) 2(0)
Gonadotropin releasing hormone 3(2) 2(2) 0(0) 0(0) 2(2) 5(3) 0(0) 0(0)
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greater sensitivity is required, e.g., FMOC-CI [14-17], OPA [22,23] and Dns-CI [24],
these derivatization procedures could be incorporated into the automated exo
peptidase protocol.
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ABSTRACT

Copolymers of alkylacrylate and divinylbenzene were characterized by analysing breakthrough
curves of different biologically active substances for various mobile phase velocities, ionic strengths and
solute and solvent concentrations. EtTective surface diffusivities and adsorption equilibrium constants were
determined with nonlinear regression methods by matching the experimental curves with the theoretical
curves according to Babcock et al.'s solution.

INTRODUCTION

The importance of porous organic polymer phases in the adsorption chro
matography of biologically active substances is increasing in comparison with
reversed-phase silica materials [1-5]. Polymers possess higher chemical stability and
their structures and surface characteristics can be modified in a convenient way [6].

Porous copolymers of divinylbenzene and alkylacrylate with variable carbon
chain lengths are chromatographic supports [copolymers, acrylate, ester (CAE)
supports] with a specific surface area between 250 and 400 m2 jg. They are stable in the
pH range 1-10, possess a high quenching stability and are pressure resistant up to
5 MPa. They are preferably applied in the medium and normal pressure range [7].

The mechanism of a chromatographic separation process is essentially influ
enced by the mass transfer properties and the equilibrium parameters of the system
under consideration. Experimental methods for determining diffusivities of mass
transport in porous media and adsorption equilibrium constants have been briefly
reviewed [8]. Mainly pulse chromatographic techniques are applied, but the same

U Present address: Forschungsinstitut fur Balneo[ogie und Kurortswissenschaften, 9933 Bad Elster
(G.D.R.).

0021-9673/9 [/$03.50 © [991 Elsevier Science Publishers B.V.
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information can be obtained from frontal chromatographic experiments. The latter
method was used in this work to characterize the above-mentioned adsorbents.

ANALYSIS OF FRONTAL CHROMATOGRAPHIC EXPERIMENTS

In these experiments, the input into a column filled with adsorbent is a step
function. The analysis of the experiments is usually accomplished by adjusting
parameters to match experimental breakthrough curves (BTC) with the theoretical
curves. The theoretical description of adsorption from a flow through a bed of solid
particles under isothermal conditions and at a constant superficial velocity based on
mass balances has been developed by several workers [9--'11]. Assuming axial
dispersion, mass transport from the bulk phase to the external surface of the particles
(film diffusion) and diffusion in the particles to be the rate-determining steps, the
particles to be spherical and the adsorption isotherm to be linear, the following system
of partial differential equations can be derived:

Mass balance of the bulk phase:

(1)

Mass balance of the solid phase:

(2)

where Ds is the surface diffusivity and Dr is the pore diffusivity. Defining an effective
surface diffusivity as

DsK + DrD ----
S,E - K + E:r

eqn. 2 can be simplified to

This equation is equivalent to

Dr E(02cr + ~. ocr) = oq
, or2 r or ot

with an effective pore diffusivity

Dr,E = KDs,E

The linear adsorption isotherm:

q = Kcp

(3)

(4)

(5)

(6)

(7)
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Initial conditions:

q(O, r, h) = °
Boundary conditions:

q(t, R, h) given by

ag(t h) = f3'~[ (t h) - q(t,R,h)]
at' R CL , K

with

R

- 3 f 2q(t, h) = R 3 q(t,r, h) r dr

o

q(t,O,h) =1= 00
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(8)

(9)

(10)

(11)

(12)

(13)

(14)

In the case of a non-linear adsorption isotherm, the above system of equations
has to be solved numerically. For a linear isotherm, a simple approximate solution was
derived by Babcock et al. [10], extending the work of Rosen [9]. After rearrangement
this solution is

with

and

CL 1
-(t, H) = -(1 - erfr)
CLE 2

H( 1- 8)tm = w 1+K'-
8

-

(15)

(16)

(17)
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Dtot is connected with DS,E and [3 in the following way:

RZ RZ R
15Dtot = 15 DS,EK + 3[3

P. SLONINA, A. SEIDEL

(18)

The solution to calculate the BTC contains four free parameters: the axial dispersion
coefficient D.., the film diffusion coefficient [3, the effective surface diffusivity DS,E and
the adsorption equilibrium constant K.

The contributions of surface diffusion, film diffusion and axial dispersion to the
total mass transfer resistance can be expressed as

(19)

(20)

(21)

with

1-£ R
Bz = --' KZ '

£ 3[3

(
1 - £)Z D axB3 = 1+K-- --

£ wZ

(22)

(23)

(24)

According to Babcock et al. [10], the above approximate solution (eqn. 15) is
applicable if

DSE H 1 - £
3'-''-'K-->2

R Z w £
(25)

A further restriction is given in ref. 12, where an exact solution of the problem under
consideration is derived. Eqn. 15 holds only for large PecIet numbers (Pe = Hw/Dax ).

The same limit results from the factthat eqns. 10 and 11 are not adequate boundary
conditions in the presence of axial dispersion [13]. Thus eqn. 15 does not hold for cases
with large dispersion effects transforming the S-shaped BTC to an exponential curve
valid for a perfectly mixed column.
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Determination ofparameters
It is possible to determine D ax from independent experiments as described below.

Then only the overall mass transfer parameter Dtot and the equilibrium constant
K have to be deduced from the experimental BTC. Standard non-linear parameter
estimation procedures [14] can be used to calculate K and Dlot , minimizing the
following standard deviation:

(26)

i= 1

The two parameters Ds,E and f3 cannot be determined separately by analysis of a single
BTC. However, to determine DS•E from Dtol with eqn. 18, an independent estimation of
the film diffusion coefficient f3 using literature correlations is possible.

Axial dispersion
As reported [8], the influence of axial dispersion on the course of BTC is

frequently underestimated. For the case that no mass transfer occurs (f3 = 0), eqn.
I with the initial and boundary conditions given in eqns. 8, 10 and II has the following
well known analytical solution (e.g., [15]):

CL I[ (H - wt) (HW) (H + wt)]~(t, H) =:2 erfc ~ + exp D erfc ~
LE 2y Daxt ax 2y Daxt

(27)

Like eqn. 15, due to the incorrect boundary conditions (eqns. 10 and II), eqn. 27 is also
valid only for small dispersion effects. Using numerical methods of solving eqns. I and
8 with the correct boundary conditions [13]:

(28)

(29)

it was determined that eqn. 27 is applicable if Pe > 20 [16].

Film diffusion
There are several correlations for calculating film diffusivities f3. In this work the

correlation of Gnielinski [17] was used. This correlation takes into account the
porosity of the fixed bed and allows for contributions oflaminar and turbulent flow to
the mass transfer:

(30)
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with

Shb = [1 + 1.5(1 - e)]Sh p

Shp = 2 + JSh~ + Sh~

ShL = 0.644~J"&

0.037 Reo. sSc
ShT = -------::-:------;;-~-

1 + 2.443 Re-O. 1 (SCO. 666 - 1)

w'2R
Re

VL

Sc
VL

D L

EXPERIMENTAL

P. SLaNINA, A. SEmEL

In a 9.5 x 0.9 cm J.D. column, breakthrough curves on a CAE support (particle
diameter 50-63 ,um, mean particle diameter 2R = 55 ,um, 10 = 0.45, lOp = 0.54) for
three biologically active substances given in Table I were determined at 25°C. No
aggregates were formed under the experimental conditions studied. As the eluotropic
strength of solvents in the application of the considered support corresponds to the
order well known from chromatography on reversed-phase silica and~other polymers
(methanol < ethanol < acetonitrile [18-21]), a mixture of acetonitrile and phos
phoric acid (0.01 M) was used as the eluent. UV detection at 205 nm was employed.

The following experimental conditions were varied: interstitial velocity W =

11.64 . 10 - 5-34.9 . 10 - 5m/s (this corresponds to a flow-rate between 12 and 36 ml/h),
solute concentration CLE = 0.025-0.5 gil, ionic strength (NaCl) I = 0-0.6 and solvent
(acetonitrile) concentration Cs = 8.25-29.5 vol.-%.

TABLE I

SOLUTES USED

The purity of all solutes was >95%.

Solute M (g/mol)

Insulin" 5800
D~Phe6-gonadotropin-re1easing hormone 1400

(D-Phe6-GnRH)b
Phenylalanine methyl ester (Phe-OMe)' 179

" Pig pancreas, gel chromatography, crystallized.
b Synthesized chemically, purified by ion exchange.
, Synthesized chemically.

1.4
3.0

6.0
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Prior to the analysis of the BTC of the given substances on CAE support, the
effect of axial dispersion was studied in independent experiments. BTC with inert
non-porous glass beads ofcomparable particle size were measured in the same column
for all three substances and different interstitial velocities. This was deemed necessary,
as available correlations for determining D ax have been verified only for larger
particles.

RESULTS AND DISCUSSION

Fig. I shows experimental BTC for the three solutes investigated on the
non-porous material for typical experimental conditions. The time scale is normalized
according to eqn. 17 by tm = H/w.

Obviously there is a considerable deviation from the plug flow behaviour due to
dispersion effects. This effect has to be evaluated accurately in analysing BTC on
porous polymer phases. The axial dispersion coefficients D ax can be obtained with
non-linear regression methods calculating theoretical BTC with eqn. 27. We con
sidered a graphical matching of the experimental curves to a set of theoretical curves to
be sufficient to calculate Dax . In Table II, determined axial dispersion coefficien~s and
the film transfer coefficients fJ calculated with eqn. 30 are summarized. All Peclet
numbers are > 200.

With the quantitative knowledge of the effects of axial dispersion and film
diffusion, the experimental BTC on the porous CAE phases could be analysed with
eqns. IS and 18. In order to determine the adsorption equilibrium constants K and the
effective surface diffusivities D S•E, the standard deviation between the theoretical and
experimental curves (eqn. 26) was minimized using the method of Marquardt [14]. The
sensitivity of (J to changes in Kwas more pronounced than that to changes in DS,E and
K could be determined more reliably. All values of (J were < 0.0 1. The validity of eqn.
25 was checked for all parameters optimized.

The obtained adsorption equilibrium constants and effective surface diffusivities
for insulin at different interstitial velocities are given in Table III. The results indicate
the necessary independence of the adsorption equilibrium constant on the interstitial

CL 1.0

CLE
0.8

0.6

0,4

0,2

0
0,7 0.8 0,9 1.0 1,1 1.2 1.3 1.4

t/tm

Fig. I. BTC on non-porous material for (0) Phe-OMe, (e) insulin and (x) o-Phe6-GnRH, HI = 11.64 .
10- 5 m/s; other experimental conditions in Table II.
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TABLE 11

AXIAL DISPERSION COEFFICIENTS AND FILM DIFFUSION COEFFICIENTS

CLE = 0.1 gil; 1= 0.1; Cs = 29.5 vol.-% (insulin), 27 vol.-% (D-Phe6-GnRH), 8.25 vol.-% (Phe-OMe).

Solute JOsw (m/s) 108D., (m'ls) ]OS jJ (m/s)"

Insulin 11.64 3.3 1.39
Insulin 13.43 3.9 1.42
Insulin 18.38 5.3 1.51
Insulin 23.51 6.7 1.58
Insulin 34.94 10.1 I.73
D-Phe6 -GnRH 11.64 2.0 2.76
Phe-OMe 11.64 I.I 5.20

a VL in eqn. 30 was taken to be JO- 6 m'ls for all solutes and independent of solute, solvent and salt
concentrations.

velocity. The same holds for the effective surface diffusivities in the frame of the usual
uncertainties of such intraparticle mass transfer parameters. The tendency of the
course of DS,E might be due to not completely reliable f3 values being obtained using
egn. 30.

Table III also gives the contributions of surface diffusion, film diffusion and
axial dispersion to mass transfer resistance (egns. 19-24). Under the experimental
conditions of this study film diffusion has the least resistance to mass transfer
compared with intraparticle diffusion and axial dispersion. However, all three effects
are significant for the course of the BTC.

Table IV compares the results for the three different solutes. As with the
molecular diffusivities (Table I), the effective surface diffusivities have a reciprocal
dependence on the molecular weights of the solutes. The difference between the
effective surface diffusivities and the molecular diffusivities is approximately two
orders of magnitude. The BTC for the three solutes on CAE support are shown in Fig.
2. The good representation of the measured data by egn. 15 can be seen. In Fig. 2 the
time is divided by tm (egn. 17). At this time the breakthrough would occur without mass
transfer limitations. In the time scale t/tm differences in the solutes with regard to mass
transfer become obvious. The lowest effective surface diffusivity for insulin leads to the

TABLE III

BTC FOR INSULIN

CLE = 0.1 gil; I = 0.1; Cs = 29.5 vol.-%.

10\1' (m(s) K 1011Ds,E (m'(s) REf< RF Rax

11.64 3.82 2.37 41.4 52.4 6.2
13.43 3.77 2.55 39.9 53.5 6.6
18.38 3.77 2.98 35.8 56.5 7.7
23.51 3.82 3.21 31.8 59.8 8.4
34.94 3.86 3.40 25.4 65.6 9.0
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TABLE IV

RESULTS FOR INSULIN, D-Phe6-GnRH AND Phe-OMe

w = 11.64' 10- 5 mjs; CLE = 0.1 gil; J = 0.1; Cs = 29 yol.-% (insulin), 27 yol.-% (D-Phe6-GnRH), 8.25
yol.-% (Phe-OMe).

Solute K 10 12 Ds.E (m 2 /s)

Insulin 5.53 1.77
D-Phe 6-GnRH 4.65 4.04
Phe-OMe 5.53 6.63

earliest breakthrough of this substance. For comparison, in Fig. 2 the insulin BTC on
non-porous material from Fig. I is also shown once more.

Influence of solute concentration on DS•E and K
Table V shows the effective surface diffusivities and the adsorption equilibrium

constants for insulin and D-Phe6-GnRH as a function ofthe solute concentration in the
eluent for two different ionic strengths. Obviously both parameters are independent
of the solute concentration. For the effective surface diffusivities this is also
demonstrated by some results presented in the normalized time scale in Fig. 3. The
obtained independence ofequilibrium constants of solute concentration as required by
eqn. 7 justifies the application of Babcock et al.'s solution.

Influence of ionic strength in the eluent on DS. E and K
From the results in Table V it can be further concluded that in the range of

measurements the effective surface diffusivity is not sensitive to changes in the ionic
strength in the el uent. This is corroborated over a broader range of ionic strength for
D-Phe6-GnRH in Table VI and Fig. 4. In Fig. 4 the BTC for different ionic strengths
almost coincide on the normalized time scale and can be calculated with a value for
DS,E averaged from the corresponding results given in Table VI.

.s:. 1.0

CLE
0.8

06

0.4

0,2

0
0,7 0.8 0.9 1.0 1.1 1,2 1.3 1.4

t/tm
Fig. 2. BTC on CAE supports for (0) Phe-OMe, insulin (.-.) and D-Phe 6-GnRH (x) and for insulin on
non-porous material (.---.). w = 11.64 . 10- 5 mjs; other experimental conditions in Tables II and IV.
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TABLE V

INFLUENCE OF SOLUTE CONCENTRATION

IV = 11.64' 10- 5 m/s; Cs (insulin) = 27 vol.-% (J = 0),29 vol.-% (l = 0.1); Cs (D-Phe6-GnRH) = 24
vol.-% (J = 0),27 vol.-% (l = 0.1).

Solute

Insulin

CLE (mg/ml) 1=0 1=0.1

K 10 12Ds.E (m 2 /s) K 10 12Ds.E (m 2 /s)

0.025 3.96 2.26
0.050 3.91 2.31 5.25 1.80
0.Q75 3.72 2.41
0.1 3.72 2.39 5.53 1.77
0.2 5.67 1.70
0.5 5.02 1.91
0.025 4.83 3.89 4.47 4.18
0.050 4.93 3.84 4.79 3.93
0.075 4.74 3.96 4.79 3.95
0.1 4.51 4.10 4.65 4.04

The addition of salt to the mobile phase increases the equilibrium constants of
n-Phe6-GnRH for an ionic strength between 0 and 0.2 (Table VI) due to the known
increase in available adsorbent surface for the solute according to the Stern-Guy
Chapman theory [22]. This confirms known results for other systems [18-21]. Above
I = 0.2 the equilibrium constants remain constant.

Influence of solvent concentration on DS,E and K
Table VII contains equilibrium constants and effective surface diffusivities for

acetonitrile concentrations determined to be most effective for chromatography of the
solutes investigated on CAE supports. From the results it is obvious that the influence
of solvent concentration in the eluent on intra-particle mass transfer is small. This is

CL 1.0
CLE

0.8

0.6

0.4

0.2

a .J--e.:"'=~,.----,.-----,----,----.----.--_

0,7 0,8 0.9 10 1.1 1.2 1.3 1,4

t1tm
Fig. 3. BTC for (I) insulin and (2) D-Phe6-GnRH for 1= 0 and different solute concentrations (e) CLE =

0.025 gil; (x) CLE = 0.05 gil; (0) CLii = 0.1 gil. Solid lines, calculated with averaged diffusivities Ds.dl) =

2.32' 10- 12 m2/s, Ds.d2) = 3.98' 10- 12 m2/s. Experimental conditions in Table V.
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TABLE VI

DS.E AND K FOR THE ADSORPTION OF o-Phe6-GnRH AS A FUNCTION DEPENDENCE ON
IONIC STRENGTH

w = 11.64' 10- 5 m/s; CLE = 0.1 gil; Cs = 27 vol.-%.

Ionic strength, I K 10 12Ds.E (m 2 /s)

0 3.35 4.70
0.1 4.65 4.04
0.2 5.25 3.22
0.4 5.25 3.23
0.6 5.21 3.27

TABLE VII

INFLUENCE OF SOLVENT CONCENTRATION

HI = [1.64' 10- 5 m/s; CLE = 0.05 gil; / = O.

Solute Cs (Vol.-%) K 1012 DS•E (m2 /s)

Insulin 27 3.91 2.31
28 3.08 2.82
29.5 1.83 3.84

o-Phe6-GnRH 22 6.45 2.70
24 4.93 3.84
26 3.03 5.18
27 2.71 5.59

0.6

OA

02

O-l-----=";!'--,-----~-----.--_._-~-

0.7 0.8 0.9 1.0 1.1 11 U

t!tm

Fig. 4. BTC for o-Phe6-GnRH at different ionic strengths. (e) 1= 0; (x) I = 0.1; (0) I = 0.4. Solid line,
calculated with an averaged diffusivity DS•E = 3.84 . 10- 12 m2/s. Experimental conditions in Table VI.
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.f.L
1.0

CLE 0.8

0.6

0.4

0,2

0
0.7 0.8 09 1.0 1.1 12 I 1.3

t tm
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Fig. 5. BTC for insulin at different solvent concentrations. (e) Cs = 27 VoJ.-%; (x) Cs =28 vol.-%; (0)
Cs = 29.5 vol.-%; solid line, calculated with an averaged diffusivity D S•E = 2.99 . 10- 12 m2 /s. Experimental
conditions in Table VII.

illustrated in Fig. 5, where experimental data for insulin with different solvent
concentrations are compared on the normalized time scale with a BTC calculated using
an averaged DS,E. The adsorption equilibrium constants decrease considerably with
increasing solvent concentration. The enhanced solubility of the solutes reduces their
adsorbability.

CONCLUSIONS

The determination of effective diffusivities and of adsorption equilibrium
constants for chromatographic supports requires a careful analysis of all mass transfer
resistances existing in both the mobile and the stationary phases. Axial dispersion and
film diffusion were found to have a large influence on the course of measured
breakthrough curves of three biologically active substances on porous copolymers
of alkylacrylate and divinylbenzene. The axial dispersion coefficient could be
determined from independent experiments with non-porous material. The film
diffusion coefficient was estimated from an available correlation. Using Babcock et
al.'s approximate solution from the experimental breakthrough curves adsorption
equilibrium constants and effective surface diffusivities were calculated. As assumed in
the applied model, the adsorption equilibrium constants of the investigated solutes
proved to be independent of solute concentration but increased with increasing saIt
concentration and decreasing solvent concentration. Within the range of investiga
tions the diffusivities were found to be not very sensitive to changes in solute, saIt and
solvent concentrations in the eluent.

SYMBOLS

CL bulk phase concentration
CLE bulk phase concentration at column entry
Cp liquid phase concentration in the pores



BREAKTHROUGH CURVES OF INSULIN AND OTHER COMPOUNDS

Cs solvent concentration
Dax axial dispersion coefficient
Dp pore diffusivity
Dp,E effective pore diffusivity (eqn. 6)
D s surface diffusivity
DS,E effective surface diffusivity (eqn. 3)
D L molecular diffusivity
Dtot mass transfer coefficient, defined in eqn. 18
h axial distance
H column length
I ionic strength
K adsorption equilibrium constant
N number of data
Pe Peclet number, Pe = Hw/Dax

q solid phase concentration
r radial distance
R particle radius
Rax contribution of axial dispersion to mass transfer resistance (eqn. 21)
REff contribution of surface diffusion to mass transfer resistance (eqn. 19)
RF contribution of film diffusion to mass transfer resistance (eqn. 20)
Re Reynolds number (eqn. 30)
Sc Schmidt number (eqn. 30)
Sh Sherwood number (eqn. 30)
t time
tm characteristic time, defined in eqn. 17
w interstitial velocity
f3 film diffusion coefficient
c bed porosity, I - Vsolid/VtotaJ

Cp intra-particle porosity
(J standard deviation, defined in eqn. 26
VL kinematic viscosity
't defined in eqn. 16

Subscripts
ex experimental value
th theoretical value
b bed
L laminar
P particle
T turbulent

Superscript
average value (bar over symbol)
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ABSTRACT

Thc use of a high content of acetic acid as mobile phase additive for the reversed-phase high
performance liquid chromatography (RP-HPLC) of several proteins and extracts of biological tissues was
evaluated for a divinylbenzene (DVB)-based stationary phase, and the separations obtained with acetic
acid gradients in acetonitrile, isopropanol or water were compared with classical polypeptide RP-HPLC on
silica C4 with trifluoroacetic acid (TFA)-acetonitrile. The separation patterns for recombinant derived
interleukin-I/i (IL-I mon the C4 column eluted with TFA-acetonitrile and the DVB column eluted with
acetic acid-acetonitrile were similar, but only the polymeric column was able to separate the components
present in an iodinated IL-l fJ preparation. Neither eluent had any harmful eflect on the biological activity
of IL-lfJ isolated after RP-HPLC.

Several standard proteins could be separated when the polymeric column was eluted with acetic acid
gradients in acetonitrile, isopropanol or watcr and, although the scparation efficiency with acetic acid in
watcr was lowcr than that in combination with classical organic modificrs, insulin, glucagon and human
growth hormone (hGH) were eluted as sharp, symmetrical peaks. The recovcries of insulin and hGH were
comparable for all three mobile phases (80--90%).

The separation patterns obtained from a crudc acetic acid extract of a normal and a diabetic, human
pancreas analysed using acetic acid gradients with or without organic modifiers were found to be similar
and comparable to those obtained on a silica C4 column eluted with an acetonitrile gradient in TFA. The
principal differences resulted from the use of different UV wavelengths (215 nm for TFA-acetonitrilc, 280
nm for acetic acid).

Acetic acid extracts of recombinant derived hGH-producing Escherichia coli were separatcd on the
DVB column eluted with an acetic acid gradient in water. Although the starting material was a highly
complex mixture, the hGH isolated after this single-step purification was surprisingly pure (as judged by
sodium dodecyl sulphate-polyacrylamide gel electrophoresis).

Consequently several (pure) polypeptides and complex biological samples were separated on a poly
meric stationary phase eluted with acetic acid gradients in water without the usc of organic modifiers.

INTRODUCTION

Reversed-phase high-performance liquid chromatography (RP-HPLC) is based
on modulation of the hydrophobic binding forces between a stationary phase and

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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hydrophobic domains in the sample molecules. The sample molecules are bound to
alkyl or phenyl groups anchored to a solid matrix, and the chromatographic process
is performed by adding substances with greater affinity for these ligands to the mobile
phase. Organic modifiers such as acetonitrile, methanol, ethanol or propanol have
been the most popular mobile phase additives, but the use of butanol,
tetrahydrofuran and acetone has also been reported.

In RP-HPLC peptide and protein analyses, the binding between the ligand and
the hydrophobic domains can often be eliminated with a narrow shift in the concen
tration of organic modifiers and at a relatively low level of these modifiers (e.g., less
than 50% acetonitrile) and if no secondary binding phenomena are involved, the
chromatography may result in elution of the polypeptide molecules in narrow peaks
with good recoveries.

With increasing hydrophobicity of protein molecules, the binding forces gradu
ally increase to the point where addition of up to 90% of organic modifier is in
sufficient for elution from the stationary phase. Such insufficient mobile phase compe
tition normally leads to chromatograms that show broad peaks with non-ideal
shapes, in combination with severely reduced recoveries, a situation often seen after
RP-HPLC of membrane proteins.

We have recently published an RP-HPLC analysis of sodium dodecyl sulphate
(SDS)-solubilized membrane proteins from human erythrocyte ghosts using a poly
meric stationary phase with phenyl ligands, eluted with acetonitrile-acetic acid [I].
Several membrane proteins with molecular weight (MW) > 100 000 dalton were elut
ed with very good recoveries, and this observation lead us to the hypothesis that less
hydrophobic sample molecules, e.g., small proteins, could perhaps be eluted at low
modifier concentrations from selected reversed-phase stationary phases after addition
of acetic acid to the mobile phase, perhaps even without the use of organic modifiers.

In this work, we characterized a polymeric phenyl-based stationary phase using
gradients of acetic acid in water, isopropanol or acetonitrile. A number of polypep
tides, and also highly heterogeneous extracts of biological tissues, were eluted without
the use of classical organic modifiers and the recoveries and biological activities of
selected polypeptides were measured. The separation pattern without organic mod
ifier was compared with that obtained after eluting similar samples from a classical
silica-based stationary phase (Nucleosil C4 ) with a widely used mobile phase [trifluo
roacetic acid (TFA)-acetonitrile].

EXPERIMENTAL

HPLC
Commercially available HPLC equipment and columns were used throughout.
Pumps. M6000A, M51O, M45, M590 (Waters Assoc.), Spectra-Physics SP 8700

and Gynkotek 300C pumps were used.
Sample injectors. U6K, WISP 710A and 712B (Waters Assoc.), and Model 7125

(Rheodyne) types were employed.
UV-detectors. M440 Lambda Max (Waters Assoc.), Hitachi L4200, Linear

UVIS 200 and Pye Unicam UV detectors were used.
Integrators. These were M730, M840 (Waters Assoc.), Hitachi L2500 and Hew

lett-Packard 3390A.
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Gradient Controllers. M660, M720 and M840 (Waters Assoc.), Gynkotek 250B
and Spectra-Physics SP8700 were used.

Chemicals. Acetonitrile, methanol and isopropanol were obtained from Rath
burn (HPLC grade S), acetic acid (analytical-reagent grade) from Merck. All other
chemicals were of analytical-reagent, sequential or similar purity. Water was obtained
from a Millipore Milli-Q apparatus. All mobile phases were filtered through a
0.45-.um Millipore filter and degassed before use. Ouring chromatography, the mobile
phases were degassed continously with helium sparkling or by passage through an
ERMA ERC 3310 degasser.

Columns. A TSK Phenyl 5PW RP+ column (75 x 4.0 mm 1.0.) was obtained
from Tosoh, a Nucleosil 300 A C4 (5 .urn) column (250 x 4.0 mm 1.0.) from Mache
rey-Nagel and a Pentax PEC 102 column (l00 x 7.5 mm 1.0.) from Pentax. Oy
nosphere PO-I02-RE was used in prepacked columns (250 x 4.0 mm 1.0.) or ob
tained as a packing material from Oyno Particles. Columns of 1.0. 4.6 mm, 8.0 mm
and 16.0 mm and various lengths were slurry-packed in methanol (maximum pressure
150 bar) in our laboratory.

H PLC separation. All separations were performed at room temperature except
for the Nucleosil separations with TFA-acetonitrile, which were carried out at 4YC.
Oetailed descriptions of the mobile phases and gradients used are given in the figure
legends. Recoveries were calculated by comparing the area under the UV-curve after
gradient elution of the specific column with that obtained after bypassing the column
with l.5-m PTFE capillary tubing.

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
SOS-PAGE was performed in a Pharmacia Phast Gel apparatus with 8-25%

gradient gels. Electrophoresis and silver staining were performed as described by the
manufacturer (Pharmacia Bulletin, Nos. 110 and 210).

Samples
lnterieukin-ljJ, insulin (crystalline, porcine and highly purified human), human

proinsulin and human growth hormone were obtained from Novo Nordisk. Other
polypeptides were purchased from Sigma or Aldrich.

Pancreatic glands were obtained from the University Hospital, Copenhagen.
From normal individuals classified as kidney donors, the pancreas was removed and
frozen shortly after death. Only smaller parts of the pancreas were available from this
~ategory. From 100M patients (insulin-dependent diabetics, age and diabetes dura
tion unknown), the whole pancreas was removed after the ischaemia time (6-8 h
according to the Danish death criteria). The pancreatic glands were kept frozen (ca.
- 30°C) after removal.

Before extraction, the pancreatic tissue was lyophilized and ground to a coarse
powder. As 3 M acetic acid was found to be the optimum concentration for pancreas
extraction (B. Hansen and S. Linde, unpublished results), the tissue was lyophilized
before extraction in order to avoid any uncontrolled dilution of the acetic acid con
centration in the added extraction medium. Up to 40 g of lyophilized pancreas pow
der were mixed with 200 ml of 3 M acetic acid, minced in a Warring Blender for ca. I
min and extracted under magnetic stirring for 60 min. All operations were performed
at 4°C. The extract was centrifuged at 4°C for 20 min in a Sorvall RC-5 cooled
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centrifuge (25 000 g), the supernatant decanted and the tissue re-extracted twice un
der similar conditions.

The crude acetic acid extracts were analysed as such, or after lyophilization.
Especially the diabetic extracts were difficult to lyophilize; the residue often had an
oily appearance, probably owing to the presence of lipids in the crude extract.

Gel chromatography
Lyophilized acetic acid extracts were separated on a 90 x 2.5 cm 1.0. Sephadex

G-50 column eluted at 4°C with 3 M acetic acid at a flow-rate of ca. 20 ml/h. The
column eluate was monitored continously at 280 nm (Uvicord II) and 15-min frac
tions were collected in an LKB 7000 Ultrorac fraction collector. A 200-mg amount of
lyophilized sample was dissolved in ca. 25 ml of 3 M acetic acid and filtered [coarse
filter-paper, followed by filtration on Millipore filters (5, 1.2,0.8 and finally 0.45 j.lm)]
before application.

Gel chromatography of 100 mg of crystalline porcine insulin, performed under
similar conditions, resulted in the separation of the b-component [primarily contain
ing the covalent insulin dimer (12000 dalton) and proinsulin (9000 dalton)] and the
c-component (containing insulin peptide and insulin-like material, MW 6000 dalton).

The components in the acetic acid extracts obtained after gel chromatography
were collected into two fractions: peak I (the main peak, MW > 6000 dalton) and
peak II (the smaller peak with elution volume greater than the main peak, MW ca.
6000 dalton). Peak I and II material was isolated from the column eluate by lyophi
lization.

Protein determination
The protein content in the extracts was measured using the Coomassie Brilliant

Blue protein assay (Bio-Rad Labs.) with bovine serum albumin as a standard, as
described by the manufacturer. Before analysis, the extracts were diluted to 0.1 M
acetic acid.

Insulin determination
Insulin radioimmunoassays (RIAs) were carried out essentially as described [2]

using a monoiodinated insulin tracer obtained from Novo-Nordisk.

Amino acid sequencing
Amino acid sequencing was performed using a gas-phase sequencer (Applied

Biosystems 475) equipped with an on-line Model 120A PTH analyser and a Model
900A data module. The sequence data were compared with published amino acid
sequences in a database [Genetics Computer Group, UVGCG NRBF Protein, ver
sion 6.0 (April 89)].

RESULTS

Interleukin-l f3 (IL-lf3), a 17 400-dalton polypeptide with two free SH groups, is
a "sticky" molecule which binds so strongly to several silica-based C18 and C8 col
umns that the use of TFA-acetonitrile as the mobile phase was insufficient for elution
and/or separation [3]. Only a C4 column was found to be useful for TFA-acetonitrile-
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Fig. 1. Upper: RP-HPLC of25 Jig of IL-IfJ using a 250 x 4.0 mm I.D. Nucleosil300 AC4 column eluted at
45'C with an acetonitrile gradient (10 -> 50% linearly during 60 min) in 0.05% TFA. Flow-rate, 1.0
ml/min. The peak marked with an asterisk is a "ghost" peak. Middle: HPLC of25 Jig oflL-lfJ (solid curve)
using a 100 x 7.5 mm J.D. Pentax PEC 102 hydroxyapatite column eluted with a linear phosphate gradient
[0.01 M Na2HP04-O.3 mM CaC!2 (pH 6.8) -> 0.4 MNa 2 HP04-O.0075 mM CaCl2 (pH 6.8) during 45 min
followed by 15-min isocratic elution with the final buffer]. Flow-rate, 0.5 ml/min. Dotted curve, blind
injection. Lower left: RP-HPLC of 50 Ilg ofIL-lfJ (solid curve) and [125 I]IL-lfJ (dotted curve) using a 75 x
4.0 mm J.D. TSK Phenyl 5PW RP+ column eluted with 24% acetic acid-12% acetonitrile isocratically for
10 min, thereafter -> 30% 'acetic acid-30% acetonitrile linearly during 35 min, and then to 40% acetic
acid-60% acetonitrile linearly during 15 min, Flow-rate, 0.5 ml/min. Lower ,right: RP-HPLC of 25 ILg of
IL-lfJ (solid curve) and [125I]IL_lfJ (dotted curve) using a 250 x 4.6 mm tD. Dynosphere PD-I02-RE
column eluted with an acetic acid-acetonitrile gradient (27% acetic acid-21 % acetonitrile -> 32% acetic
acid-36% acetonitrile linearly during 60 min). Flow-rate, 0.5 ml/min.
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based RP-HPLC of this polypeptide (Fig. I, upper). In addition, a fairly good sep
aration was obtained when a hydroxyapatite column was eluted with a phosphate
gradient (Fig. 1, middle), but in order to optimize further the separation between
native IL-1fJ and closely related IL-1fJ-like impurities, a polymeric phenyl column
(TSK Phenyl 5PW RP+) was eluted with an acetic acid-acetonitrile gradient (found
to be useful for the separation of very hydrophobic SDS-solubilized membrane pro
teins from erythrocyte ghosts [I]). Under these conditions, purified recombinant
derived IL-I fJ was separated in a main component and a few minor constituents (Fig.
1, lower left, solid curve), but a better separation was obtained when another poly
meric phenyl-based column, Dynosphere PD-102-RE, was eluted with the same mo
bile phase (Fig. 1, lower right, solid curve). A major component, constituing 90-95%
of the sample material, was separated from six minor contaminants. The peak shape
and separation capacity of this system were superior to those obtained using the
above-mentioned C 18/C s and hydroxyapatite systems, and slightly better than that
obtained using the silica-based C4 columns eluted with TFA-acetonitrile (ef, Fig. I,
upper).

For further evaluation of the selectivity of the two polymeric stationary phases
eluted with acetic acid-acetonitrile a e25I]IL-fJ preparation containing ca. I atom
Ilmol IL-lfJ was applied to the columns. Using the TSK Phenyl column e25I]IL-1fJ
was eluted as a single component, partially separated from native IL-lfJ (Fig. I, lower
left, dotted curve), whereas four major e25I]IL-lfJ components were separated using
the Dynosphere PD-102-RE column (Fig. I, lower right, dotted curve).

As the separation of native IL-1fJ using the TFA-acetonitrile-C4 system was
comparable to that obtained on the Dynosphere column, [125I]IL_lfJ was analysed
under conditions similar to those used in Fig. 1, upper. However, the radioactivity
was eluted as a single component with a similar retention time to native IL-1fJ [3].
Similar results were obtained when e25I]IL-1fJ was analysed on the hydroxyapatite
column [3]. The recoveries of IL-1fJ and iodinated IL-1fJ from the Dynosphere
PD-102-RE column were found to be identical (ca. 80%).

In order to evaluate the potential harmful influence of acetic acid-acetonitrile
on the biological activity of IL-1fJ, the column eluates containing components 1-7
shown in Fig. I, lower right, were exchanged with RPMI 1640 and the content of
IL~lfJ (ELISA assay) and the biological activities in the leukocyte activating factor
(LAF) assay were determined as described [4]. The specific biological activity of the
main component (marked "3") was found to be slightly higher than that of native
IL-lfJ and those of the six minor components slightly reduced or similar to those in
native IL-1fJ (Table I), indicating that the chromatographic procedure had no delete
rious influence on the resulting specific biological activity. The specific biological
activity of the main peaks isolated after hydroxyapatite chromatography (Fig. 1,
middle) and also after RP-HPLC on Nucleosil C4 eluted with TFA-acetonitrile (Fig.
I, upper) were determined in parallel, and found to be comparable to that of native
IL-lfJ and IL-1fJ which had been incubated for 60 min in 0.085% TFA-80% aceto
nitrile (Table I).

For further characterization of the Dynosphere column, a number of commer
cially available peptides and proteins were eluted with three different mobile phases of
acetic acid gradients in acetonitrile (Fig. 2, upper curve) in isopropanol (Fig. 2, mid
dle curve) and in water (Fig. 2, lower curve). In the three experiments the column was
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TABLE I

SPECIFIC BIOLOGICAL ACTIVITIES OF INDIVIDUAL FRACTIONS OBTAINED AFTER RP
HPLC OF PURIFIED IL-IfJ IN ACETIC ACID-ACETONITRILE (SEE FIG. I, LOWER RIGHT),
ON A HYDROXYAPATITE COLUMN (SEE FIG. I, MIDDLE) OR ON A SILICA C4 COLUMN
ELUTED WITH TFA-ACETONITRILE (SEE FIG. I, UPPER).

Before analysis in the ELISA and LAF assay (performed as described [4]), the solvents in the RP-column
eluate were exchanged with RPMI 1640 on NAP-S columns.

Fraction

From Fig. I, lower right

From Fig. I, middle
From Fig. I, upper
Native IL-IfJ
Native IL-IfJ desalted in RPMI
Native IL-IfJ after 60 min in 0.085% TFA-80% acetonitrile

Peak No. Units/mg (x 10- 8)

I 2.9
2 3.5
3 6.8
4 3.6
5 4.5
6 4.6
7 5.6
Main peak 7.9
Main peak 7.2

5.7
5.0
4.6

eluted with linear 60-min gradients. Although it was observed that the efficiency
gradually decreased when acetonitrile was replaced with isopropanol and acetic acid
(most clearly seen in the chromatographic behaviour of p-lactoglobulin in the three
mobile phases), it was also found that insulin could be eluted a~ a narrow peak with
an acetic acid gradient, similarly to the behaviour of the much more hydrophobic
human growth hormone (hGH, MW 22000 dalton).

The elution of 2 mg of crystalline porcine insulin from a 16.0 mm LD. Dy
nosphere PD-102-RE column using essentially the same three mobile phases in simi
lar gradients is shown in Fig. 3, left. Under these conditions, the elution strength of
acetic acid is lower than that of acetonitrile and isopropanol. The chromatograms are
similar with respect to the peak shape of the main component (insulin peptide), but
the insulin-like contaminants are better separated from the main component in the
acetic acid gradient. The recovery of crystalline insulin was measured for the three
mobile phases and found to be 86% (acetonitrile), 76% (isopropanol) and 85% (ace
tic acid in water).

Biosynthetic hGH analysed under similar conditions to crystalline insulin elut
ed as a single component in all three mobile phases (chromatograms not shown), and
the recoveries were found to be 76% (acetonitrile), 85% (isopropanol) and 90%
(acetic acid in water).

In order to investigate the separation capacity of the Dynosphere PD-I02-RE
column for complex biological samples, an acetic acid extract of a normal human
pancreas (removed and frozen immediately after death) was analysed using the above
three mobile phases. Pancreatic tissue was extracted as described under Experimental
and, after centrifugation, the aqueous extract was isolated from residual tissue and a
lipid layer. A 200-1l1 volume of this raw extract, containing ca. 3 mg of protein, was
applied to a 180 x 16.0 mm J.D. Dynosphere column and eluted at 4.0 ml/min with a
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Fig. 2. Separation ofa number of "standard proteins" using a 250 x 4.6 mm J.D. Dynosphere PD-I02-RE
column eluted with a linear gradient (25% acetic acid-15% acetonitrile ---> 40% acetic acid-60% aceto
nitrile during 60 min followed by 10 min isocratically at 40% acetic acid-60% acetonitrile (upper), 25%
acetic acid-I 5% isopropanol ---> 40% acetic acid-60% isopropanol during 60 min followed by 10 min
isocratically at 40% acetic acid-60% isopropanol (middle) or 37.5 --> 90% acetic acid during 60 min
followed by 10 min isocratically at 90% acetic acid). Sample amount, 20-50 flg; only the individual
proteins indicated in the three panels were applied in each analysis. Flow-rate, 0.5 ml/min.
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60-min linear gradient (Fig. 3, right). Apart from the already observed difference in
elution strength between the three mobile phases, the overall elution patterns of this
complex mixture were comparable in the three cases.

RP-HPLC of three pancreatic polypeptides, insulin, proinsulin and glucagon,
eluted with an acetic acid gradient is shown in Fig. 4, left. All polypeptides were
eluted as very narrow, symmetrical peaks, and the impurities in crystalline glucagon
were very well resolved. Glucagon and insulin were eluted with the same retention
time under these conditions, whereas monoiodinated glucagon was separated from
the native glucagon (Fig. 4, right). The component that eluted ca. 15 min after gluca
gon is human serum albumin added to the [125 I]glucagon preparation.

To evaluate the usability of the acetic acid-Dynosphere system for the further
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Fig. 3. Left: RP-HPLC of 2 mg of crystalline porcine insulin using a 180 x 16.0 mm I.D. Dynosphere
column eluted with acetic acid in water, isopropanol or acetonitrile as organic modifiers. All gradients were
linear during 60 min. Flow-rate, 4.0 ml/min. Upper curve: 37.5 acetic acid --+ 90% acetic acid. Middle
curve: 25% acetic acid-15% acetonitrile --+ 40% acetic acid-60% acetonitrile. Lower curve: 25% acetic
acid-15% isopropanol --+ 40% acetic acid-60% isopropanol. Right: separation of 200 pi of crude acetic
acid extract of a normal human pancreas using a 180 x 16.0 mm I.D. Dynosphere PD-102-RE column
eluted as described for the left panel.
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Fig, 4. Left: RP-HPLC of 10 J1g of human proinsulin (upper curve), 15 pg of crystalline porcine glucagon
(middle curve) and 6 J1g of human insulin (lower curve) using a 280 x 4.6 mm Dynosphere PD-I02-RE
column eluted with a linear acetic acid gradient (37.5 acetic acid --+ 90% acetic acid) during 60 min.
Flow-rate, 0.5 ml/min. Right: RP-HPLC of a mixture of IS pg of crystalline porcine glucagon and ca.
35000 cpm ['251]glucagon. UV registration, solid curve; radioactivity, dotted curve. Stationary and mobile
phases as in the left panel.

characterization of acetic acid extracts of normal and diabetic pancreatic glands,
another normal and two diabetic pancreatic glands were extracted in 3 M acetic acid
and the crude extracts were separated in a 37.5 ---> 90% acetic acid gradient (Fig. 5).
The chromatograms of the extracts were found to be very different: the proteins
extracted from the diabetic pancreata were eluted much earlier than those in the
normal pancreas, indicating less hydrophobicity and/or lower molecular weight, and
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Fig. 5. RP-HPLC of 200 JiI of crude actic acid pancreas extract from two human diabetics (upper and
middle curves) and a normal human (lower curve) using a 280 x 4.6 mm I.D. Dynosphere column eluted
with an acetic acid gradient (37.5 acetic acid --> 90% acetic acid during 60 min) followed by 10 min
isocratically at 90% acetic acid. Flow-rate, 0.5 mljmin.

the amount of extractable peptidesjproteins in the crude extracts from the normal
pancreatic glands was much higher than in those from diabetics (compare the UV
scales).

RP-HPLC of peak I and II material (obtained as described under Experimen
tal) using the Dynosphere-acetic acid system is shown in Fig. 6 (left, normal pan
creas; right, diabetic pancreas). The separation of peak I materials from the diabetic
pancreas was much less detailed than that of the instantly analysed crude extract (e/,
Fig. 5, upper and middle curves), whereas the peak II materials from the normal and
the diabetic pancreata were both very well resolved.

In order to compare the above-mentioned separations of the pancreatic extracts
(using acetic acid as mobile phase) with a commonly used RP-HPLC polypeptide
separation system, peak I and II material were separated on a Nucleosil 300 AC4

column eluted with TFA-acetonitrile. The separation pattern obtained for peak I and
II material from the normal pancreas (Fig. 7, upper left) and the diabetic pancreas
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Fig. 6. Left: RP-HPLC of peak I (upper curve) and peak II material (lower curve) from normal human
pancreas, redissolved in 3 M acetic acid to 1.0 mgjml, centrifuged and filtered (0.45 pm). 200 pI were
applied. Stationary and mobile phases as in Fig. 5. Flow-rate, 0.5 mljmin. Right: RP-HPLC of peak I
material (upper curve) and peak II material (lower curve) from a diabetic human pancreas. 200 pI were
applied. All conditions as in Fig. 5.

(Fig. 7, upper right) were more detailed than those obtained with the Dynosphere
acetic acid system (Fig. 6), but the distributions of components throughout the chro
matograms in the two highly different RP systems were very similar both for the
normal pancreatic extracts (Fig. 6, left, versus Fig. 7, upper left) and for the diabetic
pancreatic extracts (Fig. 6, right, versus Fig. 7, upper right).

The UV absorption of the column eluate from the Nucleosil CcTFA-aceto
nitrile system was monitored at 215 nm, whereas the eluate from the Dynosphere
acetic acid system had to be monitored at a higher wavelength (280 nm). In order to
compare the separations at a similar wavelength, peak I and II material from a
diabetic pancreas was separated in the Nucleosil-TFA-acetonitrile system followed
by detection at 280 nm (Fig. 7, lower). When these chromatograms are compared
with Fig. 6, right, it can be seen that the separation patterns of the same sample in two
different RP systems now appear to be very similar.

SDS-PAGE of the first, second and third crude acetic acid extracts of a normal
pancreas, shown in Fig. 8, indicated a highly heterogeneous protein-peptide mixture
with a molecular weight distribution in the total fractionation range (6000-300000
dalton).

Finally, a series of crude extracts of recombinant-derived hGH-producing Es
cherichia coli were analysed. The crude bacterium pellet or disrupted bacteria were
extracted in acetic acid and separated in the Dynosphere-acetic acid system (Fig. 9 A
and B). In both instances, hGH was eluted in the late part of the chromatogram, well
separated from all residual sample components. As can be seen from SDS-PAGE of
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Fig. 7. Top: RP-HPLC of peak I material (upper curve) and peak II material (lower curve) from a normal
human pancreas (left) and from a diabetic, human pancreas (right) using a 250 x 4.0 mm I.D. N,udeosil
300 A C4 column eluted at 45'C with an acetonitrile gradient (12 -+ 57% acetonitrile linearly during 60
min) in 0.1 % TFA. 50 ILl were applied in all analyses. Flow-rate, 1.0 mljmin. Bottom: RP-HPLC of peak I
material (upper curve) and peak II material (lower curve) from a diabetic, human pancreas. 200 JlI were
applied. Stationary and mobile phases as for the top panels. Flow-rate, 1.0 mljmin. UV-registration, 280
nm.
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Fig. 8. SDS-PAGE of first, second and third acetic acid extracts of a normal, human pancreas (lanes 5, 6
and 7). Lane 8: molecular weight markers. The figures correspond to the MW in kilodalton.

the isolated hGH fractions, this single-step procedure resulted in a very efficient
purification of the hGH preparation (Fig. 9C).

The acetic acid extract of the disrupted hGH E. coli bacteria was also analysed
in the Nucleosil-TFA-acetonitrile system (Fig. 9D). The separation pattern was simi
lar to that obtained with the Dynosphere-acetic acid system with respect to distribu
tion of the components throughout the chromatogram, but is was also obvious that
the peak capacity of the former system is higher.

DISCUSSION

Hydrophobic peptides and proteins may constitute a major problem in RP
HPLC owing to their high affinity to the stationary phase ligands (whether they are
alkyl or phenyl groups), and conventional mobile phase additives (acetonitrile, alco
hols) are often unable to break the hydrophobic bindings. Detergents, which may be
useful for similar problems in the size exclusion of hydrophobic polypeptides, have
hardly ever been reported as mobile phase additives in RP-HPLC, probably because
they are almost irreversibly bound to the ligands, thereby totally changing the surface
characteristics of the reversed stationary phase.

We have been able to elute a number of erythrocyte ghost membrane proteins
with MW > 100 000 dalton with good recovery from a phenyl column using a mobile
phase based on a high content of acetic acid plus acetonitrile [I]. The reason for this
surprising separation was probably the acetic acid in combination with the stationary
phase phenyl groups, which normally binds peptides and proteins less strongly than
Ca and Cts columns.

We therefore chose the same stationary and mobile phase for the initial charac-
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Fig. 9. (A) RP-HPLC of acetic acid extracts of disrupted hGH-producing E. Coli. A 0.75-ml bacteria
residue pellet was extracted for 2.5 h at 4"C in 50% acetic acid. After centrifugation, the supernatant was
diluted 1:1 with distilled water and 1800 III were applied to a 150 x 8.0 mm I.D. Dynosphere PD-102-RE
column. Elution was performed with a slightly concave 60-min gradient (37.5 ..... 90% acetic acid, Waters
Assoc. M660 gradient controller, gradient No.5) followed by 10 min isocratically at 90% acetic acid (upper
curve). The lower curve shows the elution pattern of 50 Ilg of highly purified hGH under similar conditions.
Flow-rate, 1.0 mljmin. The numbers on the abscissa are the elution times in minutes. (B) RP-HPLC of
hGH-producing E. Coli extracted directly with acetic acid. A 0.5-ml bacteria pellet was extracted with 2.5
ml of glacial acetic acid at 4'C for 2.5 h. After centrifugation, the supernatant was diluted with distilled
water (I: 1.5), and 1000 III were applied to a 150 x 8.0 mm 1.0. Dynosphere PD-I02-RE column eluted as
described for (A). (C) SDS-PAGE of an acetic acid extract ofdisrupted hGH-producing E. coli (lane 6) and
of hGH isolated after four individual RP-HPLC separations of this acetic acid extracts using the Dyno
sphere column under the conditions described for (A) (lanes 2-5, respectively). Lanes I and 8: molecular
weight markers. The figures correspond to the MW in kilodalton. (D) RP-HPLC of an acetic acid extract
of disrupted hGH-producing E. Coli using a 250 x 4.0 mm I.D. Nucleosil 300 AC4 column eluted with an
acetonitrile gradient (25% ..... 50% acetonitrile linearly during 60 min) in 0.\ % TFA. Flow-rate, 1.0
mljmin. The elution volume of biosynthetic human growth hormone is marked with a filled triangle.

terization of IL-lP, which is hydrophobic, but not to such an extent as membrane
proteins; we found that the molecule hardly could be eluted from a Cs column and
that it bound irreversibly to a CiS column [3] whereas TFA-acetonitrile was well
suited for the elution ofIL-IP from a C4 column (Fig. 1, upper). Similar observations
have been published elsewhere [5].

It was interesting that the TSK Phenyl 5PW RP+ column, found to be excel
lent for separating erythrocyte ghost membrane proteins, was less suitable for the
RP-HPLC ofIL-IP (Fig. 1, lower left), whereas another phenyl column, Dynosphere
PD-I02-RE (based on polymerized divinylbenzene) eluted with the same mobile
phase was able to separate the IL-IP preparation much more effectively, with excel
lent peak shape and good recovery (Fig. 1, lower right). It should be added that the
Dynosphere column was found to be considerably less useful for the separation of
erythrocyte ghost membrane proteins than the TSK Phenyl 5PW RP + column [6].
The separations obtained using a silica C4 column and a Dynosphere column were
comparable in the case ofIL-IP (Fig. 1, upper and lower right, solid curve). However,e25I]IL-lP was eluted as a single component from the C4 column, whereas four
major fractions were separated using the Dynosphere column. [125I]IL_IP was also
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eluted as a single component from the TSK Phenyl column, illustrating the very
different selectivities of the two polymeric phenyl columns (Fig. 1, lower panels,
dotted curves) and the C4 silica column.

Interestingly, the combined effects of acetic acid and acetonitrile and the bind
ing to the reversed stationary phase had no effect on the specific biological activity of
the purified IL-1P, which was found (within the experimental variations in the LAF
assay) to be equal to that ofIL-IP before RP-HPLC (Table I). Further, RP-HPLC in
TFA~acetonitrile (Nucleosil C4 ) was also without effect on the resulting specific bi
ological activity, indicating that although IL-lP is a reactive molecule (two free SH
groups), it is resistant towards the influence of the harsh mobile phases and the strong
binding to the stationary phases, conditions known to be destructive for several other
biological active polypeptides [7].

A hydroxyapatite column eluted with a phosphate gradient, a non-RP tech
nique, was able to resolve the IL-I P preparation fairly well, although some tailing was
observed for the main fraction (Fig. I, middle). The specific biological activity of this
main fraction was found to be equal to that of native IL-lP (Table I), indicating that
hydroxyapatite chromatography should always be considered as a potential alterna
tive for the RP-HPLC of peptides and proteins.

From the characterizations of the Dynosphere column with "standard pro
teins", insulin and raw pancreas acetic acid extract, it should be noted that in general,
the mobile phase based solely on acetic acid was less efficient than those with aceto
nitrile and isopropanol (Fig. 2). It was most clearly demonstrated in the elution
pattern of p-lactoglobulin: the separation of the two chains was distinct with aceto
nitrile (Fig. 2, upper), indicated with isopropanol (middle) but absent with acetic acid
(lower).

However, the peak shape and recovery of hGH and insulin were ideal after
elution with acetic acid alone (Fig. 2, lower, and Fig. 3, left). It is especially worth
noting that the recovery of the hydrophobic 22 OOO-dalton hGH in an acetic acid
gradient in water was 90%. Glucagon, glucagon-related impurities and monoiodinat
ed glucagon were also well separated in the acetic acid gradient (Fig. 4), whereas
glucagon and insulin peptide, in contrast to several acetonitrile-based RP-HPLC
systems [8], were found to coelute.

As the separation of the complex pancreatic extract resulted in very comparable
chromatograms in all three mobile phases (Fig. 3, right), we concluded that an acetic
acid gradient could be used for further characterizing the extracts of the normal and
the diabetic human pancreas. The fact that the diabetic pancreas contained less ex
tractable peptides/proteins with considerably lower hydrophobicity and/or molecular
weight than the normal pancreas (Fig. 5) may be explained by the fact that the normal
pancreatic glands were "fresh" (obtained from persons exposed to sudden death,
classified as kidney donors), whereas the diabetic pancreatic glands were removed
after the ischaemia time (6---8 h according to the Danish death criteria). The pancreas
is loaded with digestive enzymes, and proteolytic cleavage of peptide bonds in this
period is very likely to take place.

After Sephadex G-50 chromatography of normal pancreatic extracts in 3 M
acetic acid, the amount of material with MW > 6000 dalton (95-98%) was sub
stantially higher than the amount of peptides with MW ~ 6000 dalton (1-2%) [6],
indicating that the endocrine pancreas constitutes 1-2% of the total weight of the
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pancreas, and that the major digestive enzymes constitutes ca. 75% of the total pro
teins present in the exocrine pancreas.

The fact that hGH was eluted very late in the chromatogram when the Dy
nosphere column was eluted with an acetic acid gradient in water, in combination
with the high recovery for hGH with this mobile phase, makes the system very useful
for purification of the crude acetic acid extracts of E. coli with the inserted hGH gene
[9] (Fig. 9A and B). hGH was very well separated from the majority of co-extracted
impurities, and only minor residual contaminants were detected, even when the SDS
PAGE was overloaded (Fig. 9). The fact that the extraction medium (similar to the
acetic acid extracts of pancreatic glands) may be applied, directly or after dilution
with water, to the RP column, makes this procedure very attractive for preparative
purposes.

When the above-mentioned samples (IL-I[3, extracts of human diabetic and
normal pancreata after Sephadex G-50 chromatography and crude hGH E. coli ex
tracts) were analysed using a Nucleosil 300 A C4 column eluted with TFA~aceto
nitrile (Figs. 1, 7 and 9), it is striking that the separation patterns for the two highly
different RP systems were very similar in the overall distribution of the separated
components. It is normally considered that the n-electrons in the aromatic ring lead
to binding characteristics different from those obtained with alkyl groups, but in the
systems used in this study, the chromatograms were found to be comparable, espe
cially when the column eluates were monitored at similar wavelengths (Fig. 6, right,
and Fig. 7, lower). However, for further studies of similarities and differences, the
Dynosphere should be eluted with TFA-acetonitrile and the chromatograms com
pared with those obtained with acetic acid gradients. The opposite comparison (Nu
cleosil C4 eluted with 37.5~90% acetic acid) is hardly realistic owing to potential
solubility problems with the silica-based stationary phase.

The reason for the elution strength of acetic acid in this RP situation is not
obvious. The use of high concentration of formic acid has been reported for the
RP-HPLC of defatted egg yolk proteins, but only present in buffer A [72% formic
acid, buffer B being isopropanol-acetonitrile (2:1)] [10]. Formic acid (60%) has been
used as a mobile phase additive for the RP-HPLC of water-insoluble polio virus
proteins [11] and bovine serum albumin derivatives and other hydrophobic proteins
[12], but in these experiments the elution was performed with 10-30% isopropanol in
formic acid (60% formic acid being present in both buffer A and buffer B). Formic
acid itself, in concentrations up to 100%, eluted only very few proteins, and it was
reported that replacing formic acid with acetic acid was unsuccessful, leading to
non-ideal peak shapes and reduces recoveries [11]. The separation of [3-lactoglobulin,
eluted as two components with very good separation, indicates that the separation
capacity of the formic acid-isopropanol system is different from that of the Dyno
sphere-acetic acid system described here, but equal to that obtained when the Dyno
sphere was eluted with an acetonitrile-containing mobile phase (Fig. 2, upper). The
major reason for the differences between the formic acid system and the acetic acid
system is probably the use of a Cs column in the formic acid-isopropanol system
[11,12] versus a phenyl column inthis work. We eluted the Dynosphere column with a
formic acid gradient (20 ---> 90% formic acid), but recovered virtually none of the
proteins and peptides separated in Fig. 2, and the baseline was extremely unstable [6].

In conclusion, we have developed a reversed-phase system which allows sep-
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aration of a number of individual peptides/proteins and complicated crude acetic acid
extracts of various biological tissues. The separation capacity, peak shapes and recov
eries were frequently excellent, and the elution could be be performed with acetic acid
alone, without the commonly used organic modifiers. Further characterization of
extracts of the normal and diabetic human pancreas will be published separately [13].
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ABSTRACT

The combination of a divinylbcnzcne-based reversed-phase (RP) column and acctic acid gradients in
water as mobile phase described in the accompanying papcr was used for characterizing the extractable
polypeptides from the normal and the diabetic human pancreas. The pancreas was lyophilized, minced and
cxtracted thrcc timcs in 3 M acetic acid. After mechanical clarification, the raw extracts were applied
directly to the RP column. Alternatively, the cxtracts were lyophilized and subjected to size-exclusion
chromatography on Sephadcx G-50 in 3 M acetic acid. Two fractions with mol. wt. > 6000 dalton (Peak I)
or with mol. wt. ,,; 6000 dalton (Peak II) were obtained.

The Sephadex G-50 size-exclusion chromatography and the RP-high-performance liquid chroma
tographic (HPLC) analyscs of the crude extracts from a normal pancreas clearly demonstrated the weight
distribution and differences between the exocrine pancreas (containing primarily the major digestive en
zymes) and the endocrine pancreas (containing insulin, glucagon, etc.). RP-HPLC analyses of crude ex
tracts from various normal pancreatic glands resulted in very similar UV profiles, whereas those from a
number of individual diabetic glands differed. Chromatograms of acetic acid extracts from normal pan
creata were similar when analysed before or after lyophilization, whereas lyophilization of acetic acid
extracts of diabetic glands resulted in severely obscured chromatograms.

RP-HPLC analyses clearly demonstrated several differences between the diabetic and the normal
pancreas. In the crude extracts, the extractable proteins from the diabetic pancreas were shifted towards
lower molecular weight and/or hydrophobicity. Further, a peak co-eluting with authentic, human insulin
could bc demonstrated in the raw extract and in the peak II material from the normal pancreas, whereas
virtually no mass signal was seen in the UV-profiles of similar materials from the diabetic gland. This
finding was further verified by insulin radioimmunoassay (RIA) performed on the isolated fractions after
RP-HPLC of a crude extract from a normal and a diabetic pancreas. The insulin content in the diabetic
pancreas was found to be ca. I% of that in the normal pancreas. When authentic glucagon was added to
crude extracts from a diabetic pancreas, a singlc component was found after immediate analysis, but after
several hours at room temperature the glucagon was found to be degraded. Added insulin was stable under
these conditions.

Similar RP analyses were performed on a silica C. column elutcd with an acetonitrile gradient in
trifluoroacetic acid. Although the chromatograms were more complex than those obtained with acetic acid
as mobile phase, they were comparable in outline, and the differences bctween the normal and the diabetic
glands could again be demonstrated.

One of the reasons for the differences between the normal and the diabetic pancreas may be that the
normal glands were removed and frozen immediately after death, whereas the diabetic glands were ob
tained after an ischaemia time of 6 h or more, leaving considerable time for post mortem enzymatic
degradation.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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The RP-HPLC system is very suitable for these analyses. The acetic acid extracts can be applied
directly to the RP column and, after lyophilization, the isolated fractions may be re-analysed [RIA or
enzyme-linked immunosorbent assay (ELISA)], or subjected to a second (alternative) RP-HPLC. After
such double RP-HPLC purification, almost all major individual components in the peak I and II material
from a normal pancreas were sufficiently pure for microsequencing, and identification (based on 30 steps in
the gas-phase sequencer and comparing the sequence information obtained with databases) again reflected
the distribution of the principal components from the exocrine and the endocrine pancreas in the peak I
and II materials.

INTRODUCTION

Extraction of biological samples (tissues, organs or whole organisms), often the
first step in many isolation procedures for biopolymers, normally results in extremely
complex mixtures of lipids, carbohydrates and proteins/peptides. One of these main
groups may be excluded, or favoured, through a proper choice of solvent, e.g., a very
polar solvent will solubilize more protein material than lipid, but most often an
aqueous extract will contain numerous related compounds in addition to those de
sired.

Characterization of such raw extracts is normally not performed with general
analytical tools (e.g., general protein or carbohydrate analysis) but with analyses
specific for a single or a narrow group of compounds, such as biological activity (e.g.,
enzymatic activity) or antigenicity [enzyme-linked immunosorbent assay (ELISA),
radioimmunoassay (RIA), etc.]. In the case of polypeptides, the development of ana
lytical and preparative reversed-phase high-performance liquid chromatography
(RP-HPLC) with sensitive, non-specific mass detection (UV, refractive index), or
more specific post-column reactions, in the last decade has reached a level where the
separation and determination of more than 100 polypeptides in a single chroma
tographic analysis can be achieved in less than 1 h. Consequently, this technique has
been incorporated as a rapid downstream control analysis in the industrial scale
extraction of biological materials, such as the production of insulin and growth hor
mone.

In this work we applied RP-HPLC for the characterization of crude extracts of
the normal and the diabetic human pancreas. Acetic acid was chosen as solvent owing
to the extremely good solubility of the majority of peptides and proteins from the
endocrine pancreas in this solvent [1]. As we recently demonstrated that a polymeric
phenyl-based RP column could be eluted with an acetic acid gradient without the use
of organic modifiers [2], this system was used for the RP-HPLC characterization of
the acetic acid extracts, thereby eliminating the need for solvent exchange or concen
tration/isolation procedures between extraction and characterization of the solubil
ized sample material. The UV profiles obtained were compared with those of similar
separations using a silica-based RP column eluted with an acetonitrile gradient in
trifluoroacetic acid (TFA). Several pancreatic proteins/peptides isolated after the ace
tic acid extraction and RP-HPLC in acetic acid gradients have been identified after
amino acid sequencing, indicating the general applicability of this extraction/analysis
system for identification purposes.
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EXPERIMENTAL

The HPLC equipment, columns, samples and all analyses were performed as
described in the accompanying paper [2]. Detailed descriptions of the stationary and
mobile phases are given in the legends to the figures.

RESULTS

Fig. 1 (left) shows the elution profile obtained after Sephadex G-50 chromato
graphy of lyophilized acetic acid extracts obtained after the first, second and third
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Fig. I. Left: Sephadex G-50 chromatography of 200 mg of lyophilized material obtained from first, second
and third extractions of a normal human pancreas. After lyophilization of the crude acetic acid extracts,
the residues were dissolved in 3 M acetic acid, centrifuged and filtered. A 95 x 2.5 cm column was eluted at
4°C (ca. 20 ml/hour) with 3 M acetic acid. From top to bottom: first, second and third extractions. Peak I
and II materials are marked "I" and "II", respectively. Bottom: 100 mg of crystalline, porcine insulin. The
b- and c-components are marked accordingly. Right: Sephadex G-50 chromatography of 200 mg of lyo
philized acetic acid extract (combined from the first, second and third extractions) of a normal human
pancreas (top), a diabetic, human pancreas (middle) and 100 mg of crystalline, porcine insulin (bottom).
The elution was performed as described for the left panel.
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extractions of a normal human pancreas. In all three extracts, the majority of extract
able polypeptides were eluted in the void volume fraction (peak I). A smaller fraction
(peak II) with a similar elution volume to insulin peptide (compare to the bottom
curve on the left) gradually decreased from the first to the third extraction. A compar
ison between the Sephadex G-50 profiles obtained from lyophilized acetic acid crude
extracts of a normal and a diabetic pancreas is shown in Fig. 1, right. The diabetic
extract has a similar distribution in mass between the void volume peak and the
residual material with higher elution volume, but whereas only a single peak with
molecular weight (MW) ~ 6000 dalton was detected in the extract from a normal
pancreas, this region contained two larger and three smaller peaks (marked 2-6),
indicating a more heterogeneous distribution of the peptide region in the extract of
the diabetic pancreas.

On average, 2-4 mg of peak II material and 50-80 mg of peak I material were
obtained after Sephadex G-50 chromatography of200 mg oflyophilized crude extract
of a normal pancreas, indicating a considerable loss of material during the filtrations
prior to gel chromatography. The protein concentrations in the extracts showed ex
tremely wide variations, indicating the very heterogeneous sample material. The in
sulin contents in the crude extracts were equally scattered (Table I).

After sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS
PAGE) of crude extracts of a normal and a diabetic pancreas, numerous proteins
were distributed throughout the whole separation range (6000-300 000 dalton) in
both extracts. SDS-PAGE of peaks I and II also verified that peak II material from a
normal and a diabetic pancreas primarily contained peptides with MW similar to or
lower than the effective MW fractionation range of the 8-25% gradient gel system
(data not shown).

RP-HPLC analyses of the first extract from a normal and a diabetic pancreas,
using a Dynosphere PD-I02-RE column eluted with an acetic acid gradient, are
shown in Fig. 2, upper, and those of the corresponding lyophilized extracts in Fig. 2,
lower. For both the crude extracts and the lyophilized extracts, subsequent extrac-

TABLE I

CONTENTS OF PROTEIN AND INSULIN DETERMINED IN THE ACETIC ACID EXTRACTS
OF THREE INDIVIDUAL NORMAL AND FIVE INDIVIDUAL DIABETIC HUMAN PANCREA
TA

The insulin and protein contents are calculated per gram of lyophilized pancreas.

Pancreas Protein Insulin
(mg/g) (J.1g/g)

Normal 258 607
161 463

81 322

Diabetic 80 37
59 38
15 15
41 19
53 14



RP-HPLC OF ACETIC ACID EXTRACTS OF THE PANCREAS 205

0.16

0
0 CO
CO '"N '"'"

0
0 0 30 60

0 30 60

0.64

ELUTION TIME (MIN)

6030

ELUTION TIME (MIN)

O-+--------,------"""T'"--
o

o
CO
N

'"

0.02

6030
O+-------r---------,.--

o

o
co
N

'"

0.02

Fig. 2. RP-HPLC of 200 pI of crude acetic acid extract of a normal (upper left) and a diabetic human
pancreas (upper right) and of the corresponding lyophilized acetic acid extracts solubilized to 1 mg/m! in 3
M acetic acid. A 200-pl volume was applied in the analysis of this material from a normal (lower left) and a
diabetic pancreas (lower right). A 250 x 4.6 mm J.D. Dynosphere PD-I02-RE column was eluted at 0.5
ml/min with an acetic acid gradient (37.5 --> 90% acetic acid linearly during 60 min followed by 10 min
isocratically at 90% acetic acid).

tions of both glands resulted in similar RP-HPLC profiles at reduced levels (data not
shown). When the UV-profiles of normal glands (Fig. 2, left) are compared with those
from a diabetic (Fig. 2, right), it can be seen that much less UV-absorbing material
was present in the raw extract of the diabetic pancreas (note the different UV scales),
and the RP-HPLC profile of the diabetic pancreas is very different from that of a
normal pancreas. The diabetic protein distribution is shifted towards earlier elution,
indicating lower hydrophobicity and/or molecular weight of the individual sample
components. The dominant part in the RP-HPLC profile of the normal pancreas is a
group of peaks eluted in the last third of the chromatogram, whereas in the extracts of
the diabetic pancreas the impact of this group of peaks is strongly reduced, compared
with the earlier eluting peaks, which now are the dominating sample constituents. Tn
addition, lyophilization of the raw acetic acid extracts of a diabetic pancreas led to a
considerable reduction in chromatographic separation efficiency (compare the upper
and lower curves in Fig. 2, right). The last half of the chromatogram is seriously
obscured, and the number of individual components in the whole chromatogram is
reduced. Tn contrast, the RP-HPLC profile of the directly analysed crude extract from
a normal pancreas was very similar to that obtained for the lyophilized extract (Fig. 2,
left, upper and lower curves).
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RP-HPLC analyses of peak I and II material from a normal and a diabetic
pancreas are shown in Fig. 3, left and right, respectively. The sample constituents
from the extract of the normal pancreas are clearly divided into two groups with
different retention times, reflecting the separation according to MW after Sephadex
G-50 chromatography, whereas the separation efficiency of the diabetic peak I mate
rial (Fig. 3, right, upper curve) was found to be reduced in a similar way to that above
for the lyophilized total extract (Fig. 2, right, lower curve). However, the peptide-like
peak II material derived from the diabetic pancreas was separated equally efficiently
as that from the normal pancreatic extract (Fig. 3, lower curves). Similar results were
obtained for other individual peak I and II materials [2], indicating that this reduction
in separation capacity of the diabetic material is of a general nature.

Three different normal pancreatic glands (parts of the whole pancreas) were
extracted, followed by RP-HPLC of the lyophilized crude acetic acid extracts (Fig. 4,
left). It can be seen that the extraction-RP-HPLC analysis procedure resulted in
comparable UV profiles: the majority of sample components were found to be present
in each of the three different extracts, although limited variations in the significance of
the individual peaks were noticed between the different"samples. The sample compo
nents in the last part of the chromatogram were the most abundant, indicating that
the majority of the extracted material consists of peak I material (compare with Fig.
3, left, upper curve). Comparable analyses were performed with three different diabet
ic pancreatic crude extracts (Fig. 4, right). The first half of the chromatograms differ
ed more than that for similar extracts of normal glands, whereas the last parts of the
chromatograms were comparable. However, these last parts of three RP-HPLC trac
es of the diabetic extracts were still significantly different from those of normal glands
(compare with the left panel).
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Fig. 3. RP-HPLC ofpeak I (upper curves) and peak II (lower curves) material (lyophilized crude acetic acid
extract after Sephadex G-50 chromatography as described under Experimental), obtained from a normal
human (left) and a diabetic human pancreas (right). The sample material was redissolved in 3 M acetic acid
to I mg/ml, centrifuged and filtered (0.45 /lm). 200 III of both samples were applied. Stationary and mobile
phases as in Fig. 2.
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Fig. 4. Left panel: RP-HPLC of lyophilized crude acetic acid extracts of three different normal human
pancreatic glands. The lyophilization residues were redissolved to 1 mg/ml in 3 M acetic acid, centrifuged
and filtered (0.45 11m). 200 III were applied in all analyses. Stationary and mobile phases essentially as in
Fig. 2. Right panel: RP-HPLC of 200 It! crude acetic acid extracts of three different diabetic, human
pancreatic glands. Stationary and mobile phases as in Fig. 2.

In order to compare the separation capacity of the Dynosphere column eluted
with an acetic acid gradient with that of a commonly used RP-HPLC system, the
crude extracts of a normal and diabetic pancreas were separated on a Nucleosil 300 A
C4 column eluted with an acetonitrile gradient in TFA (Fig. 5). The chromatograms
of extracts from a normal pancreas were remarkably similar in the two different
systems, again demonstrating the predominant position of the sample components
eluted in the last third of the chromatogram (compare Fig. 5, upper, with Fig. 2, left,
upper curve). The HPLC profile of the extract from the diabetic pancreas (Fig. 5,
lower) was more detailed than obtained after elution of the Dynosphere column with
an acetic acid gradient (Fig. 2, right, upper curve) with respect to the components
eluted in the first half of the chromatogram, again emphasizing the shift in hydro
phobicity and molecular weight compared with the late-eluting main components in
extracts of the normal pancreas.

The elution positions of insulin, proinsulin and glucagon in the Dynosphere-
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Fig. 5. RP-HPLC of 10 111 of the crude acetic acid extract ofa normal human (upper) and a diabetic human
pancreas (lower) using a 250 x 4.0 mm J.D. Nucleosil 300 A C. column eluted at 1.0 ml/min with an
acetonitrile gradient (12 -> 57% acetonitrile linearly during 60 min) in 0.1 % TFA. Separation temperature:
45°C.

acetic acid RP system were mapped in the normal and the diabetic crude extracts after
spiking with small amounts of the authentic hormones (Fig. 6). Insulin and glucagon
co-eluted in this system, and the retention times of these two hormones were similar
to that of an already existing peak in the extract from the normal pancreas (upper
curve), whereas very little UV-absorbing material was present at those positions in
the chromatogram of diabetic crude extract where insulin, glucagon and proinsulin
were eluted (lower curve).

During these spiking experiments, it was noted that when glucagon was added
to the diabetic crude extract, the resulting chromatogram depended on the time spent
in the autosampler before the actual column separation: when the glucagon-spiked
extract was analysed immediately, a single glucagon-peak was observed (Fig. 7, left,
middle curve), but after 15 h, two additional major peaks with shorter retention times
than glucagon was observed (Fig. 7, left, lower curve). This was not an effect of
instability of the diabetic acetic crude extract as such, since the UV profile of an
immediately analysed crude extract was found to be similar to that obtained from the
same extract stored at room temperature for 48 h (data not shown).

A similar experiment was performed after addition of crystalline glucagon plus
trace amounts of [125I]glucagon (Fig. 7, right). Immediate analysis of the tracer alone
or added to the diabetic crude extract resulted in a single UV glucagon peak and a
radioactivity peak with a slightly reduced retention time (plus a UV peak correspond-
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Fig. 6. RP-HPLC of25 ~l of crude acetic acid extract from a normal human (upper) and a diabetic human
pancreas (lower). The elution positions of human insulin (Ins), porcine glucagon (Glu) and human proin
sulin (HPI) are marked with filled triangles. Stationary and mobile phases as in Fig. 2.

ing to the human serum albumin added to the tracer preparation; Fig. 7, right, upper
and middle cruves). However, after 48 h at room temperature, the crude extract with
added glucagon again showed two major UV peaks with markedly reduced retention
times, and all the radioactivity was eluted in the first major peak (Fig. 7, right, lower
curve). This degradation of glucagon could only be demonstrated in the case of the
diabetic crude extract. If gl ucagon was incubated in crude extract of a normal, human
pancreas for 17 h in a WISP autosampler, a single UV glucagon peak was obtained
after RP-HPLC. Further, under the conditions causing degradation of added gluca
gon, insulin added to the diabetic and the normal extracts was found to be totally
stable (data not shown).

Although no distinct UV peak with a similar retention time to that of added
human insulin cOl,lld be demonstrated in crude extracts of a diabetic pancreas, a small
UV peak, co-eluting with added insulin, was observed when peak II material (as
sumed to be enriched with polypeptides with MW ~ 6000 dalton) from a diabetic
pancreas was analysed. As many insulin dependent diabetes mellitus (IDDM) pa-
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Fig. 7. Left: RP-HPLC of25 Jil of crude acetic acid extract from a diabetic human pancreas (upper) and the
same extract spiked with 10 Jig of crystalline, porcine glucagon (Glu) and injected immediately (middle
curve) or after 15 h in a WISP autosampler (lower curve). The two major additional peaks formed from the
added glucagon are marked with filled triangles. Right: RP-HPLC of 10 Jig of crystalline, porcine glucagon
+ ca. 35 000 cpm of e25Ijglucagon (upper curve), of 35 Jil of crude acetic acid from a diabetic, human
pancreas spiked with 10 Jig of crystalline, porcine glucagon + ca. 35000 cpm of(125I]glucagon, analysed
immediately (middle curve) or after storage at room temperature for 48 h (lower curve). Solid curves, UV;
dotted curves, radioactivity. The large peak in the last part of the chromatograms represents serum albu
min added to the e. 2 5Ijglucagon tracer preparation. Stationary and mobile phases as in Fig. 2.

tients maintain small amounts of fJ-cell function after the clinical onset of diabetes
mellitus, the nature of this peak was investigated further. RP-HPLC of crude extracts
from a normal and a diabetic pancreas was followed by insulin RIA of the isolated
fractions, and it could be clearly demonstrated, that small amounts of immunological
reactive insulin were present in the diabetic pancreas (Fig. 8). Approximately 1% of
the amount of insulin extracted from the normal pancreas could be demonstrated
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Fig. 8. RP-HPLC of 200 ,ul of raw acetic acid extract of a diabetic human pancreas (upper) and a normal
human pancreas (lower). Fractions (l min) were collected and lyophilized in a Speed Vac concentrator,
redissolved and analysed for insulin content (RIA) as described under Experimental. Stationary and mo
bile phases as in Fig. 2.

after RP-HPLC of the extract of the diabetic gland. The minor content of insulin in
the diabetic pancreata was also directly confirmed by insulin RIA of the crude ex
tracts (Table I).

The present acetic acid RP-HPLC system should, in theory, be suitable as an
isolation-identification system, owing to the volatile mobile phase. As it is obvious,
that the number of sample components demonstrated in the UV profiles of the crude
extracts was less than the number of components demonstrated after SDS-PAGE or
after silica CcTFA-acetonitrile RP-HPLC, a second purification step, preferably
involving a different stationary or mobile phase, would probably be necessary before
any sequence analyses.

As a first attempt to make the above-described Dynosphere-acetic acid sep
arations (all performed on a 250 x 4.6 mm I.D. column) a truly preparative isolation
system, larger amounts of crude extracts were loaded on a 180 x 16.0 mm I.D.
Dynosphere column and eluted with a similar acetic acid gradient at 4.0 mljmin.
Almost identical UV profiles were obtained when the 16 mm I.D. column was loaded
with up to 10 mg oflyophilized crude extract of a normal pancreas (data not shown).
Approximately 5 mg of peak I and 3 mg of peak II material were then separated on
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the 16 mm J.D. column, and the major peaks from both separations were collected
manually. These individual fractions were then further purified using a Nucleosil 300
AC4 column eluted with an acetonitrile gradient in TFA or a TSK Phenyl 5PW RP +
column eluted with an acetonitrile gradient in 100 mM ammonium hydrogencarbo
nate. In the former instance, the acetic acid column eluate could be loaded directly
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Fig. 9. Upper: RP-HPLC separation of peak 11 material [redissolved in 3 M acetic acid to 10 mg/ml,
centrifuged and filtered (0.45 jlm)] from a normal human pancreas using a 180 x 16.0 mm I.D. Dynosph
ere PD-I02-RE column eluted at 4.0 ml/min with an acetic acid gradient (37.5 --t 90% acetic acid linearly
during 60 min, followed by 10 min isocratically at 90% acetic acid). 275 jll (= 2.75 mg of peak 11 material)
were applied, and fractions were collected as indicated above the abscissa. After rechromatography of
these fractions (Nucleosil C4- TFA-acetonitrile) the major peaks were isolated and subjected to amino acid
sequencing. For identification, the sequence information obtained after 30 degradation cycles was com
pared with published amino acid sequences in a database. Lower: RP-HPLC separation of peak I material
from a normal human pancreas using the same stationary and mobile phase. 500 jll (= 5 mg of peak I
material) were applied, and fractions corresponding to the main peaks were collected. Rechromatography,
amino acid sequencing and identification as described for the upper panel.
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onto the Nucleosil column (after dilution with one volume of distilled water), whereas
lyophilization of the acetic acid column eluate was found to be necessary before
analysis in the ammonium hydrogencarbonate system (if the acetic acid was neutral
ized with ammonia solution, the large amounts of ammonium acetate in the sample
seriously disturbed the separation).

The major components obtained after the second purification steps were isolat
ed by lyophilization and subjected to amino acid sequence analyses. Usually 30 degra
dation cycles were performed, and the sequence information obtained was compared
with published sequences in databases for identification. The preliminary results of
these analyses are shown in Fig. 9. It should be noted that the database identifications
are shown in the figures, although only parts of the sequences have been identified in
the actual RP-HPLC fractions. A complete sequence, or a mass spectrometric MW
determination of the isolated compounds, might have identified which part of the
sample molecule was actually present, but such analyses were not performed in these
preliminary identification experiments.

DISCUSSION

The most frequently published procedure for the extraction of human and
animal pancreatic glands utilizes acidified ethanol [3-19]. However, this procedure
has been adapted from the industrial-scale extraction of insulin based on the pancrea
ta of slaughterhouse animals, and it is highly specific for insulin and similar pancreat
ic peptides (glucagon, pancreatic polypeptide, somatostatin, etc.). The most common
acidifier in these extractions is sulphuric acid, specially adapted for the porcine pan
creas. However, when in the early 1970s we studied the efficiency of this extraction
procedure for pancreatic glands from young cattle and humans, we observed a signif
icantly lower yield compared with fresh porcine glands. In the case of young cattle,
comparable amounts of insulin were extractable with ethanol acidified with phos
phoric acid instead of sulphuric acid, but for human glands similar high yields were
obtained only after extraction with 3 M acetic acid or 3 M acetic acid in 8 M urea. The
last solvent was extremely efficient: after three successive extractions, virtually only
the connective tissue remained in a non-solubilized state, but owing to the over
whelming amount of very different solubilized compounds and the absence of modern
HPLC techniques, an isolation procedure for insulin was difficult to design [I].

Today, preparative HPLC is immediately involved in such considerations, but
still the choice of the extraction medium for a "general" extraction of pancreatic
glands (i.e., extracting the majority of peptides and proteins present) must be careful
ly considered. Acidified ethanol or similar alcohols are certainly not an obvious
choice, as the solubility of proteins is normally limited in this solvent, and the alcohol
must necessarily be removed before the extraction medium can be applied to an RP
column. A mixture of 3 M acetic acid in 8 M urea is very powerful solvent for most
peptides and proteins, but lz:rge volumes of this solvent are hardly the most desirable
in a normal RP binding-elution procedure.

The use of 3 M acetic acid remains an attractive possibility. The proteolytic
enzymes present in large amounts in the exocrine pancreas are inhibited, the solu
bilizing properties for proteins are equal to that of acetic acid-urea, but the extraction
medium is directly compatible with standard RP chromatographic systems. As we



214 B. S. WELINDER, S. LINDE

recently have reported the elution of several proteins and peptides, including insulin
and glucagon, from a polymeric phenyl column using an acetic acid gradient [2] (i.e.,
without the use of common organic modifiers), it should be possible to perform the
extraction and RP-HPLC separation in essentially the same liquid phase, thereby
avoiding any sample manipulations between the extraction and the initial chroma
tographic purification.

Sephadex G-50 size-exclusion chromatography of the acetic acid pancreatic
extract reflects the expected distribution between extractable "peptides" and "pro
teins": the endocrine part of the pancreas amounts to ca. 1-2% (on a weight basis)
and the content of the major pancreatic hormone (insulin, MW 6000 dalton) is rough
ly 25% of that. Approximately 75% of the protein content of the exocrine pancreas
consists of the major digestive enzymes (trypsin, chymotrypsin, lipase, amylase, elas
tase, carboxypeptidase A and B), which, together with serum albumin and haemoglo
bin (expected to be present in large amounts in extracts of vascularized tissue), con
tribute to the large void-volume peak I (Fig. 1).

When a normal human pancreas was extracted three times, the RP-HPLC
profiles of the extracts were found to be very similar, with the exception of the
amount of solubilized material. Lyophilization of these crude acetic acid extracts did
not change the UV profiles obtained after RP-HPLC, in contrast to the findings for
the diabetic human pancreas, where lyophilization of the crude acetic acid extracts
resulted in deterioration of the separation pattern, especially in the last half of the
chromatograms (Fig. 2). When the crude extract of a normal pancreas was compared
with that of a diabetic pancreas, it was obvious that the diabetic extracts contained
considerably less protein/peptide mass, and that the UV profile of solubilized pro
teins/peptides from a diabetic pancreas was displaced towards lower molecular
weight and/or hydrophobicity. This displacement is clearly seen in all three diabetics
(Fig. 4, right).

In outline, the extracts of three different normal pancreatic glands were similar
(Fig. 4, left), whereas those of three diabetics were less comparable but clearly very
different from a normal extract. The observed MW and/or hydrophobicity displace
ment for the diabetic extract compared with the normal extract was also clearly
demonstrated when the RP-HPLC analyses were performed using a Nucleosil C4

column eluted with the TFA-acetonitrile system (Fig. 5). Although a larger number
of sample components were detected in the TFA-acetonitrile system (primarily owing
to the use of UV registration at 215 nm instead of 280 nm in the acetic acid systems)
[2], the use of these two highly different stationary-mobile phase combinations never
theless resulted in surprisingly similar chromatograms. The MW and hydrophobicity
differences between the extractable proteins and peptides from the normal and the
diabetic pancreas could be demonstrated after Sephadex G-50 size-exclusion chroma
tography and also RP-HPLC with two different stationary-mobile phase combina
tions. This could reflect the difference in time between clinical death and removal/
freezing of the two types of pancreatic tissue. If the pancreas is left at body temper
ature after death, most of the digestive enzymes present in the exocrine pancreas will
be active for hours, resulting in marked cleavage of the pancreatic polypeptides. The
finding that glucagon was degraded after incubation with extracts of the diabetic
pancreas probably reflects that during the ischaemia time, the proteolytic enzymes in
this pancreas were transformed to their active state, in contrast to the conditions in
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the normal pancreas (removed and frozen shortly after death), where the majority of
the enzymes would be expected to be present as inactive proenzymes.

It might seem surprising that insulin was not degraded under similar condi
tions. However, it was recently reported that acid saline extracts of the rat sub
maxillary gland (known to contain large amounts of glucagon-like material) were
able to degrade [125 I]glucagon and rt 25 I]pancreatic polypeptide, whereas [125I]insulin
was left intact. The degradative effect could be inhibited by the addition of thiol
proteinase inhibitors, whereas aprotinin had no effect [20]. Further, when pieces of
surgically removed human pancreatic glands were left at room temperature for up to
12 h after the dissection, it was found that glucagon was much more susceptible to
proteolytic enzymes than insulin and pancreatic polypeptide [21].

Further evidence for the proteolytic degradation is the finding of several serum
albumin and globin chain sequences in the peak II material (Fig. 9 upper). Intact
globin and human serum albumin would not be expected to appear in a size-exclusion
fraction isolated according to a molecular weight of ~ 6000 dalton.

The reason for the markedly reduced RP-HPLC separation efficiency of ly
ophilized sample material from the diabetic pancreas is not clear. During the extrac
tion and isolation procedures it was noticed that the diabetic pancreas contained
considerably more fatty substances than the normal pancreas. After centrifugation of
the raw extract, three phases were obtained: pancreatic tissue as precipitate, a top
layer consisting primarily of semi-liquidjsemi-solid lipids and, in between, a fairly
clear, aqueous layer containing the solubilized pancreatic sample material in 3 M
acetic acid. ft was difficult to decant this interphase completely from the lipids, espe
cially when the lipid layer at the top was pronounced, and after lyophilization of the
acetic acid crude extracts from the diabetic pancreas the lyophilization residue had an
oily appearance, in contrast to those from a normal pancreas, which remained fairly
dry after lyophilization. As the sample preparation before RP-HPLC was identical
for crude extracts and lyophilized pancreatic extracts (high-speed centrifugation in
Eppendorf tubes followed by 0.45-flm filtration), the harmful effect can probably be
localized to the lyophilization in the presence of lipids.

The general usability of the Dynosphere-acetic acid system for succeeding anal
yses was illustrated by the insulin RIA analyses performed after lyophilization of
collected fractions (Fig. 8) and also by the initial sequence results obtained after a
secondary RP purification of the major components in peak I and II material from a
normal pancreas. The major digestive enzymes from the exocrine pancreas and the
major hormone from the endocrine pancreas (i.e., insulin) were easily identified (Fig.
9). Further sequencing of minor fractions are in progress.

It is worth mentioning, that the extraction and the two RP separations were
performed without any isolation steps (lyophilization, precipitation). This procedure
should therefore be well suited for isolating components present in very small
amounts, where isolation and redissolution may severely reduce the yield before the
sample can be transferred to the amino acid sequencer. If the final RP-HPLC is
performed in micro-columns, the isolated polypeptide may be collected directly from
the outlet tube of the UV photometer onto a glass-fibre disc and transferred to the
gas-phase sequencer. The peptide separation efficiency of the present acetic acid sys
tem is lower than that of an alkylsilica-TFA-acetonitrile system. However, the poly
meric stationary phase utilized here is the first to be eluted with acetic acid gradients
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in water, and other existing polymer-based RP columns or future developments in
stationary phase design may well increase the selectivity and separation capacity in
acetic acid gradients.

For the isolation of pure peptides/proteins from crude extracts containing nu
merous sample components, more than one RP-HPLC system is often needed. To
obtain maximum resolution, it is essential to apply two RP-HPLC methods with
different stationary phase and/or mobile phase compositions, and the initial one
could well be a polymeric RP column eluted with an acetic acid gradient in water. The
reduced sensitivity (due to the inapplicability of low-UV detection) is less inconve
nient in the initial part of a purification procedure, and such a system may be cleaned
up with strong alkaline and will tolerate a considerably higher number of crude
samples than an alkylsilica column, which remains the obvious choice for the second
dimension RP-HPLC.

In conclusion, we have developed an extraction procedure for pancreatic glands
and an RP-HPLC analysis system for the characterization of these extracts using the
same solvent throughout, thereby allowing a direct characterization and identifica
tion (RIA, sequence determinations) of extracted compounds. The resulting UV pro
files clearly reflect the different distributions of proteins and peptides in the exocrine
and the endocrine pancreas.

The RP chromatograms obtained from a number of normal pancreatic glands
were found to be very similar, whereas those from diabetic glands were mutually
more different and deviated considerably from the composition of extracts of normal
glands. The reason for this discrepancy is probably a much more pronounced post
mortem enzymatic decomposition of the pancreatic polypeptides in the diabetic
glands, which were removed several hours after clinical death.

Screening experiments with other commercially available polymer-based RP
columns and application of the extraction and characterization procedure to the
normal human pancreas with similar ischaemia times to the diabetic pancreas, to
pancreatic glands obtained from experimental animals with chemically or immu
nologically induced insulin-dependent diabetes mellitus and to experimental animals
with pancreatic tumours are in progress.
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ABSTRACT

The interactions in aqueous solutions between bovine serum albumin and the textile dye Cibacron
Blue F3G-A, in both the free and polymer-bound forms, were studied using difference spectroscopy and gel
chromatography. The polymers used as dye carriers were dextran, Ficoll, hydroxypropyl-starch, poly(vinyl
alcohol) and poly(ethylene glycol). The addition of poly(ethylene glycol) to the solutions decreases the
number of apparent binding sites on the albumin molecule, whereas this does not occur in the presence of
dextran. The results were compared with the influence of polymer-bound dye on the partitioning of
albumin in aqueous two-phase systems composed of dextran and poly(ethylene glycol). The partitioning of
lactate dehydrogenase, which also interacts with this dye, was studied for comparison.

INTRODUCTION

The use ofaffinity ligands in the purification ofproteins has led to rapid and very
selective separation methods. The most common procedure is affinity chromato
graphy, in which the affinity ligand is covalently attached to an insoluble matrix. This
gives an adsorbent which selectively binds one or several specific proteins. A closely
related technique which has advantages for large-scale processes is based on aqueous
(liquid-liquid) two-phase systems. These two-phase systems are obtained by dissolving
two polymeric substances [e.g., dextran and poly(ethylene glycol) (PEG)] in water
[1,2]. An affinity ligand can be localized to one of the phases by attaching the ligand to
the polymer concentrated in this phase [3-5]. By introducing the affinity ligand, the
partitioning of ligand-binding proteins changes. In some instances, e.g., glucose-6
phosphate dehydrogenase and phosphofructokinase, the change in the partition
coefficient of the enzymes has been as large as 10 OOO-foid [6].

In systems containing affinity ligands a number of interactions can be envisaged.
In general, the specific interaction between a ligand and the (target) protein is the basis
for the isolation whereas other kinds of interactions (e.g., ligand-ligand and
ligand-polymer) might interfere and reduce the separation capacity and the selectivity.
The presence of soluble or cross-linked polymers may also influence the binding
strength of the ligand to the target protein.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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For both affinity chromatography and affinity partitioning, a useful group of
ligands is the textile dyes derived from symmetrical triazine [7]. These dyes can be
obtained with a great variety ofmolecular structures, among which can be found some
with a striking affinity for certain enzymes, especially among kinases and dehydrogen
ases. The interaction between formate dehydrogenase and PEG-bound dyes (Cibacron
Blue 3GA and Procion Red HE3B) or NADH was studied by Cordes et al. [8] by using
ultracentrifugation, fluorescence and affinity partitioning. The dye-polymer-enzyme
complexes were shown to have larger dissociation constants in the upper (PEG-rich)
phase than in the lower (dextran-rich) phase. In this study, we chose the commonly
used ligand Cibacron Blue F3G-A and bovine serum albumin (BSA) as the
ligand-binding protein.

EXPERIMENTAL

Chemicals
Dextran T-500 (M, = 500000), dextran T-70 (M, = 70000) and Ficoll 400

(M, = 400 000) were purchased from Pharmacia (Uppsala, Sweden), poly(ethylene
glycol) (PEG 8000) (M, = 7000-9000) from Union Carbide (New York, U.S.A.),
hydroxypropyl-starch (HPS) (M, = 35 000) from Perstorp Biolytica (Lund, Sweden)
as Aquaphase PPT and poly(vinyl alcohol) (PVA 14) (M, = 14000) from BDH
(Poole, U.K.). Cibacron Blue F3G-A was purchased from Serva (Heidelberg, F.R.G.).
Bovine serum albumin (BSA) and lactate dehydrogenase (LDH) were obtained from
Sigma (St. Louis, MO, U.S.A.). All other chemicals were of analytical-reagent grade.

Synthesis of dye-polymer derivatives
Cibacron Blue F3G-A polymer derivatives were synthesized as described

previously [9,10]. The degrees of substitution (moles of dye per mole of polymer) were
1.0 for PEG, 7.6 for dextran, 1.3 for HPS, 20 for Ficoll and 1.1 for PVA.

D(fference spectra
Difference spectra were obtained in the visible range by using a Hitachi 100-60

spectrophotometer equipped with 10- or 2-mm cuvettes at n°e.

Gel chromatography
A column ofSephadex G-100 (17 x 0.9 cm J.D.) was equilibrated with 305 11M

Cibacron Blue F3G-A (deactivated by sodium hydroxide and dialysed) in 25 mM
sodium phosphate buffer (pH 7.5). A sample (0.5 m!) containing 100 11M BSA in the
above solution was applied. Elution was carried out at 22°C with the equilibration
solution. Fractions of 0.6 ml were collected and the concentration of Cibacron Blue
F3G-A was determined by absorbance measurement at 615 nm after ninefold dilution.

Two-phase systems
The systems were prepared by weighing out the required amounts of stock

solutions ofdextran 500 and PEG 8000, together with ligand-polymer, buffer, LDH or
BSA and water. All polymer concentrations are given as percentages by weight. The
partitioned proteins were desalted before use by dialysis. Cibacron Blue F3G-A was
deactivated with sodium hydroxide, neutralized and desalted by gel chromatography
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on SephadexG-25. The systems were equilibrated by careful mixing at noc for 30
s and the phases settled within 15 min. Samples were withdrawn from the two phases
and analysed. The partition coefficient, K, defined as the ratio of the solute
concentrations in the upper and lower phases, was calculated.

Assays
Albumin was measured by the absorbance at 280 nm and Cibacron Blue F3G-A

at 615 nm. When partitioned together, albumin was measured at 233 nm and
corrections were made for the influence of the dye. The activity of LDH was
determined photometrically at 340 nm according to Bergmeyer [11].

RESULTS

The interaction between BSA and the ligand Cibracon Blue F3G-A (Cb) was
found to be dependent on whether the dye was free (and deactivated) or bound to
a water-soluble polymer. In the latter instance the kind of polymer used as the ligand

0.6

0.4

800700soo 600

Wavelength I nm I

Fig. I. Difference spectra ofCibacron Blue-PYA (795 JIM dye) in the presence of various concentrations of
BSA: 1 = 36; 2 = 91; 3 = 181; 4 = 363; 5 "" 725; 6 = 1450 JIM. The solutions contained 25 mM sodium
phosphate buffer (pH 7.5). The measurements were carried out with a 0.2-cm cuvette. Temperature, 22°C.
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BSA I mMI

Fig. 2. Difference absorbance ofCibacron Blue PYA with BSA between 685 and 582 nm. The values were
recalculated to a I-em path length.

carrier was important. This was studied in this work by using difference spectroscopy
and also, in a few instances, gel chromatography.

Difference spectra
The type of spectra obtained when the absorbance of mixtures of dye and

albumin was measured against a dye solution (of the same concentration) can be seen
in Fig. I. By following the difference in absorbance between two peaks (at two
wavelengths) as a function of the concentration of albumin (or other dye-binding
substance), curves of the type shown in Fig. 2 were obtained. From the limiting value,
obtained by inverse plots [12], which, because of the excess ofalbumin, are assumed to
represent the fully bound dye, the number of moles of dye bound per mole of albumin
and the number of moles of free (unbound) dye can be calculated. These relationships
for Cb attached to PEG and PVA are shown in Fig. 3. From this kind of experiment,
the influence of the carrier molecule on the dye-protein interaction was studied. In the
case of (non-polymer-bound) Cb it was difficult to determine the limiting absorbance
difference. The apparent maximum number, Vrnw of ligand molecules bound per
albumin molecule was in the range 3.5-4.5. Both PEG and PVA as ligand carriers gave
a distinct value of Vrnax = 2 (Fig. 3). When the dye was bound to HPS and Ficoll the
binding number increased over the whole concentration range studied and values
exceeding 3 and 4, respectively, were observed (Table J). Also in the case ofCb-dextran
no saturation was observed and the apparent binding number could take values of at
least 2 units. The addition of PEG in several instances caused a decrease in the Vrnax

value whereas dextran did not have any noticeable effect (Table J).
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Fig. 3. Molar binding of two Cibacron Blue-polymers to BSA as a function of the concentration of free
Cibacron Blue~polymer. (a) Cibacron Blue-PYA; (b) Cibacron Blue-PEG. The solutions contained 25 mM
sodium phosphate buffer (pH 7.5). Temperature, 22°e.

Relative binding strength
The concentration of free (non-albumin-bound) dye necessary to obtain half

saturation was in most instances within the range 20-150 11M. An exception was
Cb-PVA with a value of300 ILM (Table I). To determine the relative binding strengths
of the first bound ligand molecules, the concentrations of free Cb (deactivated or
polymer-bound) in equilibrium with the I:l dye-albumin complex were compared.
This dye concentration increased in the following order of ligand carriers: PEG <
Ficoll = HPS < dextran < PVA, corresponding to a decrease in binding strength in
the same order. The respective concentrations of polymer-bound dye were 15, 60, 62,
100 and 125 11M. For the dye itself the value was in the range 4-12 11M. The presence of
polymers in some instances affected the binding as determined for Cb and polymer
bound dye. Dextran (10 or 5%) did not change the binding strength noticeably, while it
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TABLE I

APPARENT NUMBER OF BINDING SITES, Vmw ON BSA AND THE CONCENTRATION OF
FREE Cb-POLYMER, C'/2' NECESSARY TO ACHIEVE HALF SATURAnON VALUES DETER
MINED FROM DIFFERENCE SPECTROSCOPY

Temperature, 22°C.

Ligand Solvent "max C'/2 (pM)

Cb Water 3.5-4.5 35-85
10% PEG 8000 2.5 70
10% dextran 70 3.0-3.5 20

Cb-PEG Water 2.2 28
10% PEG 8000 l.l 51
5% dextran 70 2.1 31

Cb-PVA Water 2.1 300
Cb-HPS Water >3 100-120
Cb-Ficoll Water >4 > 100

10% PEG 8000 2 85
Cb--elcxtran Water >2 100-150

4% PEG 8000 >1 175

was reduced in the presence of PEG (10 or 4%) 2-3-fold (30 flM for the dye and 45 flM
for Cb-PEG).

Association of Cb with polymers
The interaction between the dye (in hydroxyl form) and various polymers in

aqueous solution could also be studied by difference spectrophotometry at levels up to

400

i'
-=
'"":0
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.8 300
~

200 '-- "----- "----- .L- "----- "----- '-----'
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Fig. 4. Gel chromatography of BSA (50 nmo1) on Sephadex G-100 equilibrated with 305 pM deactivated
Cibacron Blue in 25 mM sodium phosphate buffer (pH 7.5). Temperature, 22°C.
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TABLE II

PARTITIONING OF DEACTIVATED CIBACRON BLUE F3G-A (Cb), Cb-PEG AND BSA IN 5.2%
DEXTRAN 500, 3.8% PEG 8000 AND 25 mmol SODIUM PHOSPHATE BUFFER PER kg SYSTEM
(pH 7.5)

Temperature, 22°C.

Concentration K
(Jimol/kg)

Cb Cb-PEG BSA

10
50

250
1050
5250

15
60

300
600
900

29
74

147

3.17
3.47
3.77
4.04
4.54

4.80
5.69
6.83
7.22
7.60

1.10
1.05
1.01

150 gjl of polymer. The apparent amount of dye bound per gram of polymer was
a linear function of the concentration offree dye. The strongest interaction was found
for PVA, i.e., 75 pmol of dye per gram of polymer at a 100 pM concentration of free
dye. Corresponding values for Ficoll, HPS and PEG were 11, 1.4 and 1.1 pmoljg,
respectively. Dextran showed only weak spectral shifts on Cb and no tendency for
saturation could be seen.

Gel chromatography
The number of Cb molecules binding to one molecule of albumin was also

determined by gel chromatography on Sephadex G-l 00 (Fig. 4). The value was found
to be 5.2 when the concentration of dye was 305 pM. In a similar experiment with
Cb-PEG (200 pM) on Sephadex G-200, the positive and negative peaks were not fully
separated. A careful estimation gave a binding number of ca. 3.

Two-phase partitioning
The partitioning between the two aqueous phases of a PEG-dextran system was

studied for BSA, free ligand (Cb) and PEG-bound ligand (Cb-PEG). Table II gives the
partitioning of Cb at various concentrations. The Cb favoured the upper, PEG-rich,
phase with a partition coefficient K = 3-4.5. When the dye was attached to PEG the
K value increased by a factor of 1.7 (K = 4.8-7.6) (Table II). The partitioning of the
BSA was nearly equal between the two phases with K = 1.0-1.1 (Table II).

Co-partitioning of albumin with Cb or Cb-PEG
The partitiQning ofCb was affected by the presence ofBSA in the system (Fig. 5).

With an excess of albumin the dye, assumed to be in a 1: 1 complex with the protein,



226 G. JOHANSSON, M. JOELSSON

1.0 r------.-----,------r-----,------,-------,

~ 0.5
.5

100 200 300

BSA (~mol/kg)

400 500 600

Fig. 5. Partition coefficients, K, of ("') Cibacron Blue F3G-A (deactivated) and (e) PEG-bound Cibacron
Blue as a function of the concentration of BSA in aqueous two-phase systems. The composition of the
systems was 5.2% dextran 500, 3.8% PEG 8000, 25 mmol(kg sodium phosphate buffer (pH 7.5), 0.25
mmol(kg Cibacron Blue or Cb-PEG and various amounts of BSA. Temperature, n°c.

showed the same partition coefficient as the free albumin. On the other hand, when the
Cb was bound to PEG (Fig. 5), the 1: 1 complex had K ~ 2.5 (log K = 0.4). By taking
the concentration of albumin necessary to reach half saturation as a measure of the
relative binding strength, the curves indicate that the dye itself interacted around five
times more strongly with BSA than did the PEG-linked dye.

The extraction curve for albumin (of constant concentration) with increasing

1.0 ,--.--.,----.---,---,--,----,,--,----r----,

~ 0.5
o

...J

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Cb PEG (mmol Cb Ikg)

10

Fig. 6. Partition coefficients, K, of(.) BSA and (e) Cb-PEG when partitioned together in a two-phase
system containing 5.2% dextran 500, 3.8% PEG 8000, 25 mmol(kg sodium phosphate buffer (pH 7.5), 147
,umoI(kg BSA and various amounts of Cb-PEG. Temperature, noc.
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TABLE III

PARTITION OF Cb-POLYMERS AND DEACTIVATED Cb WITHOUT AND WITH AN EXCESS
OF BOVINE SERUM ALBUMIN

The partition coefficients, KCb ' of Cb (polymer-bound or not) in the presence of excess of BSA are
extrapolated values. Two-phase systems as in Fig. 5.

Cb carrier KCb

Free In excess of BSA

None
PEG
PVA
HPS
Ficoll
Dextran

3.17
6.83
6.87
3.61

12.0
0.066

0.95
2.82
5.0-6.3
1.20
5.01
0.018

amounts of Cb-PEG is shown in Fig. 6. The K value of albumin approaches 6.3 (log
K = 0.80), which should be the partition coefficient of the saturated Cb-PEG-protein
complex. The co-partitioning of Cb-PEG is also shown in Fig. 6.

Partitioning of various Cb polymers
The partition coefficients of a number of Cb polymers in excess of albumin are

summarized in Table III. The K value of the complex was higher for PVA and Ficoll
than PEG as ligand carrier. Dextran, giving a complex which favours the lower phase,
was more than three times as potent as PEG. While the degree ofsubstitution for Ficoll
and dextran is > I (20 and 7.6, respectively), they may form complexes with several
binding points to the same albumin molecule or bridges between several protein
molecules.

Partitioning of lactate dehydrogenase (LDH)
Partitioning of LDR from rabbit muscle was studied for comparison (Fig. 7).

The most effective extractors (to opposite phases) were Cb-Ficoll and Cb-dextran,
respectively. The estimated maximum changes in the logarithm of the partition
coefficient, Lllog Kma" are summarized in Table IV. Cb--Ficoll showed the largest shift
in log K (0.99 units) for LDR. The power of extraction should, however, be related to
the partitioning of the polymer-bound dye. For this comparison we introduce the
effectivity number, e, i.e., the relative value Ll log Kmax,LDH/log Kligand' The e value
ranged from 1.4 to 2.4 with the highest value for dye-RPS (Table IV).

Model for affinity partitioning
The partitioning of a protein between the two aqueous phases containing

a polymer-bound ligand can be calculated from the assumed number of binding sites
and dissociation constants. We present here an extended version of the well known
model for affinity partitioning suggested by Flanagan and Barondes [13], assuming
that the protein has two binding sites for the ligand when it is in the upper phase and
three binding sites in the lower phase. The dependence of log K on the total
concentration of ligand-polymer is derived as follows.
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Fig. 7. Partition coefficients, KWH, of lactate dehydrogenase (12-15 U/kg) in the same system as in Fig.
5 but with various concentrations of Cibacron Blue-polymer derivatives: 0 = Cb~PEG;'" = Cb-PVA;
o = Cb-Ficoll; /::, = Cb-HPS; • = Cb-dextran.

With a total concentration Cp of the protein in a system with a volume ratio
(top/bottom) V, the free protein has a partition coefficient K p and the ligand-PEG
a partition coefficient KL . The dissociation constants in the top phase, k tl and ki2 , are
defined by

(I)

(2)

TABLE IV

PARTITION OF Cb-POLYMERS AND THEIR MAXIMUM EFFECT ON THE PARTITION OF
LACTATE DEHYDROGENASE (Ll LOG KWH .rna,)

Two-phase systems as in Fig. 5. The effectivity number, e, of polymer molecules bound per enzyme molecule
was calculated as 8 = log KLDH.rn../log KCb-polyrn,,'

Cb carrier Log KCb-polyrn" Log KLDH.max

PEG 0.88 1.52 1.7
PYA 0.84 1.14 1.4
HPS 0.56 1.34 2.4
Ficoll 1.08 2.07 1.9
Dextran -1.18 -1.85 1.6
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and the three constants in the bottom phase, k b ), kbz and k b3 , are defined by

229

(3)

(4)

(5)

where [P]i, [PL]; and [PLZ]i are the concentrations of the protein, monoligand protein
and diligand protein, respectively, in the top phase (i = t) and bottom phase (i = b).
[PL3]b is the triligand protein present only in the bottom phase.

The total concentrations of protein, CP•t , in the top phase can be written as
a function of [Llt:

(6)

and the total protein concentration, CP,b' in the bottom phase as

(7)

The protein concentration in the top phase can also be expressed as the overall
concentration of protein:

P _ Cp(I + V)
[ ]t - VQ + R/Kp

The overall partition coefficient for the protein, K tot , will then be

K - CP•t _ [P]t ,~ - K .~
tot - C - [P] R - P R

P,b b

(8)

(9)

In the same way, the total concentration of ligand in the top phase, CL,t and in the
bottom phase, CL,b, can be expressed as functions of [L]t:

The overall concentration of ligand, CL , in the system is then

1
CL = --(VCL t + CL b)1 + V ' .

(10)

(11)

(12)
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TABLE V

SETS OF DISSOCIATION CONSTANTS WHICH GIVE GOOD CURVE FITTING FOR THE
EXTRACTION CURVES IN FIG. 7

Cb-polymer Dissociation constant (mM)

ktl kbl k'2 kb2 kb3

PVA 0.006 0.003 0.02 0.01 0.2
PEG 0.007 0.007 0.035 0.035 3
Ficoll 0.0013 0.0013 0.003 0.003 0.018
HPS 0.003 0.004 0.006 0.008 0.2
Dextran 0.00025 0.00125 0.00025 0.00125 0.1

As the overall partition coefficient, K(o(, of protein cannot be expressed explicitly as
a function of CL , both of these values were calculated for a series of values of [L]( via
eqns. 9 and 12. By using V = I, Cp = 0.15 mM, KL = 6.3 and Kp = 1.0, which
correspond to the conditions for the experiment in Fig. 6, a good fit was obtained by
using the following values for the dissociation constants: k(t = 0.025 mM, k(2 = 0.1
mM, kbt = 0.01 mM, k b2 = 0.04 mM and k b3 = 10 mM. Corresponding k values in
the top and bottom phases were chosen to be in the ratio 2.5:1. For the case when only
one binding site is assumed in the top phase and two in the bottom phase, the same
equations can be used if only the [L]; terms in eqns. 6 and 10 and the [L]~ terms in eqns.
7 and 11 are omitted. In this event good curve fitting was obtained with ktl = 0.1 mM,
kbt = 0.16 mM and k b2 = 1.2 mM.

When the above model (with two binding sites in the top phase) was applied to
the experimental data for the partitioning ofLDH (Fig. 7), excellent fits were obtained
by using the sets of dissociation constants summarized in Table V. The values used
indicate that the first dissociation constant for LDH-dye~polymer may well be
approximately the same in both the bottom and top phases with the exception of the
complex with dye~dextran. In the latter instance the curve fitting indicates a fivefold
stronger complex in the top (PEG-rich) phase than in the bottom (dextran-rich) phase.

DISCUSSION

The apparent number of binding sites on the albumin molecule for Cb (in water)
found in this work (3.5-4.5 spectroscopically, 5.2 by gel filtration) is close to the value
of 3.4 found by Antoni et af. [14] by using difference spectroscopy but considerably
higher than the value of2.0 reported by Ling and Mattiasson [15] using partitioning in
aqueous two-phase systems and equilibrium dialysis. The higher value obtained by
using gel filtration could be explained by assuming sandwich binding (one dye
molecule associating with one albumin-bound dye molecule), which may not
necessarily be reflected in the difference spectrum.

Covalent binding of the dye to the polymers PEG and PYA reduces the number
of available binding sites on the albumin molecule. This might be due to unfavourable
interaction between the attached polymer chain and that part of the surface of the
protein molecule which surrounds one of the binding sites. The effect of polymers is
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striking. While addition of bulk dextran had a small influence on the number of bound
Cb and Cb-PEG and on the binding strength, both parameters were reduced by the
addition of PEG. This indicates that the polymer influences the conformation of the
albumin molecule in such way that one of the binding sites drastically lowers its
dye-binding ability.

Another possible explanation for the reduced binding could be that one of the
elements of the Cb molecule, e.g., the hydrophobic parts, interacts with the polymer
chains. If so, contact points (on the dye molecule) for the protein may be masked.
Depending on the relative importance of these contact points for the binding strength
to the various site on BSA, the weakening of the interaction could be influenced more
or less drastically by the presence of polymers such as PEG or PVA.

Polymer-bound triazine dyes have been used as affinity ligands for the isolation
of proteins by partitioning between the aqueous phases of dextran-PEG-water
two-phase systems. The results obtained here point toward the possibility that
proteins, in this instance albumin, do not have to expose the same number of binding
sites in the two phases. Earlier models for affinity partition have been based on the
assumption of the same Vmax in both phases. In the model presented above it is assumed
that the protein has one more binding site in the bottom than in the top phase. If only
one binding site is assumed in the top phase the albumin has to bind Cb-PEG more
strongly (1.6-fold) in the top compared with the bottom phase. With two binding sites

Phase 1

Phase 2

Fig. 8. Scheme of some important interactions which take place in thc aqueous two-phase systems
containing two polymers mainly concentrated in opposite phases. P, Protein; A, polymer-bound ligand; L,
free ligand. The indicated interactions are (a) protein to polymer-bound ligand; (b) and (b') protein to
phase-forming polymer; (c) protein to free ligand; (d) protein to protein; (e) and (e') polymer-bound ligand
to phase-forming polymer; (I) and (f) free ligand to phase-forming polymer; (g) self-interaction between
polymer-bound ligand; (h) self-interaction between free ligand; (i) polymer-bound ligand to free ligand; (j)
between polymer bound ligand and its carrier polymer.
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in the top phase the binding might be stronger in the bottom phase, as indicated by the
binding experiments, by 2.5-fold (for the first constant). In this instance the third
binding constant in the bottom phase was without any influence.

The partition experiments also gave the partition coefficients of the minimum
complex and of the fully substituted albumin complex (Figs. 5 and 6). As the latter
value is greater than the former, it can be concluded that the number of binding sites (in
the top phase) must be larger than unity. The two-phase system studied here has phases
that contain considerable amounts of both polymers, 5.70% PEG and 1.05% dextran
in the top phase and 1.85% PEG and 9.46% dextran in the bottom phase [I] and
therefore the "polymer effect" may not be as pronounced as in systems with higher
polymer concentrations where the polymers have a more one-sided partition to one
phase each.

The curve fitting in Table V indicates that the dye-protein interaction, in the case
of LDH, is strongly dependent on the choice of ligand-carrying polymer. The first
dissociation constants (in the top and bottom phases) show that the most effective
binding is obtained with dextran whereas PEG, which is the most commonly used
ligand carrier, gave the lowest binding.

Aqueous two-phase systems applied for affinity partitioning of proteins involve
a great number of molecular interactions. The possible 1: 1 interactions (between two
molecular species) are summarized in Fig. 8. To achieve a good affinity extraction into
the top phase, in which the polymer-bound ligand is concentrated, the protein-ligand
interaction (a) should be stronger in the top phase and the ligand-ligand (g),
ligand-polymer (e) and ligand-carrier polymer G) interactions should be as small as
possible in this phase. These interactions all contribute to the apparent dissociation
constants of the protein-ligand-polymer complex. By obtaining a deeper under
standing of these factors, more selective and effective separation methods based on
affinity ligands may be formulated, e.g., two-phase systems with other polymers than
those used today.

CONCLUSIONS

The association ofCibacron Blue F3G-A to serum albumin is influenced both by
the binding of the dye to a polymer and by the presence of bulk polymers in an aqueous
solution. Both the number of binding sites and the dissociation constants are affected.
The kind of polymers used to obtain aqueous polymeric two-phase systems for the
affinity partitioning of proteins may therefore be critical.

ACKNOWLEDGEMENTS

This work was supported by grants from the Technical Research Council of the
National Swedish Board for Technical Development (STUF) and the Magn. Bergvalls
Foundation.

REFERENCES

I p.-A. Albertsson, Partition of Cell Particles and Macromolecules, Wiley, New York, 3rd ed., 1986.
2 H. Waiter and G. Johansson, Anal. Biochem., 155 (1986) 215.
3 S. D. Flanagan and S. H. Barondes, J. Bioi. Chern., 250 (1975) 1484.



PROTEIN-LIGAND INTERACTIONS STUDIED ON BSA 233

4 G. Takerkart, E. Segard and M. Monsigny, FEBS Lett., 42 (1974) 21~.

5 G. Johansson, J. Biotechnol., 3 (1985) II.
6 G. Johansson and M. Andersson, 1. Chromatogr., 303 (1984) 39.
7 P. D. G. Dean and D. H. Watson, J. Chromatogr., 165 (1979) 301.
8 A. Cordes, J. Flossdorf and M.-R. Kula, Biotechnol. Bioeng., 30 (1987) 514.
9 G. Johansson and M. Joelsson, Biotechnol. Bioeng., 27 (1985) 621.

10 G. Johansson and M. Joelsson, J. Chromatogr., 411 (1987) 161.
II H. U. Bergmeyer, Methoden der enzymatischen Analyse, Vol. I, Verlag Chemie, Weinheim, 2nd ed.,

1970, p. 441.
12 S. Subramanian, Crit. Rev. Biochem., 16 (1984) 169.
13 S. D. Flanagan and S. H. Barondes, 1. Bioi. Chem., 250 (1975) 1484.
14 G. Antoni, M. C. Casagli, M. Bigio, G. BotTi and P. Neri, ltal. J. Biochem., 31 (1982) 100.
15 T. G. 1. Ling and B. Mattiasson, J. Chromatogr., 252 (1982) 159.





Journal of Chromatography, 537 (1991) 235-247
Elsevier Science Publishers B.V., Amsterdam

CHROM. 22800

High-performance liquid chromatographic analysis of the
(cyanoaquo) stereoisomers of several putative vitamin B12

precursors

SUSAN H. FORD*, JEAN GALLERY, ALVA NICHOLS and MURRAY SHAMBEE

Chicago State University, Department of Chemistry and Physics, 95th Street at King Drive, Chicago, IL
60628 (U.S.A.)

(First received April 10th, 1990; revised manuscript received August 30th, 1990)

ABSTRACT

The cyanoaquo and aquocyano stereoisomers of several putative vitamin B12 precursors are revers
ibly formed and can be separated using analytical high-performance liquid chromatographic methods. The
behavior of these stereoisomers varies somewhat depending on the type of column used and the chroma
tographic conditions employed. Both reversed-phase and ion-exchange columns can be used to observe the
reversible formation and separation of the stereoisomers of (H 20,CN)cobyric acid, cobinamide and the
cobinic acid pentaamide-I, -2 and -3 structural isomers. The greatest differences in retention times are seen
when the pH of the eluting buffer is less than 4.0 and the buffer contains no KCN.

INTRODUCTION

Cyanocobalamins (vitamin 8 12), and other cobamides, have been the primary
focus of interest in most areas of corrinoid research due to their functions as the
important coenzyme partners in many critical enzyme-catalyzed reactions in both
eucaryotic and procaryotic organisms [see, for example, reviews such as refs. I and 2].
This nexus of interest has resulted in several papers in recent years showing how
high-performance liquid chromatography (HPLC) could be used to separate and/or
identify cobamides found in mammalian or bacterial materials [3-6].

Cobalamin contains not only the corrin ring and attendant side chains, but the
(X-side "nucleotide loop" connected to the ring at side chain f and is thus known as
a "complete" corrinoid. The "incomplete" corrinoids do not have the (X-side
"nucleotide" loop, but do contain the complete corrin ring and attendant side chains.
These compounds are of interest as precursors to the cobamides in microorganisms [7],
and may occasionally function as coenzymes or activators in bacteria since CofJ
methylcobyric acid acts as a coenzyme in Clostridium thermoaceticum [8], and, not only
methylcobalamin, but also diaquocobinamide activates the methylreductase system in
extracts of Methanobacterium bryantii [9]. In a purely chemical sense, however, the
"incomplete" corrinoids have been especially useful in studying the redox and other
functions of the corrin ring and complexed cobalt atom [10, II]. Recent publications

0021-9673(91($03.50 © 1991 Elsevier Science Publishers B.V.



236

eN

S. H. FORD et al.

eN

A B

Fig. I. Abbreviated corrinoid structure showing only the relationship between the eN and H 20 cobalt
atom ligands and the corrin ring plane. A = a-cyano,f3-aquo; B = a-aquo,f3-cyano.

have shown the usefulness of one of these "incomplete" corrinoids, cobinamide, as
a dehalogenating agent for environmental contaminants such as lindane and C-I
polychlorinated hydrocarbons [12,13]. In addition, the incomplete corrinoids can
serve as models for the "base-off' cobamides, the forms in which many of the
biologically active corrins function as coenzymes [14,15].

Structurally, the "incomplete" corrinoids are nearly unique in that they can
exhibit stereoisomerism which is not usually seen with the "complete" corrinoids,
except at very low pH for cobalamin [16] and in the case of the phenolyl and cresolyl
cobamides recently identified in Sporomosa ovata [17]. The cyanoaquo-"incomplete"
corrinoids may show either [o:-cyano,fi-aquo] or [o:-aquo,fi-cyano] structures (see Fig.
1). This fact was reported in a series of papers by Friedrich and co-workers in the late
1960s [18-20]. These authors showed that the stereoisomers of cobyric acid were
thermally unstable and yet clearly distinguishable under the right experimental
conditions.

13C NMR studies of the aquo 13CN- and aquo 13CH 3-cobinamide stereoisomers
have been reported showing small differences in the chemical shifts of the two isomers
[10,21]. In addition several reports in the literature have noted the presence of
separably identifiable stereoisomers of aquocyano-cobinamide upon HPLC analysis,
but none of these reports revealed further investigation of this phenomenon [3,5,6].

In this paper we show how HPLC can be used to distinguish and analyze
the cyanoaquo stereoisomers of several different incomplete corrinoids, including
cobinamide, cobyric acid, and three isomeric cobinic acid pentaamides, compounds of
useful interest in many areas of chemistry.

EXPERIMENTAL

Whatman DE-53 (high-capacity DEAE) and CM-52 ion-exchange celluloses
were purchased from Whatman. Dowex AG-IX2 and cyanocobalamin (vitamin B1Z)

were purchased from Sigma. All solvents used for HPLC were of HPLC-grade purity,
and water used for preparation of aqueous solvents was distilled, deionized in
a Millipore system, filtered through an 0.2-Jim membrane, then degassed. All other
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solvents and chemicals were of reagent grade. Phenol used for desalting of corrinoids
was prepared fresh at 91 % (v/v) using liquified reagent-grade crystals and distilled,
deionized water. Small quantities of cobyric acid and cobinamide in their cyanoaquo
forms and of aquocobalamin to use as standards were kindly supplied by H. C.
Friedmann.

Preparation of cobinic acid pentaamide isomers, cobyric acid and cobinamide
Three isomeric cobinic acid pentaamides of known structure were prepared as

follows:
A 5-g amount of vitamin B12 was incubated for 4 h in 500 mIl M HCl at 37°C.

After incubation, the solution was neutralized with 5 M NaOH, desalted by phenol
extraction [22], and the resulting corrinoid mixture separated on Dowex AG-lX2 as
described by Anton et al. [23]. The purified cobamic acid pentaamides-l, -2 and -3 as
described by these authors were then individually desalted by phenol extraction,
crystallized, and the nucleotide was removed from each by the method of Renz [24].
Purification of the individual cobinic acid pentaamides resulting was by chromato
graphy on DE-53 (acetate) columns (Whatman) equilibrated in 0.05% aqueous HCN;
0.08% acetic acid in 0.05% aq. HCN was the eluting solvent. Yields and cobini;:; acid
pentaamide i·somer characteristics are given in the text. To remove contaminating
heavy metals, the cobinic acid pentaamides were passed through columns of Chelex
100 (Sigma) as suggested by Bratt and Hogenkamp [25], with 0.1 MKCN being used as
the eluting solvent, then each isomer was desalted by phenol extraction and dried to
a powder or glass. This treatment results in the cyanoaquo form of the incomplete
corrinoids as evidenced by a color change from purple to red, and the shift of the
y absorption band in the electronic spectrum from 367 to 352-354 nm. Natural
abundance 13C NMR (proton decoupled) was performed on the cobinic acid
pentaamide isomers in 2H20 using a Nicolet spectrophotometer, with a l6-,us pulse,
1.0-s pulse delay, tetramethylsilane as external standard and methanol as internal
standard to determine precise chemical shift.

Cobyric acid was prepared from vitamin B12 as described by Renz [24] with the
modifications in final product purification previously published [7]. Cobinamide was
available from these preparations as a major side product.

Preparation of the CofJ-adenosyl forms of cobyric acid and of the cobinic acid
pentaamides was as previously described [26]. In these preparations, the cyanoaquo
cobinic acid pentaamide or cyanoaquocobyric acid was dissolved in deoxygenated
distilled/deionized water (1 mg/2 ml). Argon or nitrogen gassing of the solution was
used to maintain the oxygen-free atmosphere of the solution. A crystal ofcobalt nitrate
was added as catalyst [27] and the solution was continuously stirred. After sealing the
solution in a vial, and continuing gassing via a septum, a 10-fold molar excess of
aq.(deoxygenated) NaBH4 was added via syringe. The color of the solution turned
dark grey and gas was given off. The solution was transferred to the dark room, where
a 1.5 fold molar excess of 5'-iodo-5'-deoxyadenosine (Aldrich) in 1.0 ml deoxygenated
water was injected. After stirring an additional 15 min at room temperature in the
dark, excess borohydride was destroyed by addition of2.0 mIl M acetic acid, and the
soiution was phenol extracted. Final purification was via preparative high voltage
paper electrophoresis (0.05 M acetate buffer, pH 4.5). Due to their light-s,ensitivity, the
CofJ-adenosyl corrinoids were stored frozen, desiccated and protected from the light,
and were handled only in the dark room in the presence of a red safety lamp.
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Analytical HPLC
Analytical HPLC was performed using a Waters system with dual Model 501

high-pressure pumps, an automated gradient controller and a ModeJ 441 fixed
wavelength absorbance detector with a 365-nm filter. A Kipp and Zonen Model BD41
flatbed recorder was used to record absorbance data. Peak area was used to estimate
the percent of individual components in mixtures and when corrinoid stereoisomers
clearly separated during chromatography. Two different types of columns, ion
exchange (Waters -NHz or Whatman Partisil-5-SAX), and reversed-phase (Waters
flBondapak C18 or Alltech Adsorbosphere C18), were used. An RCSS CN guard
column was employed for the ion-exchange experiments, and an RCSS C18 guard
column for the reversed-phase experiments.

With ion exchange, pyridine acetate buffers in water-tetrahydrofuran (96:4) [3]
at 80 mM or less concentration and pH ranges from about 6.0 to 3.5 were used as
described in the text, whereas with reversed-phase columns, methanol-aqueous acetic
acid [6] or pyridine acetate buffers mixed with 30% or less acetonitrile were employed.
All columns used except the Whatman Partisil-5-SAX were 25 cm x 4.6 mm J.D.; the
Partisil column was 10 cm x 4.6 mm J.D. Corrinoids were dissolved in HPLC-grade
water and filtered via syringe using an 0.2-flm PTFE or nylon membrane before
injection. Amounts of incomplete corrinoids injected ranged from 1-10 rimoles in 20 fll
HPLC-grade water or HPLC-grade water containing 0.01 % KCN, depending on the
experiment. A maximum of 15 nmol were used in one experiment when corrinoid
isomers were collected from the analytical column.

Additional analytical and preparative techniques
Analytical electrophoresis was performed on paper using buffers and techniques

previously described [26]. Determination of the pKa value for each of the cobinic acid
pentaamide isomers was essentially as suggested by Anton et al. [23] for the cobamic
acids using corrinoid migration on paper electrophoresis in buffers of varying pH with
B1Z as an external standard. To substantiate the electrophoretically determined pKa

values, cobinic acid pentaamide-2 was also titrated by standard analytical means, and
the pKa value determined from the titration plot.

Analytical thin-layer chromatography (TLC) was performed on silica gel
60-coated (0.2 mm thickness) plastic plates (E. Merck, Darmstadt, F. R.G.), and
preparative TLC was run on glass-backed plates of the same material from E. Merck,
layer thickness 2 mm. Solvents used for both analytical and preparative TLC were
those described in ref. 28. Analytical ascending paper chromatography was performed
using Whatman No.1 paper in solvent systems E, H and I as described by Bernhauer et
at. [29]. Visible and UV absorbance spectra were recorded using a Perkin-Elmer
Lambda 3B UV-VIS spectrophotometer with l-ml quartz cells (10 mm light path) and
a PE R100A recorder. Concentrations of incomplete corrinoids in solution were
calculated using published molar extinction values [17,30], or, in the case of cobinic
acid pentaamide-2, using our own experimentally determined values (Table I).
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TABLE I

YIELDS AND PHYSICAL/CHEMICAL CHARACTERISTICS OF SEVERAL COMPLETE AND INCOM
PLETE CORRINOID ACIDS PREPARED FROM CYANOCOBALAMIN

Corrinoid

Cobamic acids" Cobinic acids"

I' 2" 3" I' 3'

Yield (%)f
Overall yield
pKj

Corrinoid

6.7(7.1) 9.4([5.1) 6.9(9.0) 35
2.4

5.10 ± 0.11 4.52 ± 0.07 4.62 ± 0.07 3.30 ± 0.0 [

Electronic spectrum: ), (nm) (8M)"

73
6.9
3.39 ± O.oJ

51
3.5
3.34 ± 0.01

Cobyric acid-dicyano
-CofJ-adenosyl

Cobinic acid-I '-dicyano
-CofJ-adcnosyl

Cobinic acid-2"-dicyano
-CofJ-adenosyl

C6binic acid-3'-dicyano
-Cofl-adenosyl

/1

578(8950) 539(7950)
466(10 300)j

580' 540(6650)
465(8250)i

579(8300) 539(7000)
460( I0 250)j

579' 539(6900)
462(8100Y

367(28 100)'
35[([8050)
368'
349"([5750)
367(25 000)
349k([5 250)
367'
347k

( [[ 600)

UVm"

314(1 [ [50), 260k(l8 200)
315 and 304(17 350), 262(37 800)
311 (13 400), 260"(28 550)
313(2 [ 500), 262(45 300)
313(13950), 255k (36 600)
315(26 100),261(56000)
3[ 1(12600), 259k (25 800)
315 and 303(20 800), 262(39 800)

" Prepared per Anton el al. [23] by mild acid hydrolysis of cyanocobalamin.
b In the cyanoaquo form.
, [somer I is the [a,b,c,e,gJpentaamide [23].
d Isomer 2 is [a,c,d,e,g]pentaamide [23].
" [somer 3 is [a,b,c,d,g]pentaamide [23].
f The yields shown in parentheses are those reported by Anton el al. [23].
" Cobamic acid pK" values are as reported in ref. 23.
h 8M = Mo[ar extinction. Values in I/mol . em. Extinctions are rounded off to the nearest 50.
, Very close to those values reported in ref. 30.
j No clear maximum above 500 nm.
" Shoulder.
, Extinctions were determined for cobinic acid-2 by weight; the standard values dctermined for -2 at the C( and

y bands were assumed for - [ and -3 as well and were used in thcse calculations.

RESULTS AND DISCUSSION

Preparation/characterization of cobinic acid isomers
The yields and certain characteristics of the isomeric cobinic acid pentaamides-1,

-2 and -3 are summarized in Table I. The intermediate compounds prepared initially
from cyanocobalamin were the cobamic acid pentaamide isomers arising from the
hydrolysis of the propionamide groups at corrin ring positions b, d and e originally
described by Anton et ai, [23]. The location on the corrin ring of each free carboxylic
acid in the cobamic series was determined by these authors using 13C NMR; two recent
papers substantiate these designations and complete the unabiguous isomer assign
ments using 1- and 2-dimensional NMR [31,32].
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Since the cobinic acids were prepared from the cobamic acids by removal of the
IX-side nucleotide loop using the mild conditions ofRenz [24], we have assumed that the
location ofthe cobinic acid pentaamide free acid group in each case is identical with
that of the cobamic acid from which it was derived. Such an assumption seems
warranted by two facts. First, Brown and Peck-Siler [10] observed that when
[l3C]methylcobalamin was converted to [l3C]methylcobinamide via the same method
of nucleotide removal that we used, no structural changes in the corrinoid except those
anticipated by nucleotide removal were identified using NMR. Second, our own
preliminary l3C NMR work on the cobinic acid pentaamide isomers [33] has given
spectra which can be correlated fairly easily with the spectra of the cobamic acids from
which they were derived [23,31,32]. This is especially true in the area of the downfield
carbon resonances (carbonyl, imine and pyrrole), where isomeric variations are likely
to be seen.

It is interesting to note that the cobinic acid pentaamide-2 analogue prepared by
us via the procedure of ref. 23 followed by that of ref. 24, is identical by HPLC, TLC,
analytical electrophoresis and analytical ascending chromatography to the only
cobinic acid pentaamide we reported previously [7] as derivable in significant amounts
from the mild acid hydrolysis of cobinamide. In addition, hydrolysis of the amide
group at ring position b in cobalamin, to give cobamic acid pentaamide-2 (cobamic
acid [a,c,d,e,g]pentaamide), was the easiest to accomplish, i.e. gave the highest yield
reported by Anton et al. [23]. Thus the removal of the amide group at position b on the
corrin ring when hydrolysis is accomplished under mild conditions using acid appears
to be especially facile.

As is shown in Table I, the pKa values for the cobinic acid pentaamides are from
1-1.5 pH units lower than those for the corresponding cobamic acid pentaamides. The
apparent effect of these differences on separation of the cobinic acid pentaamide-l, -2
and -3 structural isomers compared to separation of the cobamic acid pentaamide
isomers by HPLC is discussed in the next section.

Fig. 2 illustrates the complete electronic absorption spectrum of the CofJ
adenosyl and dicyano forms of cobinic acid pentaamide-2. In addition, the major
absorption bands in the electronic spctra of the CofJ-adenosyl and dicyano forms of
cobyric acid and of the three the cobinic acid pentaamide structural isomers are listed
on Table I along with the molar extinction coefficient for each major band. As can be
seen from this list, the dicyano-forms have the same band locations, but slightly
different extinctions, whereas the CofJ-adenosyl forms exhibit somewhat different
locations of the fJ bands, and variation in almost every extinction value.

HPLC analysis of cobinic acid pentaamide isomers
Fig. 3 illustrates a typical data print-out from ion-exchange HPLC of the

cyanoaquocobinic acid pentaamide isomers and cobyric acid. Tables II-IV summarize
the results when the behavior of the cobinic acid pentaamide isomers on HPLC was
compared to the behavior of cyanocobalamin, aquocobalamin, cobinamide, cobyric
acid and the cobamic acid pentaamides-l, -2 and -3. Table II shows, for example, that
when using an ion-exchange column and in the absence of KCN in the buffer, the
incomplete corrinoids in their cyanoaquo-forms all exhibited two components, in
a pH-dependent manner, whereas the complete corrinoids uniformly showed but one
component at all pH values tested. In those cases where the components were
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Fig. 2. Electronic absorption spectrum ofcobinic acid [a,c.d.e.g]pentaamide, Il.21IM. 0 = Cofi-adenosyl
(neutral pH, water); • = dicyano- (pH> la, 0.1 M aq. KCN).

mi nutes

Fig. 3. Typical HPLC behavior of cyanoaquo stereoisomers of the cobinic acid pentaamides and cobyric
acid. Whatman Partisil5-SAX column, 80 mM pyridine acetate buffer (in water-tetrahydrofuran, 96:4) pH
3.58; 2.0 ml/min., 365 nm filter on detector, 0.05 a.uJ.s. The arrows indicate injection points in time plot. (A)
Cobinic acid[a.b,c.e,g]pentaamide (4.9 nmol/20 Ill); (B) cobinic acid[a.c,d,e,g]pentaamide (6.5 nmol/20 JlI):
(C) cobinic acid[a.b,c.d.g]pentaamide (4.9 nmol/20 Ill); (D) cobyric acid (4.6 nmol/20 Ill).
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TABLE II

ION-EXCHANGE HPLC OF INCOMPLETE CORRINOIDS

Partisil-5-SAX column 10 em x 4.6 mm 1.0.; isocratic; eluting buffer: 80 mM pyridine acetate in
water-tetrahydrofuran (96:4) at the pH indicated; + KCN = addition of 0.02% KCN (all corrinoids were
pre-treated with 0,02% KCN when KCN was used in the buffer); 1.0 ml/min pump rate.

Corrinoid Retention time (min) (component % of total)

Buffer pH 3.62 Buffer pH 4.40 Buffer pH 6.05

-KCN + KCN" -KCN + KCN" -KCN +KCN"

Cyanocobalamin 3.5(100) 3.6(100) 3.5(100) 3.8(100) 3.8(100) 3.6(100)
Aquocobalamin 2.7(100) 3.6(100) 2.6(100) , 3.5(100)
Cobamic acid-! b 4.6(100) 4.1(100) 5.5(100)

-2 6.0(100) 4.6(100) 5.1(100)
-3 6.9(100) 4.7(100) 5.2(100)

Cobinamide 2.6(68) 3.0(100) 2.6( -)' 3.0(100) 4.3( -)' 3.2(100)
3.7(32) 3.0(-) 4.7( -)

Cobinic acid-I b

cyanoaquo 3.2(49) 3.7(100) 4.5(100) 3.8(100) 4.5(100) 4.4(100)
4.9(51)

Cof3-adenosyl 6.2d

Cobinic acid-2
cyanoaquo 3.0(56) 3.5(100) 4.0(100) 3.8(100) 3.1(49) 3.9(100)

4.3(44) 4.0(51)
Cof3-adenosyl 5.4d

Cobinic acid-3
cyanoaquo 3.2(30) 3.7(100) 4.2( -)' 3.8(100) 3.9( -)' 4.1(100)

5.0(70) 4.8( -) 4.3( -)
Cof3-adenosyl 5.9d

Cobyric acid
cyanoaquo 2.7(52) 3.4(100) 3.4(100) 3.5(100) 3.5( - )' 3.7(100)

3.8(48) 3.8( - )
Cof3-adenosyl 3.6d

" Cobamic acids were in the cyano form; when the buffer contained KCN, each incomplete corrinoid
was converted to its dicyano form which appeared as a single peak.

b For structural designations and systematic names see Table l.
, Components not clearly enough separated to calculate percentages.
d Single broad peak; 2.0 ml/min pump rate.

sufficiently separated, the percent ofeach component was calculated by integrating the
area under the curve. For all ofthecobinic acid pentaamide isomers, cobinamide and
cobyric acid, the best separation of the two stereoisomers in each case occurred when
thepHwas below 4, but only when KCN was absent from the buffer. In the presence of
KCN in the buffer, a single corrinoid form was stabilized and only one component was
found for each of the incomplete corrinoids, presumably that of the dicyano-corrinoid,
and its retention time was approximately halfway between those of the two cyanoaquo
stereoisomers. In some experiments, when dicyanocobinic acid pentaamide was
injected, and buffer without KCN was used, a small peak of intermediate retention
time, along with peaks corresponding to the two cyanoaquo stereoisomers, was
observed. This component appeared as a minor constituent, with variations in
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TABLE III

REVERSED-PHASE HPLC OF INCOMPLETE CORRINOIDS

243

An Alltech·Adsorbosphere C I8 25 cm x 4.6 mm I.D. column was used througout. Isocratic conditions:
acetonitrile-80 mM pyridine acetate (30:70) in water-tetrahydrofuran (96:4) pH 3.6 buffer (buffer A); 1.0
ml/min. Gradient conditions: lO-min linear gradient, starting at acetonitrile-buffer A (5:95), ending at
acetonitrile-buffer A (30:70); 2.0 ml/min.

Corrinoid Retention time (min) (component % of total)

Isocratic Gradient

Cyanocobalamin 3.1(100) 5.8(100)
Aquocobalamin 6.9(100)"
Cobamic acids-I, -2 and _3 b 3.2-3.3(100)' 6.9(100)'
Cobinamide 5.6(55) 7.4(61)

6.3(45) 9.9(39)
Cobinic acid-I b

cyanoaquo 5.8(47) 8.1(47)
6.6(53) 10.6(53)

Cop-adenosyl 3.9d

Cobinic acid-2
cyanoaquo 5.7(48) 7.7(51)

6.3(52) 9.9(49)
Cop-adenosyl 3.8d

Cobinic acid-3
cyanoaquo 5.8(25) 8.2(17)

6.5(75) 10.9(83)
Cop-adenosyl 3.9d

Cobyric acid
cyanoaquo 5.4(42) 6.2(60)

6.0(58) 9.2(40)
Cop-adenosyl 3.4d

a Broad peak.
b For structural designations and systematic names see Table I.
, All three isomers had indistinguishable retention times under these conditions.
d 2.0 ml/min pump rate; very sharp peak.

retention time and amount observed, but seemed to correspond to the dicyano-form.
The appearance of this component is in keeping with the observations of Reenstra and
Jencks [16] who reported that the dicyano-form ofcobalamin (in its "base-off' form at
low pH) was the obligate intermediate in the reversible formation of the cyanoaquo
cobalamin stereoisomers. It should be noted here that our experiments showed this
behavior when either ion-exchange or reversed-phase columns were used. It is
puzzeling that although Stupperich et al. [6] mentioned the problem of multiple peaks
when dicyanocobinamide was injected in a reversed-phase column without KCN
present in the buffer, Jacobsen et al. [5] reported only a single component with a very
short retention time under similar conditions. The observation of a single component
for dicyanocobinamide in the latter case was probably due to the fortuitous choice of
buffer pH and ionic strength, since formation of the cyanoaquo stereoisomers from the
dicyano form is rapid and facile under almost all of the large number of experimental
conditions we tested unless KCN was present in the buffer.
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TABLE IV

REVERSED-PHASE HPLC OF INCOMPLETE CORRINOIDS FOLLOWED BY TLC OR HPLC OF
COLLECTED STEREOISOMERS

HPLC conditions: Waters IlBondapak CIS column; solvent methanol-I 7 mM acetic acid (40:60), isocratic,
1.0 ml/min; fractions were collected directly from the detector outflow and immediately dried under a stream
of nitrogen. TLC was run on analytical silica gel plates in 2-propanol-28% NH 4 0H-water (7: 1:2) [28] using
corrinoid solutions reconstituted from the HPLC-derived powders. I and II refer to the original HPLC order
of elution: I = faster component, II = slower component.

Corrinoidb Retention time (min) (component % of total) R F , TLC

Original HPLC Second HPLC" II

Cobinamide

Cobinic acid-I'

Cobinic acid-2

Cobinic acid-3

Cobyric acid

7.6(65) 7.7(59) 0.57 0.54
9.4(41) 0.14 0.14

0.10
II 9.5(35) II 8.3(45)

10.1(55)
6.9(53) 7.6(54) 0.62 0.62

10.8(46) 0.28 0.28
0.095 0.069

II 8.6(47) II 8.3(47)
10.3(53)

7.5(58) 8.5(60) 0.49 0.59
11.4(40) 0.40

0.22 0.23
II 10.1(42) II 9.1(29) 0.034 0.052

13.3(68)
9.5(34) [0.2(27) 0.54 0.53

14.2(73) 0.22 0.19
II 12.8(66) II 10.0(19)

13.3(81)
5.7(49) 6.5(49) 0.38 0.39

7.7(51) 0.11 0.13
II 7.1 (51) Il 6.3(46)

7.8(54)

" HPLC fractions for reinjections were prepared from the original HPLC-derived powders by
addition of HPLC-grade water. Conditions for rerun were exactly the same as in the original HPLC runs.

b All incomplete corrinoids were in their cyanoaquo forms.
, For cobinic acid pentaamide structural designations see Table I.

Table II also illustrates the problem of separating the three isomeric cobinic acid
pentaamides from each other based on their pKa values using ion-exchange chromato
graphy. Unlike the cobamic acid isomers which have pKa values differing by 0.1 up to
0.5 pH units (see Table I), and which are separable in mixtures via HPLC on an
ion-exchange or a reversed-phase column [3], the cobinic acid pentaamide isomers
have pKa values differing by less than 0.1 pH unit, and mixtures are not clearly
separable on an ion-exchange or reversed-phase column, even with changes in buffer
pH and/or ionic strength, using isocratic or gradient elutions.

Table III illustrates the behavior of the cyanoquo stereoisomers on a reversed
phase column using an aqueous buffer and an organic solvent mixture for elution.
Clear separation of the isomers occurred under both isocratic and gradient conditions,
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although the gradient gave a greater difference in retention times for the two
stereoisomers for each. In the case of the cobinic acid pentaamide-3, however, the
separation was complicated by a large column hold up, which required a 100%
methanol wash to remove.

Data are shown in Tables II and III illustrating the behavior of the Cof3-adenosyl
forms of the cobinic acid pentaamide isomers as well as of cobyric acid. The
Cof3-adenosyl-corrinoids are assumed to be the forms in which the corrins exist in the
biosynthetic sequence in producer microorganisms, as well as the form involved in
many important metabolic transformations [1,2]. The reversed-phase (C 1S column)
HPLC data have been reported on the behavior of Cof3-adenosylcobinamide [5], and
this work was not repeated here. Our data support the assertion that, in contrast to the
cyanoaquo forms, the Cof3-adenosyl-forms of the incomplete corrinoids do not
isomerize during HPLC, at least under the various experimental conditions we
employed (see Tables II and III).

Table IV shows the results of collection of the separate stereoisomers from the
HPLC (reversed-phase) column, then reinjection of each on the same column under
the same conditions, and TLC analysis of each component. As can be seen from Table
IV, reinjection ofeach stereoisomer again gave two stereoisomers, as one might predict
from the thermal instability of the cyanoaquo stereoisomers as described by Friedrich
and co-workers [18-20]. The same sort of behavior was seen on TLC, in cyanide-free
solvents. In fact, more than two spots were seen in several cases, possibly corre
sponding to intermediate forms, or the dicyano- or the diaquocorrinoid in each case. It
should be noted that the relative concentrations of methanol and 17 mM acetic acid
used in these experiments differed from those reported by Stupperich et al. [6]. Their
methanol-acetic acid (24:76) solvent mixture did not give a sharp separation of the
cobinic acid pentaamide isomers, however, a 40:60 or 50:50 mixture was serviceable.

To summarize the results illustrated on Table IV, the reinjected solutions showed
two components, as expected, but the percent of each was either unchanged or slightly
enriched in the component with the longer retention time.

In keeping with the nomenclature system devised by Friedrich and Nordmeyer
[18,19] for cobyric acid using low-pressure column chromatography at 3°C, it seems
plausible to designate the chromatographically slower component (longer retention
time on HPLC) as the cx-cyano,f3-aquo (Fig. lA) stereoisomer, and the faster
component (shorter retention time) as the cx-aquo,f3-cyano (Fig. IB) stereoisomer.
Friedrich and coworkers [20,34] as well as others have studied the formation of the'
Co-methyl corrinoids of cobyric acid and cobinamide. This work has led to confusing
results [see especially, discussion in ref. 10]. Some authors have found only the
Cof3-alkyl form of cobinamide upon reductive alkylation of cobinamide [10,35],
whereas others [20,34] have found mixtures of the Cof3/Cocx-methyl incomplete
corrinoids under the same synthetic conditions. Fanchiang et al. [36] found that when
Cof3-methylcobalamin transfers the methyl group to diaquocobinamide, only the
f3 isomer is formed. This work appears to show that the Cof3-methylcorrinoids are
much more thermally stable to isomerization than the cyanoaquo forms, as was shown
by Friedrich and co-workers [20,34] who reported that temperatures up to 80°C and
the addition of CO gas was required for complete isomerization of the Co-methyl
(incomplete) corrinoids. This is, of course, in contrast to the isomerization of the
cyanoaquo forms, which occurs easily at room temperature.
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Component percent composition data in Tables Il-IV also illustrate interesting
differences in stereoisomer formation among the various incomplete corrinoids tested.
Cyanoaquocobinamide exhibits (Table III) an approximately equal mixture of the two
stereoisomers with a slight excess of the faster (p-cyano) component during isocratic
reversed-phase HPLC using acetonitrile-pyridine acetate buffer at pH 3.61. In
contrast, upon isocratic reversed-phase (using methanol-acetic acid) or ion-exchange
HPLC at pH 3.61, or reversed-phase HPLC using a gradient, cyanoaquobinamide
shows an increase in ratio of p-cyano/p-cyano to 2: 1. This is in contrast to the results of
Brown and Hakimi [21] who found, using 13C NMR, a 2:1 ratio of IX-cyano/p-cyano
isomers when K 13CN was added to diaquocobinamide, and of Reenstra and Jencks
[16] who reported a similar ratio of IX- to p-cyano isomers for "base off' cyano
aquocobalamin, but agrees with the results ofStupperich et al. [17] who found nearly
equal quantities of the cyanoaquo/aquocyano stereoisomers of the phenolyl- and
cresolyicobamides in Sporomosa ovata. Brown and Peck-Siler [10] attribute the higher
percent of the IX-cyano isomer to thermodynamic control of product ratio, finding
a nearly 100% preponderance of the p_ 13CH 3 cobinamide when the formation of the
methylaquo-stereoisomeric pairs is under kinetic control.

The ratio of the two aquocyano stereoisomers for cobinic acid pentaamides-I
and -2, and cobyric acid using both reversed-phase and ion-exchange columns
approximates I: 1, however, cobinic acid pentaamide-3 shows a marked predominance
of the slower (IX-cyano) component with ratios of2:1 to 4:1, IX/P. According to Brown
and co-workers [10,21] this shows a greater thermal stability of the IX-cyano
stereoisomer. This may be due to the interaction of the free -COOH at position e with
the cyano group to stabilize it, since the e carboxyl is on the IX-side of the corrin ring.
Interestingly, Brown and Peck-Siler [10] found an interaction between IX-side
benzimidazole B3 -N, and the e side chain -NH in the "base off' benzimidazole
deprotonated form of cobalamin.
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Fig. I. Structural formulae of EN and its impurities DIAC and DKP.

In this work, the influence of temperature, pH, ionic strength and the presence of
cetyltrimethylammonium bromide (CTAB) and sodium dodecyl sulfate (SDS) on the
chromatographic behaviour and especially the peak shape and width of ENM and its
impurities was studied in order to suppress the negative manifestation of conforma
tional changes of EN and to elute it as a single peak.

EXPERIMENTAL

Enalapril maleate [99% by high-performance liquid chromatography (HPLC)],
DJAC (98%) and DKP (95%) were prepared in Research Institute of Pure Chemicals
(Lachema, Brno, Czechoslovakia). SDS was obtained from Lachema and acetonitrile
(LiChrosolv) and CTAB from Merck (Darmstadt, F.R.G.). All other chemicals were
of analytical-reagent grade.
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Fig. 2. Configurations around peptides bonds involving proline. The peptide bond interconverts between
trans and cis configurations.
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Chromatographic separations were performed on a Hewlett-Packard (Palo
Alto, CA, U.S,f\.) equipped with a Model 7125 10-pl six-port injection valve
(Rheodyne, Cotati, CA, U.S.A.) and a Model 1040 diode-array detector (Hewlett
Packard). The analytical columns used were 250 x 4 mm J.D., packed with Silasorb
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Fig. 3. Effects of pH and temperature on the elution of EN, DIAC and DKP. Mobile pnase, 0.05
M phosphate buffer (pH 7.0 and 3.0)-acetonitrile (7:3, v/v); column temperature, 30 and 60°C; column
packing, Silasorb C's; flow-rate, 1.5 ml/min; volume injected, 10 Ill; sample, ENM and DIAC (0.5 mg/m!)
and DKP (0.05 mg/ml); detection, UV, 215 nm.



252 J. SALAMOUN, K. SLAIS

SPH CtS, 7.5,um (Lachema), and 100 x 4.6 mm J.D., packed with Spherisorb ODS,
5 ,urn (Philips Analytical, Cambridge, U.K.).

RESULTS AND DISCUSSION

Influence of various parameters on chromatographic behaviour
Influence of pH. At lower pH of the mobile phase, the C-N bond loses its

partially double-bond character, which restricts free rotation around the peptide bond
owing to partial protonation of the imide group on proline [8]. The increase in the
relaxation rate of isomerization of proline containing peptides results in a better peak
shape in LC [3]. As far as DKP is concerned, its peak shape and retention are not
seriously dependent on either pH or temperature b~cause of the cyclic character of the
molecule and because of the amino group being sterically blocked and shielded even
from interactions with silanol groups. The influence of pH of the mobile phase on peak
shape is illustrated in Fig. 3a and b, which show chromatograms obtained at pH 3 and
7. At higher pH, EN is cleaved into two peaks corresponding to the two conforma
tional isomers. At pH 3 the rate of isomerization is higher and ultimately both isomers
are eluted as a single broad peak. The dissociation of the EN carboxylic group is also
lower and the hydrophobic interactions increase.

The most significant differences in the retention (Fig. 4) of all the compounds
occur at lower pH values of the mobile phase. With decreasing pH, EN changes its net
charge from negative to positive at pH 4.2 (its isoelectric point) [9]. Residual highly
acidic sites of a silica-based reversed-phase stationary phase [10] interact with the
positively charged molecule of EN and increase its retention. In such a way the
ion-exchange mechanism significantly influences the retention of EN. With regard to
the working pH range of the stationary phase and the resolution of MA and DIAC
peaks, we chose pH 3 as the optimum.

Influence of temperature. The rate of isomerization rises with increasing
temperature as the activation energy of the peptide bond in the molecule containing

8

6

5

3

2

o

i12i~--,A'--_---A.----'A-

pH
8

Fig. 4. Dependence of capacity factor (k) on pH for (0) EN, (0) DlAC and (6) DKP. The pH of the
phosphonate buffer varied from 2 to 7. The retention time of the first-eluted peak (MA) was used for the
calculation of k. Column temperature, 60°C; other conditions as in Fig. 3.
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Fig. 5. Dependence of capacity factor (k) of (D) EN, (0) DIAC and (6) DKP on acetonitrile
concentration in the mobile phase. 0.05 M phosphate buffer (pH 3) was used for mobile phase preparation.
Column temperature, 60°C; other conditions as in Fig. 3.

alanylproline is relatively high, ca. 20 kcaljmol [3]. The influence of temperature on the
retention ofchromatographed compounds is not significant, but the peak shape can be
improved (Fig. 3).

Influence oforganic solvent concentration. The retentions of solutes increase with
decreasing organic solvent concentration; see Fig. 5, where the dependence ofcapacity
factor (k) on acetonitrile concentration in the mobile phase is shown.

Influence ofphosphate buffer concentration. The concentration of buffer in the
mobile phase plays a more significant and a different role in the separation of all the
solutes studied (Fig. 6) in comparison with the above-described influence of the
concentration of the organic modifier. A low buffer ionic strength allows an increase in
interactions of the positively charged molecule of EN (at pH 3) with the negatively

8
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4 \
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0,0__0 0
2
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o 0.2 0.4pHOSPHATf·6(M]

Fig. 6. Dependence of capacity factor (k) of (D) EN, (0) DIAC and (6) DKP on phosphate buffer (pH 3)
concentration. Column temperature, 60°C; other conditions as in Fig. 3.
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Fig. 7. Chromatogram of ENM, DIAC and DKP under the optimum conditions. Mobile phase, 0.05
M phosphate buffer (pH 3)-acetonitrile (6:4, v/v); column temperature, 60°C; concentration of compounds,
0.5 ml/min; other conditions as in Fig. 3.
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Fig. 8. Effect of pH in the presence of SDS and CTAB on the elution of MA and EN. Mobile phase, 0.05
M phosphate buffer (pH 7, 5.5 and 3)-methanol (4:6 at pH 7, otherwise 3:7, v/v) with 0.1 mM SDS and 0.1
mM CTAB. Column packing, Spherisorb ODS; temperature ambient; flow-rate, 0.5 ml/min; injection
volume, to Ill; other conditions as in Fig. 3.
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charged sites of the silica matrix ofthe reversed-phase sorbent and the retention ofEN
also increases. The retention of EN may increase to such an extent that the order of
elution ofEN and DKP may change at a concentration ofphosphate buffer below 0.02
M. With the increase in ionic strength of the mobile phase, the ion-exchange
interaction decreases. On the other hand, the retention of negatively charged molecules
ofDIAC and DKP is only slightly influenced by interactions with anionic adsorption
sites in the chromatographic system used.

In this way, both pH and ionic strength are significant parameters for control of
the retention and selectivity of the separation of the examined compounds. A chroma
togram of a mixture of all the compounds studied under the optimum conditions, i.e.,
60°C, pH 3 and a 40% content ofacetonitrile and 0.05 M phosphate buffer, is shown in
Fig. 7. All the compounds are well separated in 5 min.

Influence of SDS and CTAB. The rotational changes in the molecule of EN in
comparison with non-rotating DKP result in a great difference in their peak shapes
and widths at lower temperature (Fig. 3). This difference can be decreased significantly
by the addition of SDS and CTAB to the mobile phase (Fig. 8). The reduction of the
EN peak splitting in the presence of both CTAB and SDS in the mobile phase can be
explained by the existence of ionic multilayers of CTAB and SDS in the stationary
phase. The high concentration of ionic groups in the stationary phase decreases the
electrostatic interactions within the EN molecule in the adsorbed state, which can
speed up the transition between the two EN isomers. In this way the use of both CTAB
and SDS in the mobile phase at concentrations close to saturation acts in the same
direction as the increase in the separation temperature.

The pH of the mobile phase containing CTAB and SDS had a dramatic influence
on the elution profile, as shown in Fig. 8. A single, symmetrical peak of EN can be
obtained at low pH even at the laboratory temperature (25°C).

CONCLUSIONS

A decrease in the pH of the mobile phase, an increase in the column temperature
and/or the addition of ion-pairing agents can eliminate peak splitting and significantly
improve peak shape. The optimum peak shape is achieved at a lower pH (3) of the
mobile phase and either at a higher temperature (60°C) or with the addition of both
CTAB and SDS to the mobile phase. The resolution and retention of all the
compounds studied can be influenced by, in addition to the organic modifier, the pH
and ionic strength as the additional ion-exchange mechanism plays a significant role in
the chromatographic system used. All these observations can help in the further
development of chromatographic separations of proline-containing peptides.
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ABSTRACT

The radiolabeled iron(lfl) chelates of four different hydroxamate siderophores (desferrioxamine B,
rhodotorulic acid, desferriferrichrome and desferriferrichrome A) were analyzed by high-performance
liquid chromatography using an absorbance or radioactivity detector. Optimal conditions consisted of a
polymeric PRP- I column and a water to acidified acetonitrile gradient as mobile phase. Silica based
columns gave similar resolution, but adsorption of unchelated iron-55 to the silica support limited the
desirability of this approach. Detection limits based on radioactivity of the labeled compounds were
consistently two to three orders of magnitude greater than that observed using visible absorbance at 436
nm. This method provides a generalized approach for the detection of high affinity iron(III) chelators (e.g.
siderophores), regardless of their structural type.

INTRODUCTION

Iron, an essential trace metal for the growth of microorganisms, is an element of
low biological availability. To overcome this problem, blue-green algae, bacteria, and
fungi secrete high affinity iron chelators termed siderophores [1-3]. These compounds
playa dual role in microbial ecology. First, they solubilize needed ferric iron which is
then absorbed by the cell through specific uptake receptors [4]. Second, they may tie up
iron in a form that is unavailable to competing species [5,6]. An understanding of the
biochemical ecology of these compounds is essential for our understanding the
biochemical ecology of natural systems.

Siderophores exist in a wide variety of structural types [3]. They are usually
divided into two groups depending on the .nature of their iron-binding ligand: the
catechol siderophores (e.g. enterobactin), and the hydroxamate siderophores (e.g.
desferriferrichrome, rhodotorulic acid and desferrioxamine B). These ligands also
serve as the basis for the common chemical tests for the detection of siderophores; the
Arnow test for catechols and phenolics [7] and the Csaky test for hydroxamates [8].
Recently, several important siderophores have been elucidated that do not fall into
either of these structural categories. These include phytosiderophores (e.g. mugineic
acid [9]) produced by graminaceous plants and rhizobactin produced by the nitrogen



260 R. J. SPEIRS, G. L. BOYER

fixing bacterium, Rhizobium meliloti [10,11]. Lacking either a hydroxamate or phenolic
ligand, these compounds are not detected using the classical chemical assays. Thus
there is considerable interest in developing a general procedure for the detection of
strong iron-binding compounds.

High-performance liquid chromatography (HPLC) has been used for the
separation and analysis of hydroxamate [12,13] siderophores. These compounds are
best detected by monitoring the rose-colored ferric complex at approximately 425-440
nm [14]. Detection of the iron complexes at lower wavelengths, such as 220 nm, works
well with purified compounds, but may be too non-specific for use in natural samples
[15]. Fewer reports have appeared on the use of HPLC for the detection of
phenolic-based or mugineic acid-like siderophores. Lacking a distinctly colored iron
complex, the phytosiderophores are more difficult to distinguish from interfering
compounds.

We report here an HPLC-based assay for the general analysis of siderophores.
A common feature of these compounds is their ability to strongly bind iron, hence
detection in this procedure is by liquid scintillation counting of the 55Fe-Iabeled iron
complex. While this work focuses on its use for the analysis of hydroxamate
siderophores, the technique provides a general approach for the analysis of all
siderophores and strong iron-binding compounds, regardless of their structural type.

EXPERIMENTAL

Materials
Rhodotorulic acid (RA) was isolated from iron-limited cultures of Rhodotorula

pilimanae [16]. Ferrichrome (FC) and ferrichrome A (FCA) were isolated from
iron-limited cultures of Ustilago sphaerogena [17] using published procedures and
identified on the basis of their spectroscopic and thin-layer chromatographic behavior.
Desferrioxamine B mesylate salt(Desferal, DES) was a gift from Ciba-Geigy (Suffern,
NY, U.S.A.). [55Fe]iron(III) chloride in 0.1 M hydrochloric acid (80 MBq/mg Fe) was
purchased from Amersham (Arlington Heights, IL, U.S.A.). Methanol was glass
distilled prior to use. Acetonitrile, Scintiverse LC, and other chemicals were HPLC
grade or better and purchased from Fisher Scientific (Rochester, NY, U.S.A.).

Equipment
Our HPLC system consisted of two Waters Assoc. (Milford, MA, U.S.A.)

M6000A pumps and a Model 660 gradient controller. The system was equipped with
a Rheodyne 7125 injector and a Waters Assoc. Model 440 fixed-wavelength detector
using a 436-nm filter. No effort was made to use a metal-free system or components.
For the determination of radioactivity, I-min samples were collected using a Gilson
F-80 fraction collector (Gilson, Madison, WI, U.S.A.) connected to the outlet of the
UV-VIS detector. These fractions were subsampled, mixed with Scintiverse LC
counting cocktail, and then counted in a Packard Tricarb Model 4400 liquid
scintillation counter using the preset 3H channel. In some applications, continuous
detection of the 55Fe complexes was done using a Radiomatic A-l20 HPLC-liquid
scintillation counter (Radiomatic Instrument and Chemical Co., Tampa, FL, U.S.A.)
equipped with a 0.5-ml flow cell. The column eluent was mixed 1:3 with scintillation
fluid prior to the flow cell and total counts recorded at 6 s intervals.
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HPLC conditions
The following reversed-phase columns were used; a silica-based IlBondapak CIS

column (Waters Assoc.; 10 Ilm; 300 x 3.9 mm), a polymeric polystyrene divinyl
benzene-based PRP-1 column (Hamilton, Reno, NV, U.S.A.; 10 Ilm; 150 x 4.1 mm),
and a polymeric fluorocarbon-based Poly F column (DuPont, Boston, MA, U.S.A.; 20
Ilm; 80 x 6.2 mm]. The mobile phase consisted of a 20-min linear gradient from
distilled water to either acetonitrile or methanol containing 1% (v/v) glacial acetic
acid. Injection volumes were routinely 20 Ill. Flow-rates were systematically in
vestigated at 0.5, 1.0 and 2.0 ml/min and 1.0 ml/min was selected as optimal for most
applications.

Methods
55Fe complexes of desferal and rhodotorulic acid were formed by adding the

iron to the deferrated siderophore. Ferrichrome and ferrichrome A were isolated as
their 56Fe complexes and radiolabeled by 55Fe exchange. A 50-Ill volume of
1 M sodium hydroxide solution was added to 200 III of a ferrichrome or ferrichrome
A solution to dissociate the iron complex. This was followed by 2 III of 55Fe standard
(containing ca. 3 kBq 55Fe) and the pH was adjusted back to neutral with 50 III 1.0
M hydrochloric acid. Samples were allowed to stand for 1 h prior to analysis by HPLC.

To determine total recoveries of radioactive iron, 86 pmol total iron (containing
385 Bq 55Fe) with or without excess chelator were injected on the HPLC system and
the entire 20-min gradient collected in a round-bottom flask. The eluent was then
concentrated by rotary evaporation to 6 ml and counted via liquid scintillation
counting. To correct for possible effects on counting efficiency, the control for this
experiment consisted of collecting a blank gradient (no injection) and adding 55Fe
directly to the flask prior to concentration.

For the determination of standard curves, the 55Fe standard was diluted 1: 1000
with 0.1 M hydrochloric acid. This solution was mixed with an equal volume of
deferrated siderophore solution (final concentration of Fe = 4.3 1lM) and 20 III
injected on the HPLC system. Peaks corresponding to the radiolabe1ed siderophore
were collected and counted by liquid scintillation counting. All points on the standard
curves were run in triplicate.

RESULTS

The separation of four different hydroxamate siderophores was investigated
using three different columns. Only minor differences were observed between their
chromatography on the silica-based {lBondapak CIS column and the polymeric
Hamilton PRP-1 column (Table I). Either a 0-50% acidified methanol or 0-30%
acidified acetonitrile gradient was suitable to cleanly separate the four iron chelates.
Detection could be accomplished by monitoring the absorbance of the colored ferric
complex at 436 nm (Fig. 1 top). Use of the smaller Poly F column resulted in earlier
elution of the larger siderophore complexes (DES, FC, FCA), however, the
rhodotorulic acid iron complex was not retained by the column using these mobile
phases.

Siderophores are characterized by having a very high affinity for ferric iron (log
of the formation constants for their iron complexes are between 29 and 32, depending
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TABLE I

RETENTION TIMES OF FOUR SIDEROPHORES ON THREE DIFFERENT COLUMNS

HPLC conditions: 20-min linear gradient from water to methanol or acetonitrile containing 1% (v/v) glacial
acetic acid, 2 ml/min flow-rate. Detection was at 436 nm.

Gradient Retention time (min)

RA DES FC FCA

j1Bondapak C I8 (Waters Assoc.)
0-50% acidified methanol 7.2 16.4 13.6 19.4
0-30% acidified acetonitrile 7.4 15.2 13.4 17.6

PRP-I (Hamilton)
0-50% acidified methanol 3.2 12.0 17.0 22.8
0-30% acidified acetonitrile 3.8 8.8 10.4 15.8

Poly-F (DuPont)
0-50% acidified methanol 1.0 5.2 4.4 9.2
0-15 % acidified acetonitrile 1.0 6.4 4.6 13.0

on the individual siderophores [18]). 55Fe is a weak electron-capture radionuclide and
can be counted by liquid scintillation counting using techniques similar to those used
for tritium. Unlike the y emitter 59Fe, 55Fe requires only minimal shielding and has
a long (2.6 year) halflife. While the addition ofchelators is sometimes used to improve
its counting efficiency [19], this was not necessary in our experiments. Addition of the
chelators DES or RA at concentrations between 0 and 100 f..lg per vial (1000 x molar
excess) did not affect the counting efficiency nor was quenching of the 55Fe observed in
these experiments (data not shown). Observed counting efficiencies (ca. 50%) were
close to what we commonly observe for tritium under similar conditions. Thus 55Fe
could be used to provide a second method for the detection of the ferric siderophores.
The radiochromatogram for these compounds is shown in Fig. I (bottom panel).

Recoveries of both chelated and unchelated iron from the three different
columns are shown in Table II. The polymeric columns (PRP-I or Poly F) showed an
excellent recovery for both chelated and unchelated iron. In contrast, the silica-based
column gave high though inconsistent recoveries for chelated iron but a very low
recovery (44%) for the unchelated iron. This missing iron was apparently adsorbed to
the silica since it was possible to strip varying amounts of 55Fe off the silica by injecting
iron-free EDTA through the column (data not shown).

Standard curves were prepared for each of the four siderophores (RA, DES, FC
and FCA) between concentrations of 0 and 100 nmol per 20-f..l1 injection. In each case,
the total iron concentration was held constant at 86 pmol per 20-f..l1 injection.
A representative plot of the observed radioactivity in the chelator peak versus total
chelator concentration for FCA is shown in Fig. 2. At chelator concentration much
higher than the fixed iron concentration (FeT = 4.3 f..lM), the curve resembled
a saturable curve. At chelator concentrations equal to or less than the iron
concentration, observed counts in the chelator peak were linearly dependent on the
chelator concentration. For a chelator-to-iron ratio of I or less, the correlation
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Fig.!. Chromatograms obtained from a concentrated mixture of 55 Fe-labeled siderophores as determined
by monitoring absorbance at 436 nm (top) or counts per min (bottom). HPLC conditions consisted of
a PRP-l column and a 20 min 0-50% acidified acetonitrile in water gradient. Flow-rate was 2 mlJmin. To
simultaneously observe absorbance and radioactivity on the same run, a mixed siderophore standard
containing 0.25 mMFCA, 0.4 mMFC, 0.4 mM DES and 0.7 mMRA was labeled with 55Fe (385 kBq) and
then saturated with excess 56Fe. The ordinate in the top panel is in arbitrary units but represents
approximately 0.02 a.u. full scale.

coefficient for FCA was 0.995. This general pattern was true for both DES and FC as
long as the total iron concentration was greater than the total chelator concentration
(correlation coefficients for DES and FC were 0.985 and 0.994, respectively). At this
iron concentration, the detection limit for the three chelators was 10 pmol per 20-pl
injection. This limit was well below that observable by absorbance detection. Only at
the higher siderophore concentrations (> 10 nmol per 20-pl injection) was there
a measurable peak at 436 nm. Determination of RA concentrations at these low
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TABLE II

RECOVERY OF CHELATED AND UNCHELATED 55Fe FROM THE THREE DIFFERENT
COLUMNS AT 1 AND 2 mgjml CHELATOR CONCENTRATION (± S.D)

Recoveries were determined by counting the entire gradient as described in the Me/hods section. HPLC
conditions consisted of a 20-min water-to-acidified acetonitrile gradient at ] m]jmin flow-rate. Molar
concentrations: EDTA: I mgjm] = 2.7 mM; 2 mgjm] = 5.4 mM; DES: I mgjml = 1.6 mM; 2 mgjml = 3.3
mM; RA: I mgjml = 2.9 mM; 2 mgjml = 5.8 mM. Total iron concentration: 4.3 JiM.

Column Unchelated Recovery (%)
55Fe

RA (mg) EDTA (mg) DES (mg)

2 2 2

PRP-I 85% 104% 105% 91% 100% 102% 101%
±12% ±4% ±5% ±8% ±5% ±I]% ±I%

JiBondapak 44% n.d. n.d. 87% 116% 97% 115%
CIS ±5% ±7% ±36% ±2% ±7%

Poly F 103% 101% 96% 98'Y. 92% 97% 96%
±21% ±I% ±5% ±3% ±8% ±2% ±7%
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Fig. 2. Counts per min in the ferrichrome A peak as plotted against the siderophorejiron ratio. The lotal iron
concentration was held constant at 4.3 JiM. HPLC conditions as in Fig. I.
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concentrations was more difficult due to overlap of the free iron peak with the
ferric-RA peak and the fact that RA forms a 2:3 iron-siderophorecomplex. Its
detection limit was generally 10-fold higher than that observed for ferrichrome A. The
detection limit of the HPLC assay could be increased by labeling the siderophores with
55Fe ofa higher specific activity. In contrast, the linear range ofthe standard curve could
be increased by the addition of cold CS 6 Fe) ferric iron (e.g. Fig. I). This did, however,
result in a corresponding loss in sensitivity at low siderophore concentrations.

DISCUSSION

Siderophores may play an important role in microbial ecology. They exist in
a wide variety of structural types, thus new methods are needed to detect these
compounds in natural systems. Recently HPLC has been applied to the study of these
compounds. Jalal et al. [12] studied nineteen different hydroxamate siderophores of
the ferrichrome type and successfully separated them using a reversed-phase column.
This approach was used to study siderophore formation in culture filtrates from four
different fungi known to produce hydroxamate siderophores. These complexes all
have very strong absorption maxima in the 420-450 nm range and can readily be
detected using photodiode array detection. This approach would be less successful for
the detection of siderophores such as rhizobactin, mugineic acid and possible
unknown siderophores which do not form highly colored complexes. For this reason,
the ability to detect the siderophore complex based on their affinity for iron rather than
on the spectroscopic properties of the iron complex is desirable. The use of
radiolabeled siderophores described here is several orders of magnitude more sensitive
than the spectroscopic approach and provides for the quantitative determination of
siderophore concentrations provided sufficient iron is present to saturate all chelators.
As such, it provides a very general method for the quantitative and qualitative analysis
of siderophores.

In a similar approach, Glennon et al. [20] used a metal-free system and
amperometric detection for the direct analysis of siderophoric iron. This technique has
both advantages and disadvantages compared to radiolabeling. For the detection of
siderophoric iron, an applied potential of 1.0 V was optimal. This high potential
greatly shortens electrode life and required that the electrode be polished after every 70
plus injections. This high potential also limits the chromatographic system to isocratic
mobile phases, decreasing the diversity of compounds that can be analyzed in a single
run. When applied to their Pseudomonasfluorescens cultures, problems of background
oxidation of EDTA in the culture media forced Glennon et al. to use 0.5 V to work with
culture supernatants. In contrast, radiolabeling the siderophores using 55Fe suffers
few of these problems. Gradient mobile phases can easily be used to separate complex
mixtures of chemically distinct iron complexes. Since detction is of the iron-sidero
phore complexes, and these complexes are stable on the HPLC time frame, exchange of
55Fe with cold iron that may be present in the chromatographic system was not
a problem. This minimizes need for metal-free systems that have been used by other
workers [21,22]. Silica-based C 18 columns and polymeric-based columns (PRP-I) gave
comparable resolution. However, there was a marked difference in the recovery of
radioactive iron from the two column types. Adsorption of iron to the silica-based
columns did occur and could be a potential source of interference, even in the presence
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of lOOO-fold excess chelator. This was not a problem when polymeric-based columns
were used. Others [23] 'have also reported the use of polymeric columns for the
separation of iron and aluminum complexes of desferrioxamine B. While the larger
PRP-I column was generally the preferred of the two polymeric columns, the smaller
Poly F based column may be advantageous under limited circumstances. This column
would be especially suitable for the quick analysis of ferrichrome analogs due to its
short retention times. It may also be useful for the early screening of unknown
siderophores due to its high and consistent recoveries of 55Fe.

In summary, HPLC and radiochemical detection after labeling with 55 Fe
provides a rapid and general assay for the quantitative and qualitative analysis of
siderophores based only on their ability to bind iron. Unlike other general assays for
siderophore detection [20,24], this approach does not appear to be affected by the
presence ofother weak metal chelators such as citric acid or EDTA commonly present
in culture supernatants [25]. While only its use with hydroxamate siderophores is
reported here, it provides a rapid and general method for the detection ofa wide variety
of different strong iron-binding compounds.
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Simultaneous determination of arsenite, arsenate, selenite
and selenate in waters using suppressed ion chromatography
with ultraviolet absorbance detection
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ABSTRACT

Using Dionex AS4A anion-exchange column, with micromembrane supressor and UV detector at
195 nm, arsenite, arsenate, selenite and selenate can be determined simultaneously in water samples. The
mole fraction of sodium carbonate in the eluent as well as eluent concentration affected the retention times
especially for the divalent anions. An eluent of2.25 mM Na2C03 and 0.75 mM NaHC0 3 was found to be
the most suitable for sample analysis. The responses for all ions tested was linear in 0-5 mg 1- 1 range. The
system can tolerate up to 1600 mg 1- 1 of SO~ - , before affecting arsena te peaks. Selenate peak area was not
affected due to SO~ - concentration up to 2000 mg 1- I The detection limits using 100-1'1 loop were 0.1 mg
1- 1 for AsO~ and SeO~ - and 0.25 mg 1- 1 AsO~ - and SeO~-.

INTRODUCTION

Metalloids especially selenium and arsenic and their derivatives can widely
spread throughout the environment as a result of fuel consumption, industrial,
agricultural and natural processes [I]. Although deficiencies of selenium results in
selenium-responsive deseases in various animal species, the differences between
essential and the toxic concentration is rather narrow [2]. Arsenic compounds
represent a carcinogenic hazard in the environment. The continuing interest in tracing
the fate of selenium and arsenic, led to the development of several methods for their
analysis. The most common methods are: atomic fluorescence spectrometry [3,4],
atomic absorption spectroscopy with hybride generator [5,6], inductively coupled
plasma [7] (ICP-AES) and electrothermal graphite furnace [8], or spectrophotometry
[9-11].

Because the inorganic form of these two elements exists mostly in natural waters
in two oxidation states, i.e. Se(IV), Se(VI), As(III) and As(V), speciation becomes of
particular importance. The ecological fate is also determined by the chemical form. In
the afore-mentioned methods, two determinations are required. One before and the
other after reduction, to measure both oxidation states. The difference between these
two determinations yields the amount existed at higher oxidation states [12,13].

During the last decade the application of high-performance liquid chromato-

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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graphy (HPLC) for the analysis of inorganic anions (usually referred to as ion
chromatography, IC) has provided a reliable, fast, convenient and sensitive alternative
to many complex analytical problems. Five different low-capacity anion-exchange
columns for non-suppressed ion chromatography [14] (also called single column ion
chromatography, SCIC) were evaluated for inorganic anion assay [15]. SCIC was used
for the assay of selenite [16], selenate [17] and arsenate [18]. However, CI- above 10 mg
1-1, SOl- above 40 mg 1-1 and PO~ - above 30 mg 1-1 masked the selenite, selenate
and arsenate peaks, respectively [16-18]. The use of suppressed ion chromatography
[19] (SIC) offers two advantages for such applications: (1) with high pH eluents, it
becomes possible to elute monovalent, divalent and even trivalent anions in a single
run and reasonable time and (2) increased sensitivity due to lower background
conductivity.

Conventionally, nearly all ion chromatography for inorganic anions has been
done using electrical conductivity detection. However, it has been shown that many
inorganic anions have suitable chromophores and their detection by an ultraviolet
(UV) absorbance detector is possible [20]. The use ofUV absorbance detection could
provide selectivity against unwanted ionic species specially in cases where sample
matrix problems exist. Since the SIC system reduced both the background conduc
tivity as well as the UV absorbance of effluent (2.4 mM Na2C03 + 3.0 mM
NaHC03), it was possible to use the system with a UV detector [20]. Ions of fluoride,
phosphate, and sulfate did not show UV absorbance whereas arsenite, arsenate,
selenite, selenate and many other ions showed absorbance in this region [20].

A method for simultaneous determination ofarsenite, arsenate, selenite, selenate
ions has not been available. Since arsenite can not be detected by conductivity
detection, an ion chromatographic method for its determination is not possible. The
objective of this research was to develop a method for simultaneous determination of
arsenite, arsenate, selenite and selenate using UV absorbance detection.

EXPERIMENTAL

All chemicals used in the study were of ACS reagent grade and were used as
received from the suppliers.

The SIC system consisted of two HPLC pumps (Model LC-6A), a systems
controller (SCL-6A), a UV-VIS detector (Model SPD-6AV), a data system (Model
C-R3A, all Shimadzu Scientific Instruments (Columbia, MD), a conductivity detector
(Waters Assoc., Milford, MA) and a HPLC injector (Model 7126, Rheodyne, Cotati,
CA). The analytical column IonPac AS4A and a guard column AG5 were used with an
Anion Micro Membrane Suppressor, AMMS (all columns, Dionex, Sunnyvale, CA).
For the purpose of this study the system was used in a binary gradient mode to mix 3.0
mM Na2C03 and 3.0 mM NaHC03 to obtain the desired Na2C03 molar ratio or to
mix (2.25 mM Na2C03 + 0.75 mM NaHC03) and deionized water in desired
proportions. However, the actual chromatography was isocratic. The eluents were
maintained under nitrogen in order to avoid atmospheric carbon dioxide. The eluent
flow-rate was kept constant at 1.7 ml min -1 throughout the study. The flow-rate of
regenerant for AMMS (12.5 mM H 2S04 ) was about 4 ml min -1. The void volume of
the system was ·1.56 ml (or 0.92 min at 1.7 ml min -1).

UV absorbance spectra were generated using a scanning spectrophotometer
(Model: Lambda 6, Perkin Elmer Corp., Norwalk, CT).
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RESULTS AND DISCUSSION

The absorption spectra of arsenite, arsenate, selenite and selenate in 190-230 nm
range are shown in Fig. 1. It is noteworthy that the lower oxidation states of these ions
exhibit relatively greater absorbance. The shortest wavelength on our detector of 195
nm was used for the detection. Other ions commonly encountered in waters, e.g.,
nitrate and nitrite also absorb in this region but with a different absorption maxima.
Fluoride, phosphate and sulfate do not show absorbance in this range [20].

A comparison of UV absorbance vs. electrical conductivity chromatograms of
these ions in the presence of other commonly present inorganic anions (fluoride,
chloride, nitrate and sulfate) is shown in Fig. 2. With UV absorbance, fluoride was not
detected and sulfate appeared as a split negative peak. As expected, arsenite was not
detected by electrical conductivity. Apparently, the UV absorbance not only provided
a means of arsenite detection but also provided selectivity against fluoride. This was
important as both the ions co-eluted very close to the void volume on this system.
Consequently, UV absorption detection was used in all further work.

Optimization of chromatographic conditions
In general, increasing mole fraction of NaZC0 3 in a 3.0 mM Na ZC0 3 +

NaHC0 3 eluent decreased the retention times of all ions tested (Fig. 3). The effect
seemed to be proportional to the retention times. In other words, the retention of
strongly held ions was affected relatively more than the loosely held ions. For example,
increasing Na ZC0 3 fraction from 0.25 to 1.00 decreased the retention time of SeO~
from 17.42 min to 6.15 min (a 65% decrease), whereas that of NO; from 4.04 min to
2.78 min (a 31 % decrease). The retention of arsenite was not affected by the eluent
composition suggesting it eluted close to the void volume. Arsenate was an exception
in that its retention time decreased until NaZC0 3 mole fraction increased upto 0.50 but
the retention increased again as the NaZC03 mole fraction increased further beyond
0.75. This probably represents a pH effect of the eluent on the dissociation of arsenate.
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An increase in the Na2C03 mole fraction from 0.75 to 1.00, increased the eluent pH
from 10.2 to 10.6. This would increase the mole fraction of trivalent Asol- from 0.05
to 0.18 [21] and thus resulting in a stronger retention. Based on the information shown
in Fig. 3, a Na2C03 mole fraction of 0.75 was chosen for further work.

A decrease in the eluent -strength (Na2C03 + NaHC03 concentration), at
a Na2C03 mole fraction of 0.75, increased the retention times of all ions (Fig. 4).
However, the slight improvement in resolution due to increased retention times was
negated by longer analysis time. Therefore, an eluent concentration of 3.0 mM was
chosen. Under these conditions the total analysis time was about 12.0 min.
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Response linearity and detection limits
The UV absorbance response, of all four ions over the concentration range (0-5

mg 1- 1
, 100-,u1 injections) tested, was linear (Fig. 5). The detection limits (signal-to

noise ratio of 3.0) using 100-,ul injections were measured as: arsenite, 0.1 mg 1- 1;
selenite, 0.1 mg 1- 1; selenate, 0.25 mg 1- 1 ; arsenate, 0.25 mg 1- 1. Lower detection limits
should be possible with the use of larger injection volumes and/or a concentrator
column. Concentrator columns have been used to lower detection limits by enabling
the researcher to load as much as 20-ml sample [16].

Effect of sample matrix
A sample concentration of SO~ - greater than 50 mg 1- 1 has been a' major

problem during selenate assay with SCIC [17] and SIC [22]. Selenate signal was
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reduced by 5% and 19% in the presence of 0.3 mg 1- 1 with SIC [23] and 60 mg 1- 1

SOl- with SCIC [17], respectively, using conductivity detection. Removal of sol
ions from sample to reduce its concentration, prior to assay, has also been tested with
little success. For example, cation-exchange resin in barium form [17] and chemical
treatment ofsample with barium formate [17] and barium hydroxide [22] has been tried
to reduce the sol- concentration. Such sample treatment resulted in slight
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Fig. 6. Effect of high sulfate concentration on the ,separation and detection of arsenite (I), selenite (4),
selenate (6), and arsenate (7) in the presence of chloride (2), nitrate (3), and sulfate (5). Sample composition
(mg 1- [): chloride, 100; nitrate, 10; arsenite, 20; selenite, 20; selenate, 20; arsenate, 20. Sulfate concentration
(mg 1-'): A, 400; B, 800; C, 1200;D, 1400; E, 1600; F, 2000.
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TABLE I

RELATIVE PEAK AREAS AND RETENTION TIMES FOR ARSENATE AND SELENATE (BOTH
AT 20 mg 1- 1

) IN THE PRESENCE OF DIFFERENT SO;- CONCENTRATIONS (20 1'1 INJEC
TIONS)

Sulfate
(mg 1- 1)

400
800

1200
1400
1600
2000

Selenate" Arsenate"

Time Peak area Time Peak area
(min) (%) (min) (%)

7.33 100 9.36 100
7.28 103 9.33 98
7.27 100 9.32 100
7.27 102 9.34 97
7.24 102 9.33 96
7.23 100 8.78, 9.42 (50 + 45) = 95

" Peak number 6 in Fig. 6.
" Peak number 7 in Fig. 6.

improvement in resolution but the selenate signal was reduced. In our system,
increasing concentration of SO~- in samples did not affect the peaks of ions with
retention times shorter than SO~ - (AsOi, Cl-, NO;, SeO~ -). The peak heights of
ions that eluted after SO~ -, i.e., AsOl- and SeO~ -, were decreased; however, the
retention times and peak areas were not effected significantly (Fig. 6 and Table I).
When SO~ - concentration was increased beyond 1400 mg 1- 1, a distortion ofarsenate
peak was observed. The effect was so pronounced that at 2000 mg 1- 1 SO~-, the
arsenate peak appeared forked and two separate peaks were detected (Fig. 6).
Interestingly, the peak area (sum of both peaks) was affected only slightly (Table I).
The peak for selenate was normal even at 2000 mg 1- 1 SO~ -. The high SO~ - mass
injected probably saturated the column and disturbed the column equilibrium such
that the peaks following were distorted. The use of a diluter (weaker strength) eluent
would probably reduce the peak distortion simply by allowing more time for
stationary phase re-equilibration in between the peaks. These data show that the ions
in question can be effectively quantitated in the presence of 1400 mg 1- 1 and perhaps
up to 2000 mg 1- 1 SO~ - . The increasing concentrations ofSO~ - reduced the apparent
resolution between Asol- and SeO~-. However, baseline separation (100% practical
resolution) was achieved even at the highest SO~ - level tested (Fig. 6). The interference
due to high concentration ofCl- was not tested but it can be effectively removed by the
use of cation-exchange resin in silver form [16].
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ABSTRACT

Rare earth elements in nitric acid solution can be individually separated by ion-interaction chroma
tography. The separation is achieved by isocratic elution with oxalic acid as the complexing agent in the
eluent and tetra-n-butylammonium hydroxide as the ion-pairing reagent. The separated rare earth ele
ments are measured spectrophotometrically after post-column reaction with Arsenazo III, and can be
determined at levels ~ 0.5 mg/l with a relative standard deviation of 0.0 I % for the individual rare earth
elements at the 10 mg/l level. The order of elution is from lanthanum to lutetium, yttrium being eluted
immediately after terbium.

INTRODUCTION

The determination of rare earth elements (REEs) is important in several
industries such as in the nuclear power industry for the lanthanide fission products of
irradiated fuels and in the mining industry for the determination of REEs in rock
samples. The determination of REEs, particularly the individual members of the
group, is a difficult and complex problem. Mintek has been involved for many years in
the evaluation of analytical procedures, and in the development of sensitive and
reliable methods such as the recently developed atomic emission spectrometric
determination of REEs in minerals using a scanning monochromator system.

High-performance liquid chromatography (RPLC) followed by a post-column
reaction was used for the separation and determination of REEs as early as 1972. In
1986, Cassidy et al. [1] and Barkley et al. [2] demonstrated that reversed-phase
ion-interaction chromatography is a rapid and accurate method for the separation and
determination of lanthanum in nuclear fuels and REEs in refining process streams.
They employed a silica-based Cts reversed-phase column with hydroxyisobutyric acid
(RIBA) as the complexing agent and octanesulphonate (CSS03) as the ion-pairing
reagent.

Because REEs have a positively charged trivalent state, they exist in a strongly
hydrated state in solution. Organic chelating agents can replace part of the water of

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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hydration, forming complexes that exhibit wide spreads between the formation
constants. When complexes are formed with the positively charged trivalent REEs, the
result is a net decrease in the charge of the REEs as the complex, with the largest
decrease for the strongest complex [3]. The heavy REEs form strong complexes with
a reduction in the positive charge. In ion-interaction chromatography, these com
plexes will be eluted first. Therefore, with HIBA and CSS03, the order of elution was
from lutetium to lanthanum. The separated REEs were measured spectrophoto
metrically after post-column reaction with Arsenazo III. A similar separation was
achieved by Heberling et al. [3] with a pellicular latex-agglomerated resin-based ion
exchanger, HIBA as the eluent and 4-(2-pyridylazo)resorcinol (PAR) as the chromo
genic reagent in the post-column reaction. In this cation-exchange chromatographic
separation, not only did the sensitivities of the lighter REEs, which were eluted last,
decrease, but also these REEs were not completely resolved. In subsequent work that
was based on the work of Cassidy et al. [I], the separation of the individual REEs,
including the separation of yttrium from dysprosium, was achieved by ion-interaction
chromatography [4]. The sensitivities for the REEs in that separation increased during
the elution of lutetium to lanthanum, and the individual REEs were completely
resolved.

When this order of elution is used to separate and determine trace amounts of
REEs in the presence of large amounts of an individual REE, only the REEs heavier
than the matrix REE can be separated and determined. All the REEs lighter than the
matrix REE will be "swamped" by the relatively large amounts of the matrix REE. In
order to separate and determine traces of REE on either side ofan individual REE, the
order of elution must be reversed, i.e., lanthanum must be eluted first followed by the
other REEs, with lutetium being eluted last. This can be achieved by the formation of
anionic complexes of the REEs with suitable complexing agents such as citrates,
tartrates and oxalates. Anionic complexes formed with the REEs and organic
chelating agents exhibit a wide spread in the range of their formation constants. These
anionic complexes of the individual REEs can be separated by anion exchange with an
elution order from lanthanum to lutetium, a separation that was achieved by
Heberling et al. [3] with a pellicular latex-agglomerated ion exchanger and gradient
elution, using an eluent consisting of various amounts of oxalic and diglycolic acids.
However, Heberling et al. did not achieve the resolution between ytterbium and
lutetium. In addition, the sensitivity for the REEs increased from the minimum for the
first REE eluted, lanthanum, to a maximum for dysprosium before decreasing again
for ytterbrium.

The investigation described in this paper concentrated on the possible use of
a silica-based CiS reversed-phase column for the anionic separation of individual
REEs by ion-interaction chromatography with an elution order from lanthanum to
lutetium so that better sensitivity could be obtained than that achieved by other
investigations. Complete resolution between the fourteen individual REEs plus
yttrium was also investigated.

EXPERIMENTAL

Apparatus and reagents
The chromatograph, which was assembled from Spectra-Physics components,
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consisted ofa pump (SP 8700 XR extended-range LC pump) and an injector fitted with
a 50-fll sample loop. A photometric detector (SP 8773 XR) was fitted between the
column and the computing integrator and was set at a wavelength of 658 nm and an
absorbance range of 0.080. The chart speed and attenuation of the computing
integrator (SP 4200) were set at 2.5 mm and 32, respectively. The column was
a Supelcosil LC-18 (150 x 4.6 mm I.D., 5-flm particle size). An in-line filter containing
a carbon-frit filter (0.5 flm) was placed immediately in front of the column to protect
the column from particulate matter. The post-column reactor (PCR) was a modifica
tion of that used by Cassidy et al. [1]. It was made by the insertion of square-cut Teflon
tubing (0.5 and 1.5 mm J.D. and O.D., respectively) into a bored-out Omnifit Teflon
tee. A small plug of glass-wool was placed between the eluent inlet tube and the outlet
tube to the detector. The PCR reagent reservoir was under a constant helium pressure,
and this pressure forced the PCR reagent solution (Arsenazo III) into the PCR. The
pressure was maintained with a regulator of 0-2 bar. The PCR solution passed along
the outside of the eluent inlet tube, and then entered and mixed with the eluent within
the plug of glass-wool. After mixing, the resulting solution flowed into the outlet tube
to the detector.

All the solutions were prepared using freshly distilled water, and all the reagents
were of analytical-reagent grade. Stock solutions (1 gil) of the individual REEs were
prepared by dissolution of their respective Specpure oxides. The oxides were ignited at
950°C for 3 h and then cooled in a desiccator. The appropriate amount of each oxide
was dissolved in nitric acid (1:1) . The dissolution of cerium was completed by the
addition of small amounts of sulphuric acid and hydrogen perqxide during the
reaction. The acid concentration after the dissolution was controlled so that the
concentration of nitric acid in each stock solution was 1%. Standard solutions of
REEs in the concentration range 1-10 mgll, either as the REE group or as the cerium
and yttrium subgroups, were prepared by suitable dilution and mixing of the stock
solutions.

The complexing reagent was oxalic acid. The ion-interaction reagent was a 0.1
M solution oftetra-n-butylammonium hydroxide (TBAOH), obtained from Merck
(Darmstadt, F.R.G.). An aqueous solution containing the appropriate concentrations
of oxalic acid and TBAOH was prepared, and the pH of the solution was adjusted to
4.6 with ammonia solution. The solution was then filtered through a Millipore Type
HA filter with a pore size of 0.45 flm. After filtration, the pH value was checked and
adjusted if necessary.

The post-column reagent was Arsenazo III (1.5 . 10-4 M s.olution in 1 M acetic
acid), obtained from Fluka (Buchs, Switzerland). The reagent solution was also
filtered through a 0.45-flm filter.

Chromatographic procedure
Flow-rates of 1.0 mllmin were selected for both the eluent and the Arsenazo III

solutions, and the Supelcosil LC-18 column was equilibrated with an aqueous solution
containing the required concentration of oxalic acid and TBAOH at pH 4.6 until
a stable baseline was obtained. The sample was injected, and the individual REEs were
separated by isocratic elution. The eluted REEs were monitored at 658 nm after they
had undergone post-column reaction with Arsenazo III. A range of calibration
standards for the required concentration levels were analysed, and calibration graphs
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ofpeak height versus concentration were prepared for each of the separated REEs. The
REEs in the sample were identified by their retention times, and their peak heights
were compared with the calibration graphs. A detailed description of the procedure
can be obtained from the authors.

RESULTS AND DISCUSSION

From preliminary work with citric, tartaric and oxalic acids, it appeared that
oxalic acid was the most suitable complexing agent for the formation of anionic
complexes with the REEs.

The concentration and the stability of an aqueous solution of Arsenazo III in
I M acetic acid that was required for post-column reaction with the REEs was
established in earlier work [4], and these conditions were used in this investigation. As
stated previously [4], careful control of the purity of the reagents and eluents was found
to be necessary to ensure good chromatograms and to reduce baseline noise to
a minimum. To eliminate degradation of the column performance by bacterial action,
all the water used was freshly distilled and reagents were freshly prepared and filtered
through 0.45-,um carbon frit filters. In addition, an in-line filter containing a carbon frit
(0.5 ,urn) was placed immediately before the column.

Separation by isocratic elution
In this investigation, the univariant method of optimization was used, each

variable being optimized while the others were kept constant.
The concentrations of oxalic acid and the ion-interaction agent, TBAOH, in the

eluent were varied until the amounts required for the separation of the individual
REEs were found. Eluents containing small amounts of oxalic acid resulted in an
incomplete formation of the anionic complexes, whereas eluents of relatively
concentrated oxalic acid solutions reduced the retention times of the individual anionic
complexes of the REEs. In both instances the REEs were not completely separated.
The optimum concentration for both the oxalic acid and the TBAOH for the
separation of the fourteen REEs was found to be 0.002 M (Fig. I).

The pH of the eluent was varied between 3.5 and 6.0. The peak heights of the
REEs were not affected by the pH of the eluent in this range and a pH value of 4.6 was
chosen for further work.

Yttrium, which accompanies the REEs, is eluted under these conditions with the
same retention time as terbium. It was found that concentrations of 0.0005 and 0.0025
M for oxalic acid and TBAOH, respectively, increased the retention times of all the
REEs sufficiently to allow the determination of both yttrium and terbium. The time for
elution of the REEs increased and the peaks became broader but, when an integrator
was used to obtain either the peak height or the peak area for REE determination, the
accuracy was not affected. Small variations in the concentration ofTBAOH are critical
in the separation of terbium an yttrium, and the required concentration for this
separation must be strictly controlled. Fig. 2 shows the chromatogram obtained.

During the optimization of the physical parameters, maximum peak heights for
all the REEs were obtained with flow-rates of 1.0 ml/min for both the eluent
containing oxalic acid and TBAOH and the reagent solution of Arsenazo III (using
a sample size of 100 ,ul).
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Fig. I. Chromatogram showing the separation of the REEs. Conditions: oxalic acid, 0.002 M; pairing
reagent, 0.002 MTBAOH; flow-rate ofeluent and post-column reagent, I ml/min; pH of eluent, 4.6; sample
volume, 50 Ill; concentration of individual REEs, 10 mg/I; post-column reagent, l.5 . 10-4 M Arsenazo III
plus I M acetic acid; spectrophotometer wavelength, 658 nm.

Order of elution
"Dynamic" ion exchangers are formed when hydrophobic ions (TBAOH),

which are present in the mobile phase, are adsorbed on the hydrophobic surface of
a reversed-phase column to produce a charged layer at the surface, where ion exchange
can occur. The smallest ions, i.e., the last and heaviest REEs in the series, form the
strongest and most negatively charged complexes with oxalic acid. Therefore, when the
REEs are separated by anion exchange, the elution order is from lanthanum to
lutetium.
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Fig. 2. Chromatogram showing the separation of yttrium from terbium. Conditions: oxalic acid, 0.0005 M;
pairing reagent, 0.0025 M TBAOH; other conditons as in Fig. 1.

The separation of the REEs with this elution order from lanthanum to lutetium
is applicable to the determination of trace amounts of REE impurities in a purified
REE. The REEs lighter than the purified REE, particularly those adjacent to the
individual purified REE, can be detected, identified and quantified. However, the
REEs heavier than the individual purified REE could not be determined.

Interferences
Arsenazo III is specific for REEs, uranium and thorium [I]. Any transition

metals that are present are not complexed by Arsenazo III under the conditions of the
separation. As a result, they are eluted with, or just after, the void peak (about 2 min
after injection) and do not interfere with the separation and determination of the
REEs.

As most of the samples were in the form of dilute nitric acid solutions and traces
of sulphuric acid were present in the standards from the dissolution of cerium, the
effects of both nitric and sulphuric acids on the separation were investigated. It was
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found that, as the acid concentrations increased, the retention times and the peak
heights of the REEs decreased (Fig. 3). Solution of the REEs containing more than
0.05% acid resulted in a lack of resolution between the individual REEs and
a reduction in their retention times. When the REE solutions containing 0.09
M sulphuric acid were neutralized with sodium hydroxide to pH 6, the retention times
and peak heights of the REEs were not affected. Hence the acidity of the sample altered
the formation constants of the anionic complexes and influenced the degree of
complexation of the REEs. The acid anion had no affect on the separation at this level.
To determine the possible effect of the acid anion at higher sulphate molarities, sodium
sulphate was added to the REE solutions in the range 0.09-0.35 M with respect to the
sulphate ion. Above 0.09 M of sulphate ion the peak heights decreased, whilst the
retention times remained the same, indicating that above this level the sulphate anion
acted as a competing ion causing displacement of the anionic complexes ofREEs from
the cationic sites of the ion-interaction reagent. Therefore, for optimum separation of
the REEs the acidity and the acid anions must be controlled.

The small amounts of different hydroxides (lithium and sodium) and ammonia
solution that were used for the adjustment of the pH of the eluent to the required level
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Fig. 3. Effect of acids on retention times. Conditions as in Fig. l.
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had no effect on the retention times or the peak heights. However, when large amounts
of alkaline earth elements were present, the peaks obtained were broad, and there was
a reduction in both the retention times and the resolution, indicating the effect of the
reaction of alkaline earth cations with oxalate on the REE separation.

Sensitivity, precision and accuracy
The exact value of the detection limit of the REEs depends on the individual

REEs, flow-rates ofeluent and reagent, sample size and attenuation used. Any of these
factors can be varied so that a particular analysis can be optimized. In the
chromatograms for the separation of the REEs excluding yttrium (Fig. I) and the
separation of terbium from yttrium (Fig. 2), the attenuation remained constant
throughout the elution of the REEs and the increasing insensitivity in the detection of
the heavier REEs (terbium, dysprosium, holmium, erbium, thulium, ytterbium and
lutetium) is shown by the decreasing peak heights for these particular REEs. However,
when the attenuation of the integrator was reduced between the elution of dysprosium
and holmium, the sensitivity of the heavier REEs was increased. This increase in
sensitivity depended on the attenuation that was used. Other factors that can affect the
sensitivity are the background noise from pump pulsations and the purity of both
oxalic acid and Arsenazo III. When necessary, the oxalic acid can be recrystallized. As
stated previously, an important parameter is the quality of the water used in the
preparation of the eluent and the reagent. '

With careful control of the above factors individual REEs can be detected at
a level of 0.01 mg/l with a limit of determination of 0.5 mg/l and higher. Table I gives
the precision of the chromatographic separation and the subsequent detection with
Arsenazo III at 658 nm.

TABLE I

PRECISION OF THE METHOD

Conditions as in Fig. 2,

Element Relative standard deviation (/1 = '0)

10 mg/I REE I mg/' REE

La 0.0120 0,0816
Ce 0,0104 0.0698
Pr 0.Ql 08 0.0509
Nd 0.0126 0,0549
Sm 0,0050 0.0628
Eu 0,0156 0.0333
Od 0.0176 0,0634
Tb 0.0136 0.0513
Dy 0.0167 0,0478
Ho 00138 0.0523
Er 0.0184 0.0369
Tm 0,0174 0.0532
Yb 0,0165 0.0610
Lu 0,0120 0,0447
Y 0,0108 0.0654



ION-INTERACTION CHROMATOGRAPHY OF REEs 285

TABLE II

COMPARATIVE DETERMINATIONS OF REE IN NITRIC ACID

All results are expressed as mg/I.

Element Sample

FH 7701 FH 7702 FH 7703

CIa c
2

a AESb CIa C2" AESb Cta C2" AESb

La <I <0.5 <I 1.0 1.2 1.1 1.9 1.65 1.6
Ce 3190 3110 3270 975 951 1010 88 92 90
Nd 2.4 2.3 2.1 12 10 9.5 12 13 II
Sm 1.2 1.0 0.9 4.2 4.0 4.7 5.1 5.0 4.5
Eu <1 <0.5 0.20 <1 0.6 0.79 1.4 1.3 1.1
Gd <1 <0.5 <1 2.0 2.1 1.8 3.2 3.0 3.5

a C, and C2 = chromatography.
b AES = atomic emission spectrometry.

TABLE III

COMPARATIVE DETERMINATIONS OF REE IN MINTEK REFERENCE MATERIALS

All results are expressed in mg/kg unless stated otherwise.

Element Sample

66/69 50/71 30/70 18/69 49/71

Co AESb ca AESb Co AESb ca AESb ca AESb

Y n.a.c 1.38% n.a. 0.67 n.a. 0.24% n.a. 184 n.a. 39
La 9.90% 7.82% 3.72% 3.44% 1.38% 1.22% 0.31% 0.22% 495 515
Ce 16.06 16.2% 6.40% 7.09% 2.66% 2.54% 0.42% 0.37% 795 856
Pr 1.53% 1.62% 0.80% 0.77% 0.38% 0.27% 450 436 98 84
Nd 7.4% 6.52% 3.12% 2.97% 1.30% 1.11% 0.12% 0.[1% 275 235
Sm 0.95% 1.02% 0.42% 0.38% 0.14% 0.16% 157 168 42 39
Eu 230 222 110 94 32 36 45 42 8 10
Gd 0.78% 0.82% 0.30% 0.32% 0.10% 0.13% 99 113 25 23
Tb n.a. 702 n.a. 321 n.a. 146 n.a. 12 n.a. 4
Dy 0.30% 0.34% 0.14% 0.17% 702 686 35 51 n.d. d 10
Ho 423 445 240 244 72 78 n.d. 5 n.d. 3
Er 895 975 570 633 160 178 n.d. 9 n.d. 4
Tm 140 162 85 94 50 54 n.d. 3 n.d. 2
Yb 385 396 160 182 64 62 n.d. 9 n.d. 2
Lu 44 48 n.d. II n.d. 8 n.d. 1 n.d. 2

aC = chromatography.
b AES = atomic emission spectrometry.
, n.a. = Not analysed by chromatography.
d n.d. = Not detected.
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The accuracy of the chromatographic separation and the subsequent deter
mination of the individual REEs after post-column reaction with Arsenazo III was
ascertained by a comparison of the results obtained by chromatography with those
obtained by atomic emission spectrometry (AES). The samples included diluted nitric
acid solutions obtained during the purification of individual REEs (Table II) and
Mintek REE reference materials (Table III). The agreement between the two methods
was generally good. However, lanthanum in sample 66/69 and some of the results in
the milligrams per kilogram range in the other reference materials, such as erbium and
thulium, were more scattered.
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ABSTRACT

The chromatographic behaviour of a tri-n-butyl phosphate (TBP)-impregnated macroporous Am
berlite XAD-4 column was investigated for the separation of uranium from impurity elements in nuclear
grade uranium compounds prior to analysis by inductively coupled plasma atomic emission spectrometry
(ICP-AES). The parameters affecting separation with this column were optimized. The proposed sep
aration method proved to be rapid and efficient. High recovery factors for all the impurity elements were
obtained. The procedure is suitable for routine application to the determination of the impurity elements
Mo, Zr, Cd, Co, Ni, Ba, B, Mg, Mn, Fe, Cr, AI, V, Be, Cu, Ti, Se, Zr, Sr, Ca and As.

INTRODUCTION

Nuclear-grade uranium compounds, such as yellow cake and D02 powder,
must have certain specifications in order to be suitable for the industrial production
of nuclear reactor fuel.

The determination of impurity elements in uranium compounds represents a
major part of the quality control programme used to determine the chemical specifi
cations. The impurity elements contents are responsible for corrosion of the nuclear
fuel and some act as nuclear poisons, as they have high neutron cross-sections.

Several techniques have been used to determine impurity elements, including
spectrochemical analysis [I], atomic absorption spectrometry and inductively coupled
plasma atomic emission spectrometry (ICP-AES) [2,3]. The last technique is very
convenient owing to its high sensitivity, reproducibility, wide dynamic range, relative
freedom from matrix interferences and multi-element measurement capability. How
ever, if ICP-AES is to be used, the uranium must be separated prior to the determina
tion of the impurities because the dense uranium spectrum will severely interfere with

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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the spectral lines of the analytes. Therefore, several workers have used liquid-liquid
extraction methods to separate uranium from the impurities [4-7].

Recently, ion-exchange chromatography [8] and reversed~phasepartition chro
matography (RPPC) [9] were introduced to separate the impurities from uranium
prior to their determination. The RPPC method has nearly the same precision and
recovery factors as the liquid-liquid extraction method. However, the RPPC method
has the advantages that it is faster and requires less manipulation as the number of
samples become large.

One of the most successful applications of the RPPC method is that by Pan and
Wang [9]; they determined 40 trace elements in uranium compounds simultaneously
by end-on viewed ICP-AES after separation from uranium by RPPC using tris(2
ethylhexyl) phosphate as a uranium extractant supported on Kel-F (polychlorotriflu
oroethylene). In the end-on viewed method, the plasma flame is bent from its vertical
position so that the spectrometer slit will receive a higher intensity from the emitted
spectrum, which increases the sensitivity. However, the method is not suitable for
routine use because of the complicated arrangement required. Accordingly, the aim
of this work was to modify the experimental design of the method developed by Pan
and Wang [9] to make it applicable on a routine basis to the determination of the
impurity elements in uranium compounds.

The modification required the use of another type of extractant-support combi
nation, such that the resulting separtion column would have a higher capacity for
uranium extraction. Therefore, a larger amount of sample could be used to obtain a
final solution containing higher concentrations of impurity elements, so that it could
be analysed by a normal ICP-AES technique. Accordingly, it was decided to in
vestigate the use of tri-n-butyl phosphate (TBP) as a uranium extractant, supported
on the macroporous styrene-divinylbenzene polymer Amberlite XAD-4.

The reasons are that TBP is the most commonly used extractant for the puri
fication of uranium on an industrial scale, extracting uranium selectively into the
organic phase and leaving the impurities totally in the aqueous phase. TBP is also
very stable in highly acidic media where the extraction of uranium usually takes place.
Amberlite XAD-4 is often used as a support for different extractants for the sep
aration and preconcentration of trace metal ions by reversed-phase adsorption chro
matography [10] and has been used as a support for TBP for the separation of some
fission products [11,12] using RPPC. It is used as a support because of its high surface
area [750 m 2/g, according to the manufacturer's data (Aldrich)], and high affinity for
organic extractants; this allows it to absorb strongly more than its own weight of the
organic extractant. Accordingly; the prepared column wil have high efficiency and a
long life.

EXPERIMENTAL

Instrumentation and operating parameters
A Hilger Model E974 MK.l Polyvac direct-reading spectrometer with a Hilger

2.5-kW ICP lightsource equipped with a Meinhard Model TR-30 concentric glass
nebulizer was used. The argon flow-rates were 11, 0.8 and 0.41 min -1 for the plasma,
auxiliary and nebulizer, respectively.

AHilger EnB argon humidifier was used. The incident power was 1.7 kW for
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the extraction method and 1.25 kW for the RPPC method.
The nebulizer pressure was 35 p.s.i.g. The observation height was 16 mm above

the induction coil. The emission intensity was integrated for 15 s.
The following analytical lines were used: Mo 2020.3, Ti 3372.8, Ni 2316.0, Zr

3438.2, Ba 2335.3, Se 1960.3, B 2497.7, Bia 2230.1, Scb 2552.3, Zn 2138.6, Fe 2599.4,
Be 3130.4, Mn 2576.1, Cd 2266.0, Mg 2795.5, Co 2286.2, Cr 2835.6, As 1972.6, Al
3082.2, Sr 4077.7, V 3110.7, Ca 3968.5 and Cu 3247.5 A.

Reagents
Amberlite XAD-4 was purchased from Aldrich with 20-50 mesh size, average

particle size 0.5 mm and surface area 750 m2 /g. It was washed with 10% (v/v) hydro
chloric acid in methanol, water, methanol, dichloromethane and finally diethyl ether,
then dried overnight at 80-90°C under 1.0-0.5 mmHg pressure.

TBP was purified [13] by equilibration with 5% sodium carbonate solution.
High-purity acids and deionized water were used throughout. The argon used was of
99.999% nominal purity. All other reagents were of analytical-reagent grade. Stan
dard solutions were prepared from Merck Titrisol standards.

Preparation of the separation column
A 1O-g amount of the washed Amberlite XAD-4 was impregnated with 12 g of

TBP by adding the TBP dropwise and with continuous mixing to ensure its uniform
distribution over the XAD-4. The mixture was allowed to stand for at least 2 h to
ensure good diffusion of the TBP inside the polymeric material. The loading of TBP
on XAD-4 was 120% (w/w).

The slurry packing technique was adopted for packing the impregnated Amber
lite XAD-4 inside a PTFE column (50 cm x 0.8 cm J.D.). The column was condi
tioned before use with 10 ml of 4 M nitric acidc at a flow-rate of 2 ml/min.

Sample treatment
A sample of uranium oxide or yellow cake containing 1.25 g of uranium was

dissolved by heating it gently with 5 ml of 8 M nitric acid. After complete dissolution,
5 ml of water were added and the resulting solution was transferred to the column for
uranium separation. The separation was performed at a flow-rate of 0.5 ml/min. The
column was then washed with about 12 ml of 4 M nitric acid at a flow-rate of 1.5
ml/min. The wash solution was combined with the sample solution in a 25-ml volu
metric flask. A I-ml volume of a solution containing 500 ppm of scandium and 500
ppm of bismuth (internal standards) was added and the mixture was diluted to vol
ume with 4 M nitric acid.

The sample solution was analysed for impurity elements by measuring it togeth
er with standard solutions by ICP-AES. The concentrations of the analytes in the

a Bi was used as internal standard for the elements Mo. Ba. AI, Cu. Ca. Se. Zn. Cd. As and Sr.
b Sc was used as internal standard for the elements Fe. Co. Cr, Ni. V. Ti, Zr, Mg, Be. Mn and B.
, The solutions used for column conditioning, washing, regeneration and sample dissolution must

be previously saturated with TBP to minimize the loss of TBP from the impregnated Amberlite XAD-4,
thus extending the life of the column.
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sample were obtained by using the standard curves, which were constructed from the
measurements of the standard solutions by ICP-AES. The standard solutions were
prepared by mixing the required volumes of stock standard solutions of the elements
to be determined and making the final solution 4 M in nitric acid. The final standard
solutions contained scandium and bismuth as internal standards. The results of the
measurements were corrected using recovery factors previously determined as de
cribed in the next section. The concentrations of the impurity elements in the stan
dard solution were taken in accordance with the specifications for nuclear-grade 002

powder and nuclear-grade uranium ore concentrate [14,15].

Determination of impurity element recovery factors
The recovery factors were measured by preparing a standard solution contain

ing 300 f1g of each analyte and 1.25 g of uranium per 10 ml of the solution (except for
B and Cd, for which the solution contained 2 f1g of Band 2 f1g of Cd per 10 ml; this
solution is a simulation of a solution obtained by dissolving 002 powder containing
the maxium allowable concentrations of the impurity elements according to the speci
fications for nuclear-grade 002 powder [14]. This standard solution is 4 M in nitric
acid. A 10-ml portion of this solution was passed through the column to separate
uranium from the impurity elements. The concentrations of the impurity elements in
the resulting solution were determined using the same procedure as used for the
sample.

Column regeneration
The used column was freed from absorbed uranium by passing 30 ml of 30%

(w/w) ammonium acetate solution through the column at a flow-rate of 1 ml/min,
followed by washing with 10 ml of water at a flow-rate of 2 ml/min. The TBP
impregnated Amberlite XAD-4 of the column was stored in water for further use.

RESULTS AND DISCUSSION

The chromatographic behaviour of uranium on a column prepared as described
above was examined quantitively by separating the uranium from 10 ml of 4 M nitric
acid containing 1.25 g of uranium. It was found that the yellow uranium band occu
pies about one third of the total length of the TPB-impregnated XAD-4 column
charge. This band spread to two thirds of the column when washed with 12 ml of 4 M
nitric acid.

The eluate was collected and analysed for uranium. The uranium concentration
in the elua te was found to be 4 ppm for a freshly prepared column and 4-10 ppm for a
regenerated column. This low concentration of uranium will not interfere with the
determination of the impurity elements.

The validity of the proposed method with respect to the accuracy, precision and
recovery was tested by applying it together with the liquid-liquid extraction method
[16], involving extraction of the impurity elements from a 6 M nitric acid solution
with 30% (v/v) TBP in carbon tetrachloride, to the analysis of a synthetic standard
solution containing the impurity elements and uranium. The accuracy of the pro
posed method can therefore be determined by comparing the results obtained by the
two methods, given in Table I. The agreement between the results obtained indicates
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TABLE I

COMPARISION OF LIQUID-LIQUID EXTRACTION AND RPPC METHODS FOR THE DETER
MINATION OF IMPURITY ELEMENTS IN A SYNTHETIC URANIUM SOLUTION

Element Concentration present (ppm) Concentration determined (ppm)

Extraction method" RPPC method"

Mo
Zn
Cd
Co
Ni
Ba
B
Mg
Mn
Fe
Cr
Al
V
Be
Cu
Ti
Se
Zr
Sr
Ca
As

10
5
2
5

10
5
5
5
5

10
2.5
5
2
2

10
5

10
2
2
5

\0

9.5
5.2
1.8
4.8
9.7
4.9
5.2
4.8
5.1
9.8
2.3
5.1
2.1
1.8
9.8
4.9
9.8
1.7
1.8
5.1
9.7

9.7
4.9
1.9
4.7

10.1
4.9
4.9
5.0
4.9
9.8
2.6
5.0
2.1
2.0

10.1
4.8
9.7
1.9
1.8
4.9
9.7

" Average values of two determinations.

the applicability of the proposed method to the determination of impurity elements in
nuclear-grade uranium compounds.

Table II shows a comparison between the proposed method and the liquid
liquid extration method [16] with respect to recovery and precision. The recovery was
determined using the procedure given above for recovery factors.

The good recovery and high precision of the present method support its use for
the proposed application. The detection limits for the elements determined are given
in Table III, and are well below the specification values for impurities in nuclear
grade UOz powder [14].

It should be mentioned that the factors taken into consideration in preparing
the TBP-impregnated XAD-4 separation column and those in performing the sep
aration process were selected by optimizing the TBP loading, particle size, amount of
TBP-impregnated Amberlite XAD-4 and solution compostion.

Regarding TBP loading, when separating uranium from impurities it is very
important to have a column with the highest possible capacity for uranium extraction
in order to make the separation process practical, which can be achieved by using a
column with the highest possible percentage loading of the extractant on the support.
TBP loadings from 70% to 190% were investigated and it was found that the effi
ciency of the column for uranium extraction increases linearly with loading. However
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TABLE II

COMPARISON OF RECOVERY FACTORS DETERMINED BY RPPC AND LIQUID-LIQUID
EXTRACTION METHODS AND OF RELATIVE STANDARD DEVIATIONS

Recovery factor (%) Precision as relative standard deviation (%)a

Extraction method RPPC method Extraction method RPPC method

Mo6 + 93 91 6 5
Zn 2 + 98 97 3 4
Mg2 + 99 100 3 3
Mn2 + 97 98 4 3
Fe3 + 100 99 3 2
B3+ 98 97 3 2
Ni2+ 99 97 5 4

.Cd2+ 96 95 4 3
Co 2 + 99 100 5 6
Ba 2 + 98 99 4 2
Cr3+ 92 90 5 3
AI3+ 99 100 4 4
V4 + 100 99 3 2
Be 2 + 98 99 4 3
Cu 2 + 99 98 3 3
Ti 4 + 96 97 3 2
Zr4 + 74 70 5 3
Ass + 98 95 5 4
Se4 + 94 95 6 4
Sr2 + 99 97 5 3
Ca2+ 97 98 4 3

(l It = 5.

at loadings higher than 120% the impregnated particles were exceedingly hydrophob
ic and badly agglomerated, causing poor column packing. This type of agglomeration
at high TBP loadings was attributed to the presence of the extractant on the outer
surface of the beads [11,17]. Therefore, it was decided to use a column with a 120%
TBP loading as the optimum choice.

Regarding particle size, it is well know that a better column performance is
generally achieved as the particle size decreases. We investigated the performance of
ISO-200-mesh Amberlite XAD-4, obtained from the purchased 20-S0-mesh material
by mechanical crushing followed by sieving. It was found that the separation process
using columns prepared as decribed earlier could not achieve a practical flow-rate
(i.e., 0.5 ml/min) without the aid of a pumping mechanism that delivers a pressure
higher than atmospheric. However, to simplify the proposed method, this pumping
mechanism should be avoided and the separation should be performed by gravity
induced flow under atmospheric pressure. Hence the Amberlite used should have a
mesh size smaller than ISO. Nevertheless, the column used in this work contained the
purchased well defined, nearly round 20-S0-mesh Amberlite XAD-4 and no investi
gation of the performance of a column loaded with 50-ISO-mesh material was made.
It is believed that no improvement in column performance would be achieved as the
50-ISO-mesh Amberlite has fractured particles due to the mechanical crushing and
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TABLE III

DETECTION LIMITS FOR IMPURITY ELEMENTS DETERMINED BY RPPC SEPARATION
WITH TBP-IMPREGNATED AMBERLITE XAD-4 FOLLOWED BY KP-AES MEASUREMENT

Element Detection limit (j.1g/g U) Element Detection limit (j.1g/g U)

Mo 1.3 Al 3.2
Zn 0.16 V 0.8
Cd 0.11 Be 2.4
Co 0.61 Cu 0.4
Ni 0.57 Ti 0.51
Ba 0.63 Se 4.1
B 0.13 Zr 0.58
Mg 0.02 Sr 0.05
Mn 0.12 Ca 0.12
Fe 0.36 As 4.3
Cr 0.55

therefore the prepared column will have an irregular packing and irregular flow
(channelling). This is supported by the work Louis and of Duyckaerts [11], who
investigated the performance of a TBP-impregnated Amberlite XAD-4 column for
the separation of americium(lll). They found that the experimental results, when
used to calculate the A term in the Van Deemter equation give values that are within a
factor of 11-25 of the particle size of the Amberlite used. They attributed this dis
crepancy to the use of fractured particles obtained by the mechanical crushing of
20-50-mesh XAD-4.

The amount ofTBP-impregnated Amberlite XAD-4 used was chosen as a com
promise between the following effects: the efficiency of the separation of uranium
from impurities increases with increasing amount of packing, and the time required
for washing and column regeneration increases with increasing amount of packing.

It was found that the repeated use of the same TBP-impregnated Amberlite
XAD-4 column for uranium separation led to a gradual loss of absorbed TBP and a
consequent decrease in column capacity. To prevent this effect, throughout the sep
aration procedure solutions that had been previously saturated with TBP were used.
This was found to extend the life of the column to more than 80 separations.

It is worth-mentioning that the acidity of solutions passed through the column
was chosen according to previous studies by Hamlin et al. [18] and Walker and Vita
[19].

CONCLUSION

Reversed-phase partition chromatography with TBP-impregnated macropo
rous Amberlite XAD-4 column was found, after optimizing the parameters affecting
the separation process, to be rapid and highly efficient for the separation of uranium
from impurity elements prior to analysis by ICP-AES. The overall method is accu
rate, precise, free from interferences from the uranium matrix and could be applied on
a routine basis to determine impurity elements in nuclear-grade uranium compounds.
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ABSTRACT

Thc gas chromatographic adsorption energies of 30 sorbates were processed by using descriptors
which define dispersion, orientation and donor-acceptor interactions. Hydrogen treated, thermally graph
itized carbon black, barium sulphate and a porous polymer of medium polarity were used as sorbents. A
four-variable regression equation for all sorbents with R ;:::; 0.97 and a relative standard deviation of ca.
5% was developed. The importance of the different solute-sorbent interactions (SSI) for each sorbent
studied is discussed. The contributions of the SSI to the total adsorption energy of Rohrschneider's sub
stances for the sorbents were calculated.

INTRODUCTION

The concept ofpolarity is widely used for both the classification and the selection
ofsorbents for gas chromatographic (GC) analyses. This concept expresses the ability
of a sorbent to show predominant retention of polar molecules in comparison with
non-polar n-alkanes. Rohrschneider's method of polarity determination based on the
differences in Kovats retention indices (RI) of the set of solutes on two stationary
phases is widely used [I]. A method taking into account the energetic inequivalence of
RI units on different stationary phase has also been described [2]. Various publications
has been devoted to RI simulation [3-7] and to establishing their dependence on
adsorbent and adsorbate parameters [8]. As any differences in the polarities and
selectivities of sorbents are primarily associated with changes in the nature of
solute-sorbent interactions (SSI), the quantitative relationship of the contributions of
various types of SSI may be considered as a measure of a sorbent's polarity and
selectivity.

We have attempted to obtain a quantitative description of the GC properties of
adsorbents by dividing the adsorption energies and RI into components describing
different types of SST. This paper deals with a description of adsorption energies. In
a subsequent paper the possibility determining the polarity and selectivity of
adsorbents by using the same method for RI will be considered.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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Adsorption energy may be represented as follows (if no charge-transfer
complexes form):

J U ads. = J Udisp . + J U ind . + J U or . + J Uhydr.

The expressions for the first three terms are well known [9,10].
The energy of hydrogen bond formation may be represented by

(I)

(2)

where Was and Wds are electron-acceptor and electron-donor energetic constants of
a sorbate molecule and Wda and Waa are the same constants of a counterpart (in our
case an adsorbent surface) [11]. It is worth noting that the hydrogen bond constants
Wa and Wd are related to similar constants for charge-transfer complexes [II]. We
assumed that eqn. 2 can be inserted in eqn. 1 to describe in some way donor~acceptor

SST in general.
Substituting the well known expressions for J Udisp ., J Uind . and J Uor . [9,10] and

eqn. 2 into eqn. 1 and performing some simplifications, the following equation was
obtained:

(3)

where (J, is the polarizability of a sorbate molecule, {l its dipole moment and Wa and Wd
its electron-acceptor and -donor constants. The coefficients K j -K4 are proportional to
athe physico-chemical adsorbent characteristics involved in the expressions for each
type of SST. The term Ks was included in eqn. 3 to account for neglected SST.
Accordingly, a knowledge of the coefficient values would allow us to establish the
ability of an adsorbent to effect certain SST quantitatively.

Eqn. 3 is applicable to multiple linear regression, in which case desired values of
the coefficients for a sorbent may be obtained by using molecular parameters of a set of
sorbates and their adsorption energies on the sorbent.

The physico-chemical and topological parameters of sorbate molecules were
obtained by the following way. Polarizability was calculated from the Lorentz-Lorenz
equation:

3 (n 2 I)
(J, = 4nL . Vm . (n 2 + 2) (4)

where Vm is the molar volume and n is the refractive index. Dipole moments were taken
from ref. 12 and the constants Wd and Wa for the gas phase were calculated from the
data in ref. 11. To take into account steric effects, some topological descriptors were
also involved. The molecular connectivity indices (MeT) of the first order were
calculated from the expression

(5)
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where n is the number of valence bonds in a molecule and b; and bj are the number of
atomic valences directed to the adjoining non-hydrogen (e.g., C, 0, N) atoms. For
cyclic molecules the allowance for a ring of 0.5 was subtracted from the values of IX.
MCI of the second order were calculated from the expression

k

2X = I (b; bj bm)-1/2 (6)

where k is the number ofall three atom chains in a molecule (with multiple bonds taken
into account). Further details of the theory of MCI can be found elsewhere [13].

EXPERIMENTAL

The method proposed above was used to process literature data on the
adsorption energies (,1 U) for the non-polar adsorbent hydrogen treated thermally
graphitized carbon black (HT GTCB) (adsorbent I [14]) and for polar BaS04 modified
with NaCl (adsorbent III [15]). Our experimental data for a porous polymer ofmedium
polarity (adsorbent II) were also processed. This adsorbent is a copolymer of ethylene
dimethacrylate (EDMA) with epithiopropyl methacrylate (ETPMA) with a specific
surface area of 66 m2/g and containing 11 % of suphur [16].

The determination of adsorption energies was performed with a Tswett-165
chromatograph with flame ionization detection. Glass columns (50 cm x 1.2 and
3 mm 1.0.) were used. The flow-rate of the carrier gas (helium) was 4-8 cm/s. Before
measurements the sorbent was warmed for 6 h in a helium flow at 190°C. The heats of
adsorption were measured in the range 135-17SoC. Kovats retention indices at 150°C
were calculated.

A set of 30 substances was used for regression analyses on the adsorbents
studied. It included n-alkanes, n-alkenes, aromatic hydrocarbons, alcohols, ethers,
alkylacetates, ketones, nitroalkanes, chIoro-substituted compounds and pyridine.
Because of the different polarities of the adsorbents, the compositions of the sets of
compounds on each adsorbent were slightly different.

We used ref. 17 as the mathematical basis for the multiple linear regression.
BASIC programs with matric operators were performed on an Iskra 226 personal
computer.

The correlation coefficient r and standard error s were used to evaluate the
regression fits.

RESULTS AND DISCUSSION

Discussion of eqn. 3
First the regression analyses were performed in accordance with eqn. 3. The

results for each substance on HT GTCB are shown in the first column of Table I, and
the integrated results for all adsorbents in the first column ofTable II. As HT GTCB is
a non-polar adsorbent, all deviations of the calculated ,1 U values from the
experimental values seem to be connected only with the rough description of
dispersion SSI by the K l rx term in eqn. 3. These deviations are probably associated with
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TABLE I

REFERENCE VALUES -.dU ON HT GTCB [14] AND THEIR DEVIATIONS AGAINST THOSE
CALCULATED WITH EQN. 8 WITH DIFFERENT G

All values in kllmo!.

No. Solute -LlU Deviation G1 Deviation Gz Deviation
[14] without G with G1 with Gz

I Hexane 39.4 +0.5 0.78 -1.0 0.67 -2.1
2 Heptane 44.0 +0.4 0.82 -1.2 0.70 -2.2
3 Octane 49.4 +0.4 0.86 -0.8 0.73 -2.0
4 Nonane 55.6 -0.3 0.90 -0.8 0.75 -2.7
5 Benzene 36.2 -1.0 0.85 +0.2 0.85 +2.9
6 Toluene 44.4 -3.3 0.93 -0.8 0.81 -1.3
7 Ethylbenzene 47.9 -1.2 0.94 +0.8 0.85 + 1.8
8 Fluorobenzene 38.1 -2.1 0.93 +0,5 0.89 +2.6
9 Chlorobenzene 43.8 -1.6 0.93 +0.1 0.85 +1.4

10 Bromobenzene 45.0 +0.3 0.93 +1.5 0.82 + 1.9
II n-Propanol 28.6 -1.5 0.71 -1.1 0.77 +0.1
12 Isopropanol 28.0 -0.8 0.79 + 1.0 0.68 -1.3
13 n-Butanol 34.7 -2.2 0.75 -2.8 0.80 -0.6
14 Isobutanol 31.4 +1.2 0.80 +1.7 0.74 +1.2
15 sec.-Butanol 31.6 +0.7 0.80 +1.3 0.75 +0.8
16 tert.-Butanol 30.2 +2.7 0.65 -0.4 0.64 -0.4
17 Diethyl ether 31.6 + 1.1 0.75 -0.6 0.70 -0.9
18 Di-n-propyl ether 41.6 +2.6 0.82 0.0 0.74 -0.1
19 Di-n-butyl ether 53.3 + 1.1 0.90 -0.5 0.79 -0.8
20 Acetone 26.9 +0.9 0.81 +0.7 0.70 -1.1
21 Methyl ethyl ketone 32.9 +0.2 0.81 -1.3 0.76 -1.1
22 Methyl n-propyl ketone 37.7 +0.5 0.85 -0.9 0.78 -0.7
23 Methyl n-butyl ketone 42.9 +0.7 0.89 -0.6 0.80 -0.5
24 Ethyl acetate 34.8 -2.1 0.92 +0.2 0.86 +0.4
25 n-Propyl acetate 39.9 -1.7 0.96 +0.9 0.86 +0.7
26 n-Butyl acetate 44.9 -1.1 1.00 +2.1 0.86 +1.3
27 Dichloromethane 23.9 0.0 0.67 +0.3 0.67 +0.6
28 Chloroform 28.9 +0.6 0.79 + 1.9 0.65 -0.4
29 Carbon tetrachloride 30.3 +4.5 0.65 +0.3 0.63 + 1.2
30 1,2-Dichloroethane 29.3 +0.5 0.71 -0.6 0.73 +1.4

TABLE II

CORRELATION COEFFICIENTS r AND RELATIVE STANDARD DEVIATIONS s FOR -LlU
ANALYSES ON THREE SORBENTS WITH EQN. 8 WITH DIFFERENT G

Sorbent with G=I with G1 with Gz

s (%) s (%) s (%)

HTGTCB 0.980 4.7 0.991 3.2 0.984 4.2
EDMA-ETPMA 0.905 5.5 0.952 4.0 0.971 3.1
BaS04 0.960 9.2 0.970 8.0 0.971 7.8
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the fact that large molecules do not contact a surface with aU of their atoms. This
phenomenon may be taken into account by including in the term K[ r:x some steric factor
(G ~ 1) for each molecule. Hence the product K[ Gr:x should have the meaning of the
effective polarizability of a molecule for adsorption on a surface.

The steric factor was generated by means of spatial characteristics of a molecule
(molar volume and MCI of various orders) in two ways, as foUows. ModeUing
a relatively simple expression for G, providing minimum deviations of Ll U on HT
GTCB and further using of G values obtained for adsorption on aU other surfaces, we
obtained the foUowing expression:

G[ = 2 Xl9 - 0.56 4 Xc + 0.6 (0.65 ~ G ~ 1) (7)

(2) It was noted that ratio Z = lXIVm was high for planar or smaU molecules (carbon
dioxide, benzene, pyridine, dioxane, nitromethane) whereas smaU Z values are
characteristic of long-chain molecules with mobile segments (n-alkane, n-alkenes,
ethers) or highly branched molecules (tert.-butanol, neopentane,). Assuming that the
molecules with maximum Zvalue have the best contact with a surface, one can assume
that relationship G2 = ZIZmax reflects the degree of engagement of a molecule with
a surface. Values of G obtained in such a way were 0.63 ~ G2 ~ 1.00. Both values, G1

(obtained by the first method) and G2 (by the second) are given in Table I.
Inclusion of any of these steric factors in eqn. 3 decreases the standard error and

increases the correlation coefficient of regression analyses while the number of
adjustable terms was invariant (see Table II). However, the use of the steric factor G2 is
preferable because it has a physical meaning and its value has a better correlation with
the stereochemistry of molecules (e.g., n-butariol 0.80, isobutanol 0.74, tert.-butanol
0.64). Therefore, the final form of the eqn. 3 for all adsorbents is

(8)

Although eqn. 8 is fairly simple, it involves all kinds ofSSI which are of importance in
GC [18].

The parameters of sorbate molecules in eqn. 8 are uncorrelated with each other.
The correlation matrix is given in Table III.

Results of data processing
The results of the three adsorbent analyses using eqn. 8 are shown in Table IV

and in Figs. 1-3. All regression coefficients are given with their standard errors. The
significance of every regression coefficient (in this instance it is the significance of
a certain type of SSI for adsorption on the adsorbent) may be obtained from Student's
t-test as ratio of the coefficient to its standard error (t = Kds;); t values are given in
Table IV.

The t values show that for HT GTCB such sorbent characteristics as dipole
moment on the surface and electron-donor and electron-acceptor ability of the surface
have negligible deviations from zero. This is in accordance with HT GTCB being
a non-polar sorbent and with the absence of any functional groups being able to
undergo specific SSI on its surface.

On polymer sorbent II, dispersion SSI are also of most importance. In addition,
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TABLE III

CORRELATION MATRIX FOR DESCRIPTORS USED IN EQN. 8

Descriptor aG Il' Wa Wd

aG 1.00 -0.435 -0.587 -0.465
Il' 1.000 -0.062 0.164
Wa 1.000 0.386
Wd 1.000

TABLE IV

REGRESSION COEFFICIENTS K i WITH THEIR STANDARD ERROR AND STUDENTS I-TEST
ON THREE SORBENTS OBTAINED WITH EQN. 8 WITH G2 .

Coefficient

K1

K,
K3

K4

Ks

s (%)

HT GTCB EDMA-ETPMA BaS04

K, K; K,

33.1 ± 1.4 23.1 30.9 ± 1.5 20.1 18.1 ± 4.3 4.2
I.5±I.l 1.0 8.1 ± 09 9.3 41.4 ± 3.4 12.3
1.0 ± 1.4 0.7 13.2 ± 1.2 11.0 35.2 ± 4.1 8.6
0.1 ± 0.8 0.1 5.2 ± 0.6 8.2 14.2 ± 1.7 8.3
9.6 ± 1.5 6.5 13.1 ± 1.8 7.2 10.2 ± 5.1 2.0

4.2 3.1 7.8
0.984 0.971 0.971

25
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Fig. I. Experimental and calculated values of -LiU (kllmo!) on HT OTCB.
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Fig. 2. Experimcntal and calculated valucs of -.1 U (kJ/mol) on EDMA-ETPMA.

the specific SSI induced by carboxy and epithio groups are significant. Some
electron-acceptor capability of the surface (K4 ) apparently may account for the partial
positive charge of the carbon atom in the carboxy group.

As expected, on ionic BaS04 the orientation SSI caused by the spatial separation
of charges on the surface is most significant. The electron-donor capability of SO~
and the electron-acceptor capability of BaH are also of importance for adsorption.
The significance of dispersion SSI on this adsorbent is minimal in comparison with
specific SSI.

-t:. U CALC.
I

80

r70

I
I

60

f
50 ..
40

30 '10 50 60 70 80
-D.U EXPER.

Fig. 3. Experimcntal and calculated values of -.1U (kJ/mol) on BaS04 .
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TABLE V

CONTRIBUTIONS OF DIFFERENT KINDS OF SSI TO TOTAL ADSORPTION ENERGY LJ U (%)

Sorbate Adsorbent Dispersion Orientation Electron Electron
and induction acceptor donor

Benzene I 100 0 0 0
II 93 2 0 5

III 72 0 0 18

n-Propanol I 96 2 2 0
II 61 6 20 13

III 25 20 34 21

Methyl ethyl I 96 4 0 0
ketone II 71 17 0 12

III 28 52 0 20

Nitromethane ]

II 66 27 0 7
III

Pyridine I
II

III 32 32 0 36

Consideration of the coefficient values for three adsorbents leads to following
conclusions. The pronounced decrease in K j for transfer from HT GTCB and the
porous polymer to BaS04 represents the change to a surface consisting of hardly
polarizable ions instead of molecular structures. The appreciable increasing in K 2 from
8.1 to 41.1 for the pair II-III seems to be connected with the ionic character of the
BaS04 surface. The changes in K 3 and K4 from zero to certain values indicate the
occurrence of electron-donor and electron-acceptor centres on the surfaces.

The polarity of adsorbents calculated on the basis of the "specific" coefficients
K r K4 increases considerably in the sequence HT GTCB < EDMA-ETPMA
< BaS04, as expected.

The coefficients Kj-Ks obtained allow us to calculate different SSI contributions
to the total adsorption energy. The contributions correspond to the summands of eqn.
8. As the free term K s on all adsorbents was highly correlated with coefficient K 1, K s
can be assigned to dispersion SSI. All other coefficients were uncorrelated. The
correlation matrix is given in Table VI.

TABLE VI

CORRELATION BETWEEN THE REGRESSION COEFFICIENTS

Coefficient K1 K2 K3 K4 Ks

K1 1.00 0.559 0.615 0.253 -0.947
K1 1.000 0.433 -0.022 -0.627
K3 1.000 -0.152 -0.581
K4 1.000 -0.447
Ks 1.000
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Contributions calculated in such a manner are given in Table V. The
contribution of dispersion SST is about 100% on HT GTCB for all substances and
decreases for polar molecules on polar adsorbents; it is only 25% for n-propanol on
BaS04. The orientation contribution on the polymer adsorbent is rather small. On
ionic BaS04 it is predominant for molecules with high dipole moments (e.g., 52% for
methyl ethyl ketone). The electron-donor ability of the surface ofEDMA-ETPMA or
BaS04 takes effect for the adsorption of alcohols only. With BaS04 this contribution
is predominant (34%). The electron-acceptor capability of the adsorbents surfaces of
II and IIT takes effect for all substances of Rohrschneider's series and reach
a maximum for pyridine.

The method developed seems to be of some interest for the determination of
adsorbent capability for different kinds of SST in Gc.
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ABSTRACT

The linear correlation between relative retention values of halogenated hydrocarbons (methanes,
ethanes and ethenes) having one or more identical or different halogen atoms in the molecule and their
vapour pressures was used for identiftcation purposes in gas chromatography. Absolute and relative reten
tion values were measured at various temperatures on non-polar (OV-l) and polar (SP-IOOO) packed
columns, and some correlations were found that permit peak identification. The calculation of retention
times when thc vapour pressures of the substances are known or, on the contrary, the calculation of this
parameter on the basis of gas chromatographic analysis are possible.

INTRODUCTION

When very complex mixtures of halogenated compounds have to be analysed,
e.g., in the polluted environment, the identification of different compounds on the
basis of their retention times on columns of different polarities is very useful and can
avoid the use of more complex and expensive techniques that are often not suitable for
routine field analysis. When standard samples are not available for the identification of
less common compounds, the use of correlations between retention behaviour,
physical properties and structure of these compounds can assist in tentative
identification [1-8].

In a previously published paper [9], the correlation between the relative retention
values, r, the retention index values, I, the retention volumes, VR, and the vapour
pressure, pO, of many halogenated hydrocarbons was investigated. For the non-polar
stationary phase used, OV-l, a good linear correlation between vapour pressure and
I was found, which permits the separation of a complex mixture of compounds to be
predicted at any temperature of the column. Further, the linear dependence of Ivalues
on temperature can be used to confirm the qualitative identification of a substance,
being correlated with its structure [10-12]. On the polar stationary phase SP-I 000, the

"Present address: CASTALIA, Societa Italiana per l'Ambiente, Via dei Pescatori 35, 16129 Genova,
Italy.
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correlation was found to be non-linear and unsuitable for the calcuhition of retention
values at different temperatures.

On the other hand, the use of an Antoine-type equation [13,14], the constants of
which were calculated starting from experimental values, permitted the calculation of
I values at any temperature on both polar and non-polar stationary phases. The
determination of I values, however, by using the classical Kovats equation [15] with
respect to linear alkanes, requires accurate measurements of the retention times of the
compounds mixed with several linear alkane homologues. When electron capture
detection (ECD) is used, the negligible response to alkanes requires the use ofdifferent
homologous series ofelectron-absorbing compounds, e.g., linear iodoalkanes [16], and
the determination of the correlation between their retention times and that of linear
alkanes. The identification by means of retention index values is therefore unsuitable
or very complex.

In contrast, the measurement of relative retention values, r, with respect to
a reference compound present in the sample or added to it is much easier and does not
require a complete series of reference substances. When the analyses are made on the
same column and under reproducible temperature conditions, the validity of the
r values for identification purposes can be equivalent to the use of other retention
values (the Kovats retention index or the specific retention volume, Vg) that are
independent of many analytical parameters but whose determination is more difficult.

Of course, it is necessary to verify that the r values show regular behaviour as
a function of the structure, boiling point and vapour pressure of the analyte
substances, similar to that shown by the I and Vg values, and to investigate the effect of
the column polarity on the elution of the analyte compounds.

EXPERIMENTAL

Two columns of different polarity were used: non-polar OV-l and polar
SP-lOOO, both 10% (wjw) on Chromosorb W DMCS (80-100 mesh), with length
3 m and J.D. 2 mm. A Varian (Palo Alto, CA, U.S.A.) Model 3760 gas chromatograph
was used with thermal conductivity detection (TCD), in order to permit the injection of
samples with the same concentration ofeach component, owing to the small difference
in the TCD responses to substances belonging to various homologous series (alkanes,
alcohols, halogenated compounds with a different number of halogen atoms in the
molecule). In fact, the use of specific detectors, which are insensitive to certain
compounds, may require different amounts ofeach substance to be injected in order to
obtain peaks of comparable area. The width and shape of some peaks may therefore
change owing to column saturation and the resolution between adjacent peaks or the
determination of some parameters (e.g., column efficiency) may be influenced.
Obviously, the analysis of low-concentration authentic samples in the environment
must be made with sensitive ECD, taking into account the possible effect of the
different sensitivities of various compounds.

The samples used included chloro-, bromo- and iodo-methanes, -ethanes and
-ethenes with one or more different halogen atoms in the molecule. The choice of these
components permitted many different "homologous series" to be investigated, by
changing the substituent halogen or increasing the number of halogen atoms in the
molecule. Helium was used as the carrier gas at a flow-rate of 30 cm 3 min -1. All the
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samples were analysed at 50, 75,100 and 125°e on both columns. The discussion below
is based on the values at lOOoe, but the results can also be applied to the retention
values found at different temperatures.

THEORY

For many homologous series of compounds the following relationships were
found [17,18]:

(1)

(2)

where n is the number of structural units in the molecule (i.e. carbon atoms, methylene
groups, chlorine atoms, etc.) and K 3 , K 4 , K s and K 6 are constants for each homologous
series at a given temperature. For such compounds log y and log pO are related:

log y = a + blogpo

where

Taking into account the general equation for retention volume, VR :

(3)

(4)

(5)

(6)

where N 1 is the number of moles of stationary phase in the column, the following
equation is derived:

log VR = log(N1R1) - a - (b + 1)logpO (7)

Further, as for homologous series the boiling points, Bp , are linearly correlated with
the pO values [13]:

(8)

the following relationship is obtained:

(9)

showing that, on a given column at a constant temperature, V~ depends linearly on the
boiling point, a readily available parameter, whereas tabulated pO values are often
difficult to obtain. As the Vg (specific retention) values are obtained from the adjusted
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retention volumes, V~, by taking into account the amount of liquid phase in the
column, and therefore differ from V~ by a constant ratio, the correlation shown above
is also true when Vg or I values are considered.

Similar results can be obtained for r values [19], by starting from the equation

(10)

where rs,q is the relative retention of substance s with respect to a reference compound
q. Eqn. 8 is suitable for application with very dilute solutions such as occur in
gas-liquid chromatography.

By taking into account eqns. 1,2 and 8, the following relationship is obtained:

(11)

where

(12)

(13)

(14)

(15)

showing that for homologous series the behaviour of r values is as linear as that of
V~ values as a function both of pO and of Bpo

Fig. IA and B show the linear dependence of r and V~ values of a homologous
series on pO and Bp , respectively. Further, when neither pO nor Bp values for a given
compound are available, but it belongs to a homologous series and its number of

BA

10,------------,
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vR VR

,------------,103 10.------------,103

6 7 8 9 10 11
0.1 '-----'--0-------'-:------'10 0.1 '--_-'-_--'__---'--.Jl0 0.1 ,----,--,--,--,--,--,---,10

102 103 100 150 200
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Fig. 1. Regular behaviour of (0) relative retention rand (6) adjusted retention volume V~ of C6-C,o
l1-alkanes on non-polar OV-l column at lOO°e. Values are shown as a function of (A) vapour pressure at
100°C, pO, (B) boiling point at 760 Torr, Bp and (C) number of structural units in the molecule, 11,.



structural units, n" is known, the Bp value being linearly correlated with ns [13], a linear
relationship between r, VRand ns is observed (Fig, IC):

(16)
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Fig. 2. Retention times relative to l-chloro-2-bromoethane of halogenated compounds listed in Table I,
analysed on non-polar OV-l column, as a function of the reciprocal of absolute temperature of the column.

The linear behaviour expressed by eqns. 11 and 16 is also found when the structural
units of the molecule considered are different from methylenic groups or carbon
atoms, but are halogen atoms, substituent groups, etc. [13,20].

RESULTS AND DISCUSSION

Table I lists the analytes, their adjusted retention times, fR, measured at lOOoe
and the r values measured with respect of l-chloro-2-bromoethane. This substance was
selected as the reference compound instead of trichloroethylene, generally used as the
reference in the analysis of haloalkanes in th~ environment [9], because its peak s"'o.wed
no interference with the analyte compounds under any analytical conditions 'and



GC OF HALOMETHANES AND HALOETHANES 311

because its presence was never observed in authentic environmental samples, making
this compound a good choice as a reference for internal standard quantitative
calibration. Boiling points obtained from the literature and vapour pressures
calculated by using the Antoine equation are also shown. Figs. 2 and 3 show the linear
change of r values with respect of l-chloro-2-bromoethane as a function of the
reciprocal of the absolute temperature of the column.

The correlation between log r on the non-polar OV-1 column and log pO (both at
100°C) is shown for many haloalkanes and for C6-C10 n-alkanes in Fig. 4. On
completely non-polar columns the retention should depend only on vapour pressure
and therefore all compounds should lie on the same straight line. The experimental
points are on three near-parallel lines, whose correlation coefficients are very high
(> 0.999); for each straight line the gas chromatographic behaviour depends only on

log r
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0.5 16
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•

i : 15
18 14c
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0 21 : 129
9 •

·141
6.23

7 ;; ;
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Fig. 3. Retention times relative to l-chloro-2-bromoethane of halogenated compounds listed in Table I,
analysed on polar SP-I000 column, as a function of the reciprocal of absolute temperature of the column.
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Fig. 4. Linear correlation between r and pO values of various halogenated compounds (e) and C6-C10

n-alkanes (A.) on non-polar OV-l column. Temperature, 100°C.

the vapour pressure of the solute, the activity coefficient, y, being constant. The lines
are closely spaced, showing that the difference between y values for the various series of
compounds is small but not negligible. On the polar SP-1000 column the interaction
due to dipole moments or to hydrogen bonding can be much greater than the structural
effects (e.g., symmetry or steric hindrance). Therefore, in Fig. 5 the network of straight
lines connecting the compounds belonging to the same homologous series shows a fine
structure.

The same behaviour, although less evident, is also shown by the log r VS. logpo
plot on the non-polar column. It is possible to draw in Fig. 4 some straight lines that
connect compounds containing the same number of hydrogen atoms or an increasing
number of atoms of the same halogen.

Fig. 6 shows on an arbitrary enlarged scale this fine structure: closed circles
represent the compounds, also plotted in Fig. 4, whose r and pO values are
experimentally known. Open circles show the halomethanes whose r values were
measured (Table I) while pO values are not available. By starting from the experimental
data, the equations of the straight lines shown in Fig. 6 and the pO values for other
compounds can be calculated.

Table II shows the coefficients (slope and intercept) of the equation (simplified
form of eqn. 11)

log pO = slogr + i

calculated by using experimental r values.

(17)
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Fig. 5. Linear correlation between r and pO values of various halogenated compounds on polar SP-lOOO
column. Temperature, lOO°e.

CI

Fig. 6. Arbitrary scale enlargement of a section of Fig. 4 (OV-I, lOO°C), showing the fine structure of lines
where halomethanes belonging to different homologous serie lie. e, Experimental values; 0, calculated
values (see text).
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TABLE n
SLOPE s AND INTERCEPT i OF EQN. 17 CALCULATED FROM EXPERIMENTAL VALUES ON
OV-I AND ON SP-IOOO COLUMNS

Identification oflines refers to Figs. 6 and 7. Correlation coefficient for all lines > 0.99.

Column

OV-I
(Fig. 6)

SP-IOOO
(Fig. 7)

Line s

C -1.34 2.93
CH -1.48 2.86
CH z - 1.47 2.81
I -1.36 2.75
Br -1.37 2.82
Cl - 1.23 2.94
A -1.04 2.93
B -0.75 2.58
C -0.83 2.77
0 -0.92 2.98
E -0.82 2.74

Table III shows the pO values calculated with eqn. 17 by using experimental
, values and the coefficients reported in Table II.

The same procedure can be applied to obtain the, values when po is known.
Moreover, by taking into account eqns. 11 and 16, similar fine structure plots could be
obtained that permit the retention ofany halomethane whose Bp or n values are known
to be calculated by plotting log, as a function of these variables.

Another method for calculating the, value of a given compound follows from
the constant difference, L1 = log '1 - log '2, observed when a halogen atom is
replaced with another halogen (Table IV). By using the, values obtained from the
L1 values in Table IV and the parameters of eqn. 17 shown in Table II, the, and po
values for some halomethanes can be predicted (Table V). The described procedure
can be followed for any stationary phase. Fig. 7 shows with arbitrarily enlarged scale

TABLE III

VAPOUR PRESSURES, pO, AT 100°C CALCULATED WITH EQN. 17 BY USING THE COEFFI
CIENTS IN TABLE n AND EXPERIMENTAL r VALUES IN TABLE I FOR COMPOUNDS SHOWN
WITH OPEN CIRCLES IN FIGS. 6 (OV-I) AND 7 (SP-IOOO)

Compound

CHzClz
CHzCIBr
CHzCll
CHzlz
CHClzBr
CHCIBrz
CCl3Br
CHl3

pO (Torr)

OV-I SP-IOOO

4276 3824
1905 1771
676 681
III 120
901 911
379 389
563 588

7
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TABLE IV

EXPERIMENTAL L1 VALUES (SEE TEXT) WITH DIFFERENT HALOGEN ATOMS (X) AS
SUBSTITUENTS IN THE MOLECULE

Column Structure Substitution L1

of with

OV-I CX4 CI Br 0.268
CX3 Cl Br 0.254

Br I 0.305
CI I 0.559

CH 2X 2 CI Br 0.240
Br I 0.296
Cl I 0.537

XCH 2-CH2X Cl Br 0.227
Br I 0.292
Cl I 0.518

SP-1000 CX4 Cl Br 0.478
CHX3 CI Br 0.354

Br I 0.543
Cl I 0.896

CH 2X 2 Cl Br 0.306
Br I 0.402
CI I 0.710

plots A and B in Fig. 5. Closed circles represent experimental data and open circles the
compounds whose r values are known and that are assumed to lie on a straight line on
the basis of structural characteristics.

Tetrahalomethanes belong to line B whereas tri- and dihalomethanes lie on line
A (a hyperfine structure with different lines for di- and trihalo compounds is possible,

TABLE V

r VALUES FOR VARIOUS COMPOUNDS CALCULATED BY USING L1 VALUES IN TABLE IV
AND pO VALUES OBTAINED FROM EQN. 17 WITH THE PARAMETERS IN TABLE II

Compound OV-l

CHCI2I 1.73
CHClI2 6.29
CHBr2I 5.59
CHBrI2 11.30
CH2BrI 1.64
CC12Br2 2.52
CC1Br3 4.69
CHI3

a

a See text.

SP-1000

pO po
(Torr) (Torr)

327 3.25 326
48 25.58 48
57 16.51 57
20 57.65 20

315 2.56 320
248 1.77 252
108 5.32 110

7 202
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Fig. 7. Arbitrary scale enlargement ofa section of Fig. 5 (SP-l 000, 100°C) showing the fine structure oflines
where halomethanes belonging to different homologous serie lie. e, Experimental values; 0, calculated
values that lie on a straight line (see text).

but not evident at this scale and with the obtained accuracy of retention data).
Parameters of eqn. 17 for lines A and B (Table II) can be used to calculate pO values
shown in Table III, and L1 values (Table IV) to calculate pO and,. values shown in Table
V. The final pO values obtained by following this method and using experimental data
measured on polar and non-polar stationary phases are very similar, notwithstanding
the great difference in retention values on the two columns.

When a compound lies on two or more straight lines, i.e., belongs to different
"homologous" series, its,. and pO values can be calculated in several ways. As an
example, CH 31 lies on line E (Fig. 7) (increasing number of iodine atoms in the
methane molecule) and by using data in Tables II and III its calculated,. value on
SP-IOOO is 203. Fig. 7 also shows that CH 31 lies on line B and by following the
procedure described above the calculated,. value on SP-lOOO is 202, in good agreement
with that calculated by interpolating line E.

Mixed Br and I trihalomethanes (CHBrzI, CHBrlz) belong to line C and mixed
CI and I trihalomethanes (CHClzI, CHCl1 z) to line D (Fig. 7). Parameters of eqn. 17
for lines C and D (Table II) and L1 values (Table IV) can be used to calculate both,. and
pO values shown in Table V. The pO values obtained by using the experimental data
measured on polar and non-polar stationary phases are very similar, although many
values were calculated by starting from the,. value for CH 3I, available only on the
non-polar stationary phase.

The fine structure of the log,. vs. log pO plots is also shown by haloethanes and
-ethenes (Fig. 8). Closed circles represent compounds whose,. and pO values are
experimentally known, and open circles compounds whose,. values were measured on
a non-polar QV-I column. The straight line M relates to the haloethenes and the
non-symmetrical haloethanes, and line N to the symmetrical haloethanes. Lines P,
Q and R connect the compounds obtained by symmetrical or non-symmetrical
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CI3C· CCI3

ICHZCHZI

CICHZCHZCI

5
M

317

pO

Fig. 8. Arbitrary scale enlargement ofa section of Fig. 4 (OV-I, 100°C), showing the fine structure of lines
where haloethanes and ethenes belonging to different homologous serie lie.• , Experimental values; 0,
calculated values. f':., (Dashed line), probable position of non-symmetrical dihaloethanes (see text).

substitution of an increasing number of halogen atoms on the ethane molecule.
Parameters of the straight-line equations for lines M, N, P, Q and R are shown in Table
VI, and permit pO values to be calculated for the compounds as listed in Table VII.

Hyperfine structure that cannot be appreciated with the experimental accuracy
of r values is probably present in this instance also. The empirical attribution of
a compound to a given straight line on the basis of experimental data can permit the
calculation of its pO value. As an example, the calculation of pO for BrzCHCHBrz by
using the parameters of line Q (Table VI) and experimental r value (Table I) gives
a value of 6.9, similar to the value of 6.3 found in the literature [21]. Other regular
behaviour (e.g., the dashed line S in Fig. 8 that connects the non-symmetrical
dihaloethanes) can probably be used for the calculation of pO and r values, but
experimental data so far available do not permit this hypothesis to be verified.

TABLE VI

SLOPE s AND INTERCEPT i OF EQN. 17 CALCULATED FROM RETENTION DATA
MEASURED ON NON-POLAR OV-1 COLUMN

Data refer to the line shown in Fig. 8. Correlation coefficients for all lines> 0.99.

Line s

M -1.23 2.94
N -1.20 2.81
P -1.54 2.69
Q -1.39 2.85
R -1.33 2.91
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TABLE VlI

pO VALUES CALCULATED WlTH PARAMETERS IN TABLE VI FOR VARIOUS COMPOUNDS
SHOWN IN FIG. 6, AND po AND r VALUES CALCULATED BY USING L1 VALUES IN TABLE IV

Compound

C2I-l sI
CICH=CHCl
BrCH = CHBr (trans)
BrCH =CHBr (cis)
ICH 2CH 2I
BrCH 2 CH 2 I
CICH 2CH2 I

CONCLUSIONS

pO (Torr)

1987
1021
726
573

66
152
288

3.33
1.97

The suggested method permits the relative retention of a given compound not
available as a standard to be predicted with an acceptable accuracy and the choice of
possible identification in a complex chromatogram to be restricted to a few
compounds.

When two or more compounds have very close retention times, this permits the
elution order to be calculated to predict if the column efficiency is high enough for the
separation of the peaks or to calculate the number of theoretical plates necessary to
obtain the minimum resolution [22].
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ABSTRACT

An adsorption/thermal desorption (ATD) method for volatile organic compounds is developed using
small bed volume (0.68 cm') cartridges of the sorbent Tenax-TA. The method allows an ATD cartridge to
be desorbed and analyzed with ca. 30 fil of residual water still on the cartridge. The method employs a
water trap between the ATD thermal desorber and the capillary column. Results obtained indicate that (l)
column plugging by ice can be avoided completely, (2) the water trap has a high transmission efficiency, (3)
excellent chromatography can be obtained and (4) good comparability of results is obtainable between
purge and trap and ATD for many volatile organic compounds at concentrations ranging for fractions of
fig/l to hundreds of I/g/i.

INTRODUCTION

Adsorption/thermal desorption (ATO) is a method that can be used for the
determination of organic compounds in both air and water [1,2]. During the
adsorption (sampling) step, the sample is passed at a controlled flow-rate through
a cartridge containing the sorbent Tenax. If the sorption takes place efficiently, the
cartridge effluent will be essentially free of analytes. Following aqueous sampling,
most of the water in the sorbent bed is removed, the cartridge is thermally desorbed,
and the analytes are focussed on a capillary gas chromatography (GC) column using
whole column cryotrapping (WCC).

The advantages of ATD are its sensitivity and wide range of compound
applicability. With aqueous samples containing 1,1, I-trichloroethane (1,1,1-TCA),
ATD can be used with sample volumes of the order of 50 ml; for polycyclic aromatic
hydrocarbons (PAHs), sample volumes of many liters can be used. Detection limits are
in the low flg/I range for 1,1,1-TCA, and in the low ng/I range for PAHs. Prior work in
our laboratory with aqueous ATD has emphasized compounds of volatility equal to or
less than that of 1, I,I-TCA. Therefore, up to now, many important volatile organic
compounds (VOCs) have not been considered in the context of ATD.

As a class, VOCs in water can be determined by purge and trap (P&T), or by the
very simple method of purge with whole column cryotrapping [3,4] (P/WCC).
However, since dissolved VOCs can be lost during sampling, the availability of an

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.
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ATD-based method applicable to the full range of VOCs will be advantageous. For
example, ATD allows direct in situ sampling in groundwater wells and in surface
waters in a manner that avoids volatilization losses [5]. Following sampling, the small
ATD cartridge can be returned to the laboratory for analysis.

In order to develop ATD for VOCs, a technique was needed that would separate
the residual water on a sample cartridge from the VOCs without also losing large
portions of the analytes. Indeed,.ul quantities ofwater can plug a capillary GC column
under WCC conditions. The repeated injection of 2.u1 of water can also cause a loss in
reproducibility when detection is by mass spectrometry [4]. The centrifugation/vacuum
desiccation procedure for ATD cartridges developed by Pankow and Isabelle [6] for
semi-volatile compounds cannot be used for VOCs due to unacceptable losses during
the vacuum step [2]a. Losses will also occur with the desiccation methods of Bertsch et
al. [7] and Versino et al. [8]. However, the water trap technique described by Pankow [4]
can remove large amounts of water from a gas stream while still allowing volatile
analytes to pass quantitatively onto a GC column.

Use of the Pankow [4] water trap to desiccate a hot, moist gas stream provides for
the condensation of water in a short trap packed with glass beads. Condensation will
occur whenever the temperature of the trap is below the dewpoint of the original gas
stream; if the trap is cooled to a low, subambient temperature, a high desiccation
efficiency can be obtained. (Even when some cooling is used, very volatile analytes will
pass directly onto the column. Less volatile analytes may be partially condensed in
a cold water trap; once the transfer ofanalytes is nearly ended, the trap can be returned
to ambient temperature for a short period to transfer condensed analytes to the
column.) In general, the overall transfer efficiency of the water trap will be very high
for VOCs since the volume of condensed water will be small.

The water trap is ideally suited for use in an ATD-based method for VOCs. Such
a trap can be placed between an ATD desorber and the column. A cartridge from
which only the bulk of the water has been removed by centrifugation can then be
desorbed. This paper describes the development of that application; cooling of the
water trap was not employed.

EXPERIMENTAL

Basic methodologies
Cartridges were prepared according to methods described by Pankow and

co-workers [2,5]. Briefly, each sorbent cartridge was constructed of Pyrex glass. Each
0.68 cm 3 bed volume was packed with ca. 0.13 g of 60/80 mesh Tenax-TA (Alltech
Assoc., Deerfield, IL, U.S.A.). Small plugs of silanized glass wool held the Tenax in
place. Cartridges were cleaned by a combined solvent extraction/thermal desorption
procedure. Prior to introduction of sample water to a cartridge, a mild vacuum was
pulled on the cartridge to maximize wetting when the water flow was initiated. After
sampling, each cartridge was centrifuged at 3500 rpm for 10 min, leaving ca. 30 .ul of
water on the cartridge. The thermal desorption apparatus used has been described by

" A 20-min vacuum desiccation ofa cartridge from which the bulk of the water has been removed by
centrifugation causes unacceptable losses for compounds with Henry's gas law constants of 2' 10- 3 atm
m 3 /mol, or greater [9].
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Pankow et al. [2]. The Hewlett-Packard 5790 GC used was interfaced to a Finnigan
4000 mass spectrometer/data system (MS/OS) as described by Pankow and Isabelle
[10].

Water trap
Fig. 1 is a schematic diagram illustrating the water trap and its position between

the desorber and the GC. An 8 cm long piece of 0.32 cm 0.0. x 0.22 cm J.D.
stainless-steel (SS) tubing filled with 0.5 mm diameter glass beads served as the water
trap. The beads were held in place using small plugs of glass wool. A small aluminum
block which could be heated with a 150-W cartridge heater surrounded the trap. The
temperature in the block was measured using a thermocouple.

carrier gas --------,

stainless_
water trap unit

from +_--{§~~~~desorber-

stainless -liD~~~~L)lJ
aluminum~

thermocouple t
GC oven wall to MS

Fig. 1. Schematic diagram showing location of water trap unit between ATD desorber and GC column. Gas
line connected to tee inside of GC oven supplied carrier gas for backflushing the water trap and for the GC
run.

The water trap system was housed in an open aluminium box measuring 6.4 x
6.4 x 15.2 cm. One end of the box was mounted on the front of the Gc. The other end
served as a mounting plate for the desorber. Six 0.64 cm diameter holes were drilled in
the floor of the box to permit air circulation through the box. The ends of the box were
of SS to help insulate the box from the GC and from the desorber.

The water trap was connected to the desorber and the column using 1/16 in. 0.0.
SS tubing and Swagelok reducing unions. The 8-cm long piece of tubing for the
trap/column connection was coiled and was connected to a SS union tee mounted on
the endplate of the box. This coil provided additional thermal isolation from the GC
oven. The fused-silica capillary GC column used was 30 m long with a "megabore"
J.D. of 0.53 mm. The phase was OB-624 with a 3.0 11m film thickness (J&W Scientific,
Folsom, CA, U.S.A.). The column was inserted into the GC end of the tee, and to the
midpoint of the tee. The connection was made with a Vespel/graphite ferrule. The
middle arm of the tee was connected to an auxiliary source ofcarrier gas that was used
after the desorption and during the actual GC run. A 0.64 cm 0.0. SS tube connected
to a small carbon vane air pump was inserted through one of the holes in the floor of
the box and served to keep the water trap system at ambient temperature during the
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desorption. Of special interest in this regard was avoiding the formation of any cold
zones in the line leading from the trap into the GC.

Desorption procedure
Each cartridge was desorbed for 5 min at 250°C (column head pressure, 10 p.s.i.;

column flow-rate, 9 ml/min). The WCC temperature used during the desorption was
- 30°C. The use of a megabore column helped prevent the column from plugging with
ice during the desorption. The trap remained at ambient temperature during the
desorption. After the desorption, a valve was switched and flow was diverted from the
desorber to the lower carrier line (LCL) leading to the SS tee. At the same time, the GC
oven temperature was first raised ballistically to 10°C, then upwards at 5°C/min. For
the GC run, the LCL provided carrier gas at 10 p.s.i. and 9 ml/min with the "sweep"
line of the desorber in the open position. After beginning the GC run, the cartridge
heater in the aluminum block was activated for 5 min. This heated the water trap to
150°C to backflush water and any residual analytes out of the trap and then out of the
sweep line of the desorber. In preparation for the next run, the temperature of the
desorber was then brought back to ambient temperature with coolant water, and the
water trap was brought back to ambient with the compressed air.

"Dry" vs. wet standards comparison
A series of analyses were performed to compare the response of the system when

desorbing cartridges containing just 2 pi ofa methanol standard solution, vs. cartridges
containing the same amount of standard plus 30 pi of water. The methanol standard
contained ca. 50 ng/pi of a series ofVOCs and internal standard compounds. The raw
MS area for the main quantitation ion of each compound was determined for each
analysis. The mean areas were compared for the two different types of analyses.

Analysis of actual groundwater .samples
Groundwater samples were collected on 6/20/86 from a well located in Repauno,

NJ, U.S.A. Using procedures described by Rosen [9], eight replicate samples were
collected at the surface for analysis by ATD, and eight were collected for analysis by
capillary P&T using WCC as described by Pankow and Rosen [II].

RESULTS AND DISCUSSION

Prevention of column plugging
The water trap was found to remove enough water from the cartridge desorption

analysis stream to consistently prevent the column from plugging with ice during the
WCC trapping step. In fact, during the analysis of over 60 samples (see also Rosen [9]),
the column never plugged. Tests showed that even 70 pi of water could be desorbed
from a cartridge without plugging the column. Indeed, the amount of water
transferred to the column will be independent of the amount of water desorbed from
the cartridge to the trap. The factors affecting the efficiency of the trap are discussed in
detail by Pankow [4].

"Dry" vs. wet standards comparison
Table I presents average responses for the analyses of the wet and "dry"
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TABLE I

AVERAGE GC-MS AREA COUNTS ±S.D. FOR 100 ng EACH OF SELECTED COMPOUNDS
DESORBED FROM DRY AND WET ATD CARTRIDGES (THREE REPLICATES EACH)

30 III of water on each wet cartridge

Compound

I,I-Dichloroethane
Bromochloromethane
Trichloromethane
Benzene
Trichloroethene
I-Chloro-2-bromopropane
Tetrachloroethene
1,4-Dichlorobutane
I, 1,2,2-Tetrachloroethane

Dry cartridge

73300 ± 692
35 300 ± 607
55000 ± 894

162000 ± 3160
38000 ± 809
41 600 ± 137
21 200 ± 184

192 000 ± 1910
68200 ± 2440

Wet cartridge

60900 ± 9320
31800 ± 479
52900 ± 269

148000 ± 1200
30 100 ± 255
39300 ± 548
19 100 ± 275

213 000 ± 6340
87300 ± 2830

standards for VOCs with a range of volatilities. The reproducibilities for both sets of
standards were very good. In some cases, the responses for compounds desorbed from
wet cartridges were slightly higher than the responses obtained from dry cartridges,
and vice versa. Though relatively small, in some cases, the differences were statistically
significant at the 95% confidence level. As discussed below, incomplete transmission
through the trap due to analyte retention in the 30 Jll of condensed water could not
have been responsible for significant losses. The differences were most likely due to the
fact that water transferred to the column during the cartridge desorption affected: (1)
the column flow-rate and therefore the analyte concentrations in the MS source; and
(2) the MS source ionization characteristics. Though not used here, Pankow [4] has
recommended using the water trap at a subambient temperature so as to minimize such
effects by condensing as much water as possible in the trap. In any event, the amount of
water placed on the standard cartridges should always be similar to the amount on the
sample cartridges.

Transmission efficiency of the water trap
A lower limit for the transmission efficiency of the water trap for a given analyte

will be given by [4]

E;::;:, {l- exp[ -(H/R1) (Vg/Vs)]} . 100% (1)

where H is the Henry's gas law constant of the analyte (atm m 3/mol), R is the gas
constant (8.2 . 10- 5 m 3 atm/mol K), Tis temperature (K), Vg is the volume of gas that
flows past the water condensed in the trap, and Vs is the volume of condensed water.
The value of E will decrease as H decreases. Most VOCs have H values significantly
greater than 1 . 10- 4 atm m 3/mol. For a desorption carrier gas flow-rate of9 ml/min,
a transfer time of 5 min will give Vg = 45 ml. Thus, under the conditions of this work,
for Vs = 0.030 ml, at T = 293 K, we obtain E ;::;:, 100% for all VOCs. This theoretical
result was verified experimentally by: (1) analyzing a wet standard cartridge without
back-flushing the trap; then (2) re-analyzing it. The re-analysis allowed analytes
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a second chance to move onto the column: just trace amounts of a few less volatile
compounds were found in the resulting chromatogram.

Chromatography
Fig. 2 presents a typical total ion chromatogram for the analysis of a wet

standard cartridge. The analyte peaks were very sharp, and most were baseline
resolved. All analytes in the chromatogram exhibited peak widths ofno more than lOs,
i.e., peaks widths as sharp as can be obtained on a column of this bore. Background
contamination obscured the first peak. However, the extracted mass chromatogram
for the primary quantitation ion for that compound was clean and sharp.

100

RIC

!
.0

~
2600
20:50

2000
16:40

500
4:18

1000 1500
8:20 12:30

SCAN NUMBER
TIME (MIN:S)

Fig. 2. Chromatogram obtained analyzing a wet cartridge for a range ofVOCs. Each peak represents 100
ng.

Comparison of ATD with results obtained by P&T
The results of the analyses of the groundwater samples collected at a well in

Repauno, NJ, U.S.A. are presented in Table II. The ATD and P&T results are quite
comparable for a wide range of compounds and concentrations.
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TABLE II

COMPARISON OF ATD AND P&T/WCC RESULTS FOR SAMPLES FROM REPAUNO, NJ, U.S.A.
[9]

Compound Method Mean cone." S.D. C.V."
(Jig/l) (Jig/I) (%)

Dichloromethane ATD 0.24 0.037 15.0
P&T/WCC ND'

cis-I ,2-Dichloroethene ATD 1.9 0.035 1.8
P&T/WCC 2.7 0.37 14.0

Trichloromethane ATD 29.0 0.53 1.8
P&T/WCC 32.0 0.64 2.0

1,2-Dichloroethane ATD 1.4 0.083 5.9
P&T/WCC 1.1 0.095 8.6

Tetrachloromethane ATD 1.8 0.12 6.7
P&T/WCC 1.4 0.035 2.5

Benzene ATD 18.0 0.53 2.9
P&T/WCC 20.0 0.83 4.2

Trichloroethane ATD 35.0 0.52 1.5
P&T/WCC 35.0 1.3 3.7

Toluene ATD 0.15 0.010 6.7
P&T/WCC NQd

Tetrachloroethene ATD 340.0 20.0 5.9
P&T/WCC 370.0 17.0 4.6

Chlorobenzene ATD 36.0 2.6 7.2
P&T/WCC 48.0 1.8 3.8

a-Xylene ATD 0.34 0.012 3.5
P&T/WCC NQ

Ni tro benzene ATD 210.0 15.0 7.1
P&T/WCC 250.0 14.0 5.6

a Mean of eight replicates.
b C.V. = (S.D./mean cone.) 100%.
, ND = not detected.
d NQ = detected, but too low to be quantitated.
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ABSTRACT

The structural isomers of saturated CIS cyclic fatty acid methyl esters were identified in a purified
heated oil fraction by gas chromatography-mass spectrometry using high resolution capillary columns and
selected ions abundance. Empirical mathematical models were developed based on the sequential pattern
of elution of trans- and cis-l ,2-disubstituted cyclohexyl fatty acid esters, in order to be able to predict their
chromatographic retention characteristics. These models are proposed as an auxiliary technique for the
fast identification of the different cyclic fatty acid isomers present in a used fat. The experimental design
and the statistical significance of the results are discussed.

INTRODUCTION

The non-urea adducting fraction (NUA-fraction) isolated from heated fats and
oils contains the most important toxic substances formed during thermal treatments
[1,2]. Among these substances, monomeric C I8 cyclic fatty acids (CFAs) deserve
special consideration because of their proven digestive absorbability, hepatic toxicity
and biological effects [3-5].

Several analytical approaches have been proposed to determine the amount of
CFAs formed in fats and oils. Most are based on quantitative gas chromatography
(GC) of the CFA as the corresponding hydrogenated methyl ester derivatives, which
are then isolated and concentrated in the NUA fraction [6-9,10]. Concentration of
CFA as low as 0,01 % can be easily detected in fats and oils using this approach. So
far, all the proposed analytical methods for CFA, face a number of limitations such
as: uncertainty in CFA identification, lack of resolution of CFA from interfering
substances, unavailability of standards (pure CFA), ambiguities in the analytical
conditions used and long analysis time per sample. Furthermore, the statistical reli
ability of these methods has not been properly evaluated.

"Present address: Proctor & Gamble de Venezuela CA., M-108, P.O. Box 020010, Miami, FL 33102,
U.S.A.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.
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Recently, there has been renewed interest in research on cyclic fatty acids.
Several studies on heated fats and oils proved the formation ofC18 CFA isomers with
a disubstituted cyclopentyl nucleus in addition to the most widely known disubstitut
ed cyclohexyl isomers [6,8,9,11-14]. Next, the chemical synthesis of the former iso
mers confirmed their proposed structures [15,16]. Concurrently, more selective and
efficient analytical methods were developed by applying novel techniques [8,9,10-13].
Sebedio [12] reported a method based on the application ofmethoxy-bromomercuric
acid fractionation for the simpler isolation and characterization of CFA in heated
oils. GC coupled with a Fourier transform infrared spectrometer (FT-IR) was used to
characterize the geometry of the ethylenic bonds of CFA fractions [13] prepared by a
multi-step procedure including high-performance liquid chromatography (HPLC)
[9]. GC-mass spectrometry (MS) using high-resolution capillary columns has been
shown to be the best alternative for the analysis and structure characterization of
CFA [8-12]. This technique offers the unique possibility of identifying and quantify
ing individual cyclohexyl and cyclopentyl C18 CFA isomers contained in NUA frac
tions. Although many improvements have been achieved [10], auxiliary techniques to
facilitate isomer identification, when GC-MS facilities are not available, have not
received much attention.

In this study we describe the use of empirical mathematical models to predict
and/or confirm the chromatographic retention characteristics of individual isomeric
C18 hydrogenated cyclic fatty acid methyl esters (HCFAM). The models were devel
oped based on the sequential pattern of elution of the different cyclic isomers at
several isothermal conditions. GC-MS was used for initial isomer identification. The
statistical evaluation and significance of the final models are discussed.

EXPERIMENTAL

Materials
GC reference fatty acid methyl ester (FAME) mixture contammg equal

amounts of saturated esters for equivalent chain length (ECL) calculation were pur
chased from Nu-Check Prep. (Elysian, MN, U.S.A.). All solvents used were na
nograde quality.

Isomeric mixtures of C18 cyclicfallY acids
Methyl esters ofC18 HCFAM prepared by alkaline isomerization of linseed oil

according to Eisenhauer et al. [17] and Friedrich et al. [18], were further purified by
urea fractionation as described by Rojo and Perkins [10]. Purity of the isomeric
mixtures determined by GC-MS was over 95%.

Capillary gas chromatography
The system used was a Hewlett-Packard 5790A capillary gas chromatograph

(Avondale, PA, U.SA.) equipped with an inlet splitter system fitted with a Jennings
glass liner, flame ionization detector and electronic integrator (HP 3390A). Three
fused-silica wall-coated open tubular capillary columns (Supelco, Bellefonte, PA,
U.S.A.) of different relative 'polarity' were used with this system. In order of in
creasing polarity they are: column A: 30 m x 0.25 mm J.D. coated with SPB®-l
(dimethylpolysiloxane bonded phase), 0.25/lm film thickness; column B: 30 m x 0.25
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mm I.D. coated with Supelcowax@-IO (polyethylene oxides bonded phase), 0.25 .um
film thickness; and column C: 100 m x 0.25 mm I.D. coated with SP-2560 (blend of
cyanoalkylpolysiloxanes), 0.20 .um film thickness. The columns were operated at iso
thermal and/or programmed temperature conditions in the range 140 to 250°C as
specified. The carrier gas was hydrogen at a split ratio 1: 100 and average linear
velocities in the range 32-50 cm/s were set by adjusting accordingly the column head
pressure for each column. The injector port and detector temperatures were 250°C
and 270°C, respectively.

GC-MS
A Hewlett-Packard 5985B GC-MS system was used with the chemical ion

ization-electron impact (CI-EI) source set at 70 eV and 200°C. The capillary columns
specified above were also used with this system. Each column was interfaced directly
to the mass spectrometer and operated at the specified temperature, using helium as
the carrier gas, with a split ratio of 1:20 using column pressures below 10 p.s.i. in
order to compensate for the vacuum existent at the column end connected to the mass
spectrometer system. The injector port temperature was 250OC. For CI mode, meth
ane was used as the reactant gas.

Mode/fitting methodology for retention data of HCFAM
The isomeric mixture ofHCFAMs was used to obtain retention data at selected

temperatures of individual CIS methyl w-(2-n-alkylcyclohexyl) alkanoate structural
isomers (mol.wt. 296). The isomers were identified by their individual mass frag
mentation pattern as previously described [8,14]. A series of seven structural isomers
(l";; n ,,;; 7), each one separated as a pair of trans- and cis-ring isomer peaks, were
detected during GC-MS. The retention data were obtained in an experiment designed
to evaluate the effect of temperature on the retention profile of each group of isomeric
HCFAM (either cis or trans). The effect was measured at two levels of constant
column head pressure, 10 and 15 p.s.i. and every 10°C in the range of 160 to 210°C.
The capillary column selected for this experiment was a new fused-silica Supelco
wax@-IO with the specifications outlined above and operated under split conditions
using hydrogen as a carrier gas. The data expressed as ECL [19] were fitted by the
linear least squares method into polynomial equations with two independent
variables, namely, the structural parameter n in the general formula and temperature.
Several linear combinations of the independent variables were tested for statistical
significance in order to build up the model. Statgraphics@ software for microcomput
ers (STSC, Rockville, MD, U.S.A.) was used for this purpose.

RESULTS AND DISCUSSION

A combination of GC-MS and high-resolution gas chromatography (HRGC)
was used to study the GC-retention profile of individual CIS HCFAMs. EI GC-MS
of compounds eluted from capillary columns of different selectivity and "polarities",
was carried out to identify all the HCFAM structural isomers present in the mixture.
The procedure used for the identification is illustrated in Fig. 1. The expected MS
fragmentation pattern of the cyclohexyl isomers has been already described in the
literature [6] and is characterized by the formation of four important ions:
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The presence of molecular ion at m/e 296 (confirmed by CI GC-MS) combined with
relatively selected ion abundance of the most characteristic ion fragment of each
isomer enables its conclusive identification in the mixture. For each structural isomer,
characterized by the parameter n, one pair of two ring isomers, cis and trans, was
detected as shown in Fig. 1.
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Fig. I. GC-MS identification of HCFAM isomers in NUA-fractions prepared from linseed oil. (A) Rela
tively selected ion abundance of most specific ion fragments of HCFAM isomers. (B) Total ion chroma
togram showing final peak identification. Conditions: initial temperature 190'C, raised up to 2JO'C at
1.5'C/min; column B (Supe1cowax-lO); carrier gas helium. EJ GC-MS, source at 70 eV and 200'C.
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The ion fragment B+ 1, which results after the rearrangement and addition of a
hydrogen atom, was found to be very specific for the identification of the first four
isomers of the series. As the size of the lateral alkyl chain, H(CH2)n-, increases (n > 4),
fragment D, produced by a-cleavage next to the ring, and the ion D - 32 resulting
from loss of methanol from D, both become more specific for the identification of the
other members of the series. The identification of isomers with n> 7, is more difficult
because of lack of resolution from other isomers and due to their relatively small
concentration in the isomeric mixture.

It has been generally assumed that, under GC conditions for separation of
FAME in polar capillary columns, the retention region for HCFAM lies between
methyl stearate (18:0) and methyl arachidate (20:0). However, the possibility that
some cyclic monomers may have retention times shorter or equal to methyl stearate
with certain phases has been suggested [20], but no conclusive evidence was shown.

The polarity of the stationary phase is the most important parameter in deter
mining the range of HCFAM elution (Fig. 2). The curves shown in Fig. 2 were
obtained by connecting the ECL of all the HCFAM isomers identified by GC-MS for
each column. Separate curves for trans- and cis-isomers are shown. In the least polar
column (column A, dimethyl polysiloxane) it was clearly demonstrated that many of
the cyclohexyl isomers eluted before 18:0 at 190°C. In addition, the resolution of
many cyclic isomers is impaired in these conditions, as shown by the relatively smaller
slope of the cis and trans ECL vs. n curves for column A in Fig. 2. On the other hand,
for the most polar column (column C), two of the cis-isomers have ECL greater than
20. Similarly, the relatively greater separation between the cis- and trans-curves for
column C illustrates the improved cis-jtrans-isomer separation possible with this col
umn.

Using column C, it was possible to obtain base-line separation, even under
isothermal conditions, of the generally co-eluting pair of methyl trans-9-(2' -n-propyl
cyclohexyl) nonanoate (n = 3) and methyl cis-8-(2'-n-butylcyclohexyl) octanoate (n =

21
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G- - _ Q
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Fig. 2. Equivalent chain length (ECL) of HCFAM isomers in various capillary columns. Oven temperature
constant = 190"C; column A: 30 m x 0.25 mm; SPB-l; column B: 30 m x 0.25 mm, Supelcowax-IO;
column C: 100 m x 0.25 mm, SP-2560.
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4). The improved resolution observed for column C, however, should be attributed to
the combined effect of stationary phase polarity and column length, when compared
to columns A and B. Therefore, better isomer resolution may be achieved by in
creasing column length in non-polar columns. Finally, the trends observed (Fig. 2)
suggest that an interesting alternative to improve HCFAM resolution should be ob
tained by coupling in series two capillary columns of different selectivity in increasing
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Fig. 3. Equivalent chain length of HCFAM at different temperature levels. (Column pressure 15 p.s.i.). (A)
Trans-isomers. (B) Cis-isomers.
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order of polarity. The expected effect is a higher slope and wider separation gap
between the ECL vs. n curves.

For routine purposes, the capillary column B (polyethylene oxides bonded
phase) offers good resolution in reasonable time for the most important isomers of
RCFAM. Therefore, this column was selected to develop empirical mathematical
models to predict the GC retention characteristics, expressed as ECL, of cyclic iso
mers under different oven temperature conditions.

The initial interest in developing retention models for RCFAM was to address
the individual quantification of cyclopentyl as well as cyclohexyl isomers in fresh and
heated oils. Furthermore, a more practical interest on these models lies in their appli
cation as an auxiliary technique to facilitate the identification of chromatographic
peaks in complex mixtures when the availability of pure standards is limited. They
become particularly useful in an industrial environment and in laboratories where
GC-MS facilities are not readily available.

The results of the experiment performed at 15 p.s.i. constant column head
pressure are shown in Fig. 3A and B for trans- and cis-isomers, respectively. The
almost constant separation between ECL vs. n curves at different temperatures is
equivalent to the change in ECL for each particular isomer. This constant change
clearly shows the linear effect of oven temperature (T) on ECL increase (n = con
stant):

ECL a + bT

TABLE I

DIFFERENCES IN EQUIVALENT CHAIN LENGTH OF HCFAMsAT 15 AND 10 p.s.i. FOR TWO
OVEN TEMPERATURES

Average carrier gas linear velocities (cmjs): column pressure 15 p.s.i.: 47.8 (1 70°C) 45.3 (210°C); column
pressure 10 p.s.i.: 32.2 (170°C) 30.5 (210°C).

Oven
temperature
CC)

1700C

2100C

trans-HCFAMs cis-HCFAMs

n A, B, IA-BI A, B, IA-BI
15 p.s.i. 10 p.s.i. 15 p.s.i. 10 p.s.i.

1 18.962 18.964 0.002 19.355 19.361 0.006
2 18.912 18.914 0.002 19.101 19.106 0.005
3 18.537 18.526 0.011 18.749 18.743 0.006
4 18.296 18.299 0.003 18.519 18.523 0.004
5 18.156 18.163 0.007 18.382 18.388 0.006
6 18.072 18.079 0.007 18.276 18.283 0.007
7 18.028 18.032 0.004 18.249 18.262 0.013

Average: 0.0051 Average: 0.0067
I 19.200 19.205 0.005 19.602 19.613 0.011
2 19.138 19.142 0.004 19.337 19.345 0.008
3 18.744 18.725 0.019 18.956 18.943 0.013
4 18.497 18.499 0.002 18.719 18.722 0.003
5 18.348 18.354 0.006 18.574 18.578 0.004
6 18.260 18.269 0.009 18.469 18.476 0.007
7 18.214 18.222 0.008 18.431 18.445 0.014

Average: 0.0076 Average: 0.0086
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The same experiment was conducted at 10 p.s.i. column pressure and very
similar results were obtained (Table I). When, paired observations for the two pres
sure levels studied at two selected temperatures were compared, the deviations are
smaIler than 0.02 in all cases and may be attributed to the change in column efficiency
with the change in gas linear velocity between pressure levels.

To broaden the scope of the model inference, the ECL values for each isomer
obtained at both column pressure levels were used as independent replicates for statis
tical analysis and estimation of model parameters. In other words, the deviations
were pooled with the overaIl experimental error and the ECL at both pressure levels
were considered as estimates of the same means.

The pooled experimental data for 10 and 15 p.s.i. were used to fit a second
degree polynomial illustrated by the equation:

in which Yi represent the ECL, Xli the oven temperature in °C, and XZi is the reciprocal
of the isomer structural parameter n (lin) in the general formula of HCFAM given
above. Other predictor variable and data transformations were attempted, but their
coefficients of determination (RZ

) were generaIly much lower than those for the for
mer combination. The estimated regression coefficients and their 95% confidence
interval were shown in Table II for cis- and trans-HCFAM.

The statistical analysis of the model was carried out as described by Deming
[21]. These results are included in Table III. The overall F-ratio associated with the
complete second degree equation, that is F = MSfactorslMSresiduaJ, is a measure of the
goodness of fit of the model. For trans- and cis-HCFAM ECL models, the corre
sponding F-values are respectively 700 and 1400 times larger than the tabulated crit
ical values at p = 0.001 significance level, implying that the fitted surface of the
models is worthy of interpretation.

TABLE II

MODEL FITTING RESULTS

Regression coefficients and their 95% confidence intervals.

Model Regression Estimate
coefficient

Standard error 95% Confidence interval

Lower limit Upper limit

lrans

HCFAM

cis
HCFAM

bo 16.512077 0.399654
b, 0.006020 0.004328
b2 4.033373 0.124699

b'l - 0.000004 0.000012
b22 - 2.744220 0.046186
bl2 0.001445 0.000607

bo 16.761162 0.306607
b, 0.006363 0.003320
b2 3.578681 0.095667
bll - 0.000005 0.000009
b22 - 2.238535 0.035433
bl2 0.001837 0.000466

15.716250
- 0.002599

3.785061
- 0.000028
- 2.836189

0.000236

16.150618
- 0.000248

3.388181
- 0.000023
- 2.309092

0.000909

17.307904
0.014638
4.281685
0.000020

- 2.652250
0.002654

17.371705
0.012974
3.769182
0.000013

- 2.167977
0.002765
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Fig. 4. Fitted polynomial response surfaces. (A) Trans-HCFAM isomers; (B) cis-HCFAM isomers.

The fitted polynomial response surfaces are illustrated in Fig. 4A and B. Super
imposing the surfaces demonstrates that the ECL separation gap between cis- and
trans-isomers, (i.e. the space between surfaces) remains practically constant within the
temperature range covered by the experiment. This means that isomer separation, in
the particular GC column used, cannot be substantially improved by independent
manipulation of the oven temperature within the range of column pressure used. In
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addition, the linear effect of temperature on ECL is shown by the constant slope and
lack of curvature of the surfaces in the direction of temperature increase. This is also
demonstrated by the extremely small and non-significant value of the regression coef
ficient for the quadratic temperature term (b ll ) in Table II.

In addition, other conclusions arise by extrapolating the response surfaces to
temperature regions not covered by the experiment and normally not used for the
particular separation under study with Supelcowax-lO capillary columns. First, many
trans-HCFAM isomers with high n values (small lin) elute before methyl stearate
(ECL = 18.0) at oven temperatures less than 160°C (Fig. 4A). The same was true for
some cis-HCFAM isomers (Fig. 4B). Similarly, all of the HCFAM isomers elute
before methyl arachidate (ECL = 20) even at temperatures as high as 270°C, close to
the upper limit temperature for the stationary phase used. Finally, a word of caution
should be outlined here as clearly stated by Cochran and Cox [22]: "The polynomial
surface should be regarded only as an approximation to the true function within the
region covered by the experiment". Therefore the above outlined predictions outside
the region should be experimentally verified before putting reliance on them.

The lowest and highest oven temperature for GC analysis of RCFAM are
limited by several analytical considerations. From a practical point of view, temper
atures lower than 150°C require extremely high column head pressure to achieve
acceptable peak efficiencies for Cl8 RCFAM in a reasonable elution time. Further
more, there is a theoretical lowest limit related with the relative volatility of the
compounds of interest. The upper temperature limit, however is mainly related with
the thermal stability of the analytes and the stationary phase as well.

In order to check the models predictive ability, three chromatographic runs
were performed at two isothermal oven temperatures not commonly used for this
analysis. In Table IV the predicted and observed ECL values for trans- and cis
isomers are compared at the two selected temperatures (140 and 2400C) outside the
experimental region under study. The relatively small differences, from a practical
point of view, prove an acceptable extrapolation ability for the models presented
here. Furthermore, the elution of two Cl8 trans-cyclohexyl isomers before ECL = 18
(methyl stearate), as postulated by the models, was confirmed experimentally. Again,
the warning concerning extrapolation should be stressed here since the models repre
sented by the regression surfaces are only an approximation to the true situations.

To make assertions about the adequacy of the function estimation, in a statisti
cal sense, the F-test for lack of fit should be considered, that is F == MS1or/MSpe ' In
addition, the assumption that the residuals are normally distributed with constant
variance needs also to be confirmed. In Table III, the F-ratios for lack of fit, calculat
ed as described by Deming [21], exhibit highly significant values for both models. This
observation obviously seems to be in conflict with the also highly significant goodness
of fit previously oulined. This situation, however, often arises if we use a highly
precise measurement process like those used in the area of instrumental analysis. In
this case, the F-test for lack of fit was statistically significant because the estimated
variance due to pure experimental uncertainty was relatively very small. Finally, in a
practical sense, the residuals were small enough for our particular application and can
be considered acceptable when using the described models as auxiliary techniques in
the identification of HCFAM isomers.

When examining the distribution of residuals against the predicted values (Fig.
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Fig. 5. Residual plot for predicted ECL of trans-HCFAM isomers using polynomial equation. (Regression
coefficients in Table II; ANOVA in Table III).

5) it becomes apparent that the largest residuals are associated with small and/or large
values for ECL (D-shaped distribution), In other words, this indicates that there was
some kind of dependence of residuals from the data and the assumption of normal
distribution of the error was not supported by the results,

This concern was addressed through examination of the data illustrated by Fig.
3A and B which demonstrate that the ECL values for isomers with n = 1 (cis or trans)
are those that unexpectedly do not follow the apparent uniform exponential decrease
trend in ECL observed by the other isomers (with n> 1). This suggests that the
exclusion of the observations of ECL with n = 1 frol11 the data should drastically

TABLE V

MODEL FITTING RESULTS USING REDUCED DATA (ISOMERS WITH 2~ n ~7)

Regression coefficients and their 95% confidence intervals

Model Regression Estimate Standard error 95% Confidence interval
coefficients

Lower limit Upper limit

trans- bo 16.8422576 0.037506 16.767697 16.917456
HCFAM b, 0.004436 0.000195 - 0.004047 0.004826

b2 2.600720 0.143695 2.313839 2.887601
bn - 0.7388755 0.112359 - 0.963075 - 0.514435
b '2

0.002386 0.000668 0.001052 0.003720

cis- bo 17.083701 0.048204 16.987463 17.179938
HCFAM b, 0.004252 0.000251 - 0.003751 0.004753

b2 2.575192 0.184682 2.206482 2.943902
bn - 1.043228 0.144408 - 1.331532 - 0.754923
b

'2
0.003206 0.000858 0.001493 0.004919
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Fig. 6. Residual plot for predicted ECL for lrans-HCFAM isomers using polynomial equation fitted with
reduced data. (Regression coefficients in Table V; ANOVA in Table VI).

reduce the lack of fit and contribute to a more homogeneous distribution of residuals
of the new "restricted" model.

The regression coefficients and the statistical analysis of the fitted models for
the reduced experimental data (2::::;; n ::::;; 7) are shown in Tables V and VI, respectively.
In Table V the quadratic term for oven temperature has not been included at 0.01 %
probability level for trans- and cis-RCFAM models. The results of the analysis of
variance in Table VI show that the lack of fit for the new restricted models, even
though still highly significant, has been substantially reduced when compared with
the previous models. In addition, the residual plot for trans-RCFAM of the new
restricted model, illustrated in Fig. 6, clearly shows a more homogeneous distribution
of the errors which supports the validity of the statistical assumptions. A similar plot
was obtained for the cis-RCFAM new model estimated with the reduced data.

Finally, this apparently arbitrary selection of data can be substantiated with
two facts which support the exclusion of the RCFAM isomers with n = 1 from the
data. First, these particular isomers have a unique MS fragmentation pattern when
compared with the other isomers of the series, since they do not show the fragments
D, D - 32 and 0 - 32 -18 during EI mass spectrometry [6]. Secondly, these isomers
do not occur at significant levels in fresh and heated edible fat and oils. Therefore, it
seems that an additional unknown parameter is associated with cyclic isomers with
n = 1. This parameter should account for the observed differences that justify an
special treatment for the n = 1 cyclic isomers.

ACKNOWLEDGEMENT

Partial support from the University of Illinois Agricultural Experimental Sta
tion is greatly acknowledged.



344

REFERENCES

J. A. ROJO, E. G. PERKINS

1 E. G. Perkins, Rev. Fl'. Corps Gras, 23 (1976) 312.
2 B. Potteau and J. Causeret. Rev. Fl'. Corps Gras, 18 (1971) 591.
3 N. Combe, M. J. Constantin and B. Entressangles, Lipids, 16 (1981) 8.
4 W.T. Iwaoka and E. G. Perkins, Lipids, 11 (1976) 349.
5 W. T. Iwaoka and E. G. Perkins, J. Am. Oil Chem. Soc., 55 (1978) 734.
6 B. Potteau, P. Dubois and 1. Rigaud, Ann. Technol. Agric., 27 (1978) 655.
7 A. Gere, C. Gertz and O. Morin, Rev. Fl'. Corps Gras., 31 (1984) 341.
8 J. A. Rojo and E. G. Perkins, 1. Am. Oil Chem. Soc., 64 (1987) 414.
9 J. L. Sebedio, J. Prevost and A. Grandgirard, J. Am. Oil Chem. Soc., 54 (1987) 1026.

10 J. A. Rojo and E. G. Perkins, J. Am. Oil Chem. Soc., 66 (1989) 1593.
11 J. L. Sebedio, J. L. Le Quere, O. Morin, J. M. Vatele and A. Grandgirard, J. Am. Oil Chem. Soc., 66

(1989) 704.
12 J. L. Sebedio, Fette, Seilen, Anstrichm., 57 (1985) 267.
13 1. L. Sebedio, J. L. Le Quere, E. Semon, O. Morin, 1. Prevost and A. Grandgirard, 1. Am. Oil Chem.

Soc., 64 (1987) 1324.
14 J. A. Rojo, MS Thesis, University ofIllinois, Urbana-Champaign, IL, 1985.
15 J. M. Vatele, J. L. Sebedio and J. L. Le Quere, Chem. Phys. Lipids, 48 (1988) 119.
16 J. A. Rojo and E. G. Perkins, Lipids, 24 (1989) 467.
17 R.A. Eisenhauer, R. E. Beal and E. L. Griffin, J. Am. Oil Chem. Soc., 40 (1963) 129.
18 J. P. Friedrich, E. W. Bell and L. E. Gast, J. Am. Oil Chem. Soc., 42 (1965) 643.
19 T. K. Miwa, K. L. Mikolajczak, F. R. Earle and I. A. Wolff, Anal. Chem., 32 (1960) 1739.
20 A. Grandgirard and F. Julliard, Rev. Fl'. Corps Gras., 30 (1983) 123.
21 S. N. Deming, in B. R. Kowalski (Editor), Chemometrics: Mathematics and StatLw'cs in Chemistry

(NATO AS! Series C, Vol. 138), Reidel, Dordrecht, 1984, p. 267.
22 W. G. Cochran and G. M. Cox, Experimental Designs, Wiley, New York, 2nd ed., 1957, pp. 244-291.



Journal o/Chromatography, 537 (1991) 345-356
Elsevier Science Publishers B.Y., Amsterdam

CHROM. 22 758

Capillary gas chromatographic behavior of stereoisomeric
bile acids with a vicinal glycol structure by their "mixed"
alkylboronate derivatives

TAKASHI !IDA" and ICHIRO KOMATSUBARA

College 0/ Engineering, Nihon University, Koriyama, Fukushima-ken, 963 (Japan)

FREDERIC C. CHANG

Department o{ Chemistry, Harvey Mudd College, Claremont, CA 9171/ (U.S.A.)

and

JUNICHI GOTO and TOSHIO NAMBARA

Pharmaceutical institute, Tohoku University, Aobayama, Sendai, 980 (Japan)

(First received May 2nd, 1990; revised manuscript received August 14th, 1990)

ABSTRACT

The capillary gas chromatographic (GC) behavior of 25 bile acids with a vicinal 6,7- or 3,4-glycol
structure, differing from one another in the stereochemical configuration [diaxial trans, diequatorial trans
and axial-equatorial (or vice versa) cis], was studied. Methylene unit (MU) values were determined for each
of the bile acids as their nine classes of hydroxyl derivatives: complete methyl ester (Me)-trimethylsilyl
(TMS) and Me-dimethylethylsilyl (DMES) ether and Me-acetate (Ac) derivatives, and their so-called
"mixed" cyclic alkylboronate derivatives, Me-methylboronate (MB)-TMS, Me-MB-DMES, Me-MB
Ac, Me-n-butylboronate (nBB)-TMS, Me-nBB-DMES and Me-nBB-Ac. Changes in the MU values of
each bile acid due to the different derivatizations were used for the determination of the number of
hydroxyl groups and the stereochemical relationship of 1,2-diol groups in the molecules. The cis-glycol
type of compound, regardless of its IX,IX- or fi,fi-configuration, formed the corresponding mixed cyclic
alkylboronate derivatives. On the other hand, both the diaxial and diequatorial trans-glycols yielded a GC
peak corresponding to the persilylated or peracetylated derivatives, although the latter compounds were
occasionally accompanied by a second peak corresponding to the mixed alkylboronate-silyl ether deriv
ative. The retention data would be useful for analysing bile acid mixtures extracted from biological sam
ples.

INTRODUCTION

Numerous studies have been reported on the gas chromatographic (GC) sep
aration, identification and quantification of various bile acids related to 5cx- and
5ji-cholanoic acids [1-4]. However, they were almost exclusively concerned with bile
acids with isolated hydroxyl groups. Similar studies on 4- or 6-hydroxylation prod
ucts of common bile acids, i.e., lithocholic (3cx-OH), deoxycholic [3cx,12cx-(OH)zJ,
chenodeoxycholic [3cx,7cx-(OH)z], ursodeoxycholic [3cx,7 ji-(OH)z] and cholic
[3cx, 7cx, 12cx-(OHh] acids, which possess a vicinal 1,2-diol function in the molecules

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.
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[5-7], have been limited to a few exceptions, probably owing to their restricted avail
ability or non-existence.

A number of unusual bile acids with a 1,2-glycol structure at the 6,7- or 3,4
positions have recently been found in significant amounts in biological samples from
patients with liver diseases and in newborn infants and fetuses [5~7]. These com
pounds are of great current interest in biological and metabolic studies. The qual
itative and quantitative analyses of such bile acids have usually been performed by
GC and GC-mass spectrometry (MS), after suitable GC derivatization.

Among various derivatization procedures, cyclic alkyl- or arylboronate deriv
atives (e.g., methyl- [8-12] and n-butylboronates [9,13,14]) or cyclic dialkylsilylene
derivatives (e.g., di-tert.-butyl- [15,16] and diethylsiliconides [17]) as protecting
groups of diols have been shown to be suitable for the GC and GC-MS of 1,2-, 1,3- or
1,4-dihydroxylated compounds such as steriods and prostaglandins. In particular, the
so-called "mixed" cyclic alkylboronate-silyl ether or alkylboronate-ester derivatives,
introduced by Brooks and co-workers [8,9], have been widely used for the character
ization of various bifunctional steroids having both a 1,2- or 1,3-diol system and
isolated hydroxyl groups in the molecules [8-13], although the technique requires
further derivatization for the isolated hydroxyl groups that are unable to form the
cyclic boronate. Cyclic boronate formation with an unknown compound yields spe
cific structural information, and the derivatives generally are better resolved by chro
matographic separation of a mixture. In addition, the cyclization product obtained
provided a mass spectrum containing characteristic ions with prominent intensity.

As a result of work on a programme of synthesizing potential bile acid metabo
lites, a series of di-, tri- and tetrahydroxylated bile acids with a vicinal 3,4- or 6,7
glycol structure, which differ from one another in the stereochemical configuration of
the 1,2-diol system [i.e., diaxial trans-, diequatorial trans- and axial-equatorial (or
vice versa) cis-glycols], are now available. In this paper, we describe the capillary GC
behavior of 25 sterically different bile acids as their mixed methyl- and n-butylbo
ronate derivatives and their complete methyl ester-trimethylsilyl (Me-TMS) and
methyl ester-dimethylethylsilyl (Me-DMES) ether and methyl ester-acetate (Me-Ac)
derivatives. Although the GC behavior of some 3,6,7-trihydroxy bile acids with a
cis-glycol structure as their mixed methylboronate-TMS ether derivatives is known
[9], analogous trans-glycols have not been reported hitherto.

EXPERIMENTAL

Samples and reagents
All the stereoisomeric 51X- and 5p-cholanoic acids having a vicinal 3,4- or 6,7

glycol structure were from collections in our laboratory, which include new and
natural bile acids recently synthesized by us [18-20].

The silylating reagents, TMS-HT (hexamethyldisilazane and trimethylchloro
silane in anhydrous pyridine) and N,N-dimethylethylsilylimidazole (DMESI), were
obtained from Tokyo Kasei Kogyo (Tokyo, Japan). Methylboronic acid was pur
chased from Aldrich (Milwaukee, WI, U.S.A.). n-Butylboronic acid and 4-dimethyl
aminopyridine were available from Tokyo Kasei Kogyo. All solvents were of analyt
ical-reagent grade and used without further purification.
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GC instrument and column
A Shimadzu GC-14A gas chromatograph equipped with a flame ionization

detector and data-processing system (Chromatopac C-R6A) was used isothermally.
It was fitted with an aluminum-clad flexible fused-silica capillary column (25 m x
0.25 mm J.D.) with a thin film (0.1 flm) of bonded and cross-linked methylpolysilox
ane (equivalent to OV-lOI) and operated under the following conditions: carrier gas
(helium) flow-rate, 1.5 ml/min; splitting ratio, 1:50; and column temperature, 270°C.
The column, HiCap CBPMI, was purchased from Shimadzu (Kyoto, Japan).

Derivatization procedures
Bile acid samples were first converted into the C-24 methyl esters by the usual

diazomethane method [I]. Each of the bile acid methyl esters was then subjected to
the nine classes of hydroxyl derivatizations prior to GC, and their structures are
depicted in Fig. I, as exemplified by a 5P-3,6,7-trio1. The mixed alkylboronate deriv-

(A) OTMS
TMSO~

(8) 0-/
\
CH~

"

DMESD~DDMES
(0) DOMES

A'~A'
(G) OAc

Fig. 1. Derivatizations examined.

A, ~D
~

\
CH

3

TMS = -Si(CH
3

)3

OMES = -Si(CH ) C H
3 225

Ac = -COCH
3
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atives (B, C, E, F, H and I) were prepared in two steps by a combination of boronic
cyclization followed by silylation or acetylation [8,9].

Complete methyl ester-trimethylsilyl (Me- TMS; A) and methyl ester-dimethylethylsi
lyl (Me-DMES; D) ether derivatives

To each bile acid methyl ester (50-100 fig), silylating reagent (TMS-HT or
DMESI, 50 fll) was added and the mixture was allowed to stand for 30 min at room
temperature [4].

Complete methyl ester-acetate (Me-Ac; G) derivatives
To each bile acid methyl ester (50-100 fig), acetic anhydride (20 fll), dry pyri

dine (30 fll) and 4-dimethylaminopyridine (10 fig) were added and the mixture was
heated at 600C for 30 min [9]; for 3,4-glycols, acetylation was carried out at 120°C for
2 h.

Methyl ester-cyclic alkylboronate derivatives
To each bile acid methyl ester (50-100 fig), methylboronic (or n-butylboronic)

acid (50 fig) and dry pyridine (50 fll) were added and the mixture was heated at 60°C
for 30 min.

Methyl ester-methylboronate-trimethylsilyl (Me-MB-TMS; B), methyl ester-n-bu
tylboronate-trimethylsilyl (Me-nBB- TMS; C), methyl ester-methylboronate-dimeth
ylethylsilyl (Me-MB-DMES; E), and methyl ester-n-butylboronate-dimethylethylsi
lyl (Me-nBB-DMES; F) ether derivatives·

Mixed cyclic boronate-silyl ether derivatives were prepared by a slight mod
ification of the procedure of Brooks and co-workers [8,9]. After methylation and
alkylboronation, the resulting derivative, prepared as above was treated with silylat
ing reagent (TMS-HT or DMESI, 50 fll) and the mixture was allowed to stand for 30
min at room temperature.

Methyl ester-methylboronate-acetate (Me-MB-Ac; H) and methyl ester-n-butylbo
ronate-acetate (Me-nBB-Ac; I) derivatives

After methylation and alkylboronation, the resulting derivative, prepared as
above, was treated with acetic anhydride (20 fll), dry pyridine (30 fll) and 4-dimethyl
aminopyridine (10 fig) and the mixture was heated at 60°C for 30 min (or at 120°C for
2 h for 3,4-glycols).

After the reactions, an aliquot of the sample solutions was injected directly into
the GC system without clean-up [21] simultaneously with an internal reference stan
dard.

RESULTS AND DISCUSSION

Twenty-five bile acids possessing a vicinal 6,7- or 3,4-glycol structure differing
in stereochemical configuration were used to study the GC behavior accompanying
various hydroxyl derivatizations. Table I shows the 25 compounds examined plus
seven common bile acids and the retention data observed for the nine classes of
derivatives: Me-TMS (A), Me-MB-TMS (B). Me-nBB-TMS (C). Me-DMES (D),
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ME-MB-DMES (E), Me-nBB-DMES (F), Me-Ac (G), Me-MB-Ac (H) and Me
nBB-Ac (I). The reaction products usually afforded a sharp and symmetrical peak
that facilitates the separation of isomers when analyzed using a non-selective fused
silica capillary column (HiCap CBPMl). Retention data were expressed as methylene
unit (MU) values. In order to minimize the discrepancies in the MU values [7], the
same column was used throughout the determination of the retention data for all the
compounds.

GC behaviors of complete silyl ether and acetate derivatives
As bile acids have conventionally been analyzed as their complete Me-TMS,

Me-DMES or Me-Ac derivatives [1,2], we initially examined the GC behavior of the
25 acids. The ten stereoisomers of 3,6,7-triols including two 50:- (allo) series of com
pounds were well resolved as their Me-TMS ether derivatives on this column, emerg
ing in the order 3/3,6/3,70: < 30:,6/3,70: < 3/3,60:,70: < 30:,60:,70: < 30:,6/3,7/3 < 30:,6/3,7/3
(50:) < 3/3,6/3,7/3 < 30:,60:,7/3 < 3/3,60:,7/3 < 30:,60:,7/3 (50:). Their Me-DMES ether
derivatives followed essentially the same elution order, as shown in Fig. 2a. The
3,6,7,12-tetrahydroxy stereoisomers likewise resemble the 3,6,7-trihydroxy com
pounds in that the relative mobilities of analogous derivatives follow a similar order,

(a) (b)

-
IILl

3
r-....

9 ,;

'",..:
12

4 a

8 'd"~

~

10 1 2
<D

5

58 12

11
6

2 l

-
I I I

10 20 10 20

Retention time (min) Retention time (min)
Fig. 2. Capillary GC of a mixture of the 3,6,7-trihydroxy stereoisomers as their (a) Me-DMES and (b)
Me-Ac derivatives. Peaks: 1 = C~2; 2 = deoxycholic acid; 3 = 3(J.,6(J.,7(J.; 4 = 3(J.,6(J.,7{3; 5 = 3(J.,6{3,7(J.; 6 =

3(J.,6{3,7{3; 7 = 3{3,6(J.,7(J.; 8 = 3{3,6(J.,7{3; 9 = 3{3,6{3,7(J.; 10 = 3{3,6{3,7{3; 11 = 3(J.,6(J.,7{3 (5(J.); 12 = 3(J.,6{3,7{3
(5(J.).
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i.e., 3a,6{J,7a,12a < 3a,6{J,7{J,12a < 3a,6a,7a,12a < 3a,6a,7{J,12a < 3a,6a,7{J,12a
(5a).

It is evident from the above observations that, for each silyl ether derivative,
6{J,7a-diaxial trans-glycols are eluted much faster than the corresponding 6a, 7{J
diequatorial trans-analogs; compounds with a 6a,7a- or 6{J,7{J-axial-equatorial (or
vice versa) cis-glycol structure appear between the two trans-epimers. A similar elu
tion order was also observed with the silyl ether derivatives of the stereoisomeric
3,4-glycols (diaxial 3{J,4a < axial-equatoriaI3{J,4{J < diequatorial 3a, 4{J), except for
the 3,4,7-trihydroxy isomers, in which the 3a,4{J,7a-triol shows a smaller retention
time than the 3{J,4{J,7a-counterpart.

As expected [4,22,23], the trend of the differences in the retention times was in
"good agreement with earlier observations. Thus, the Me-DMES ethers have longer

retention times than the corresponding Me-TMS ethers owing to the heavier ethyl
group, and the MU values obtained for the Me-DMES ethers were increased nearly
consistently by ca. 1 unit per one hydroxyl group in comparison with those of the
corresponding Me-TMS ethers. Average differences in the MU values between the
two silyl ether derivatives were 2.20 (n = 7) for di-, 2.95 (n = 17) for tri- and 3.79 (n = 7)
for tetrahydroxylated bile acids.

The elution order of the Me-Ac derivatives (G) of the bile acids differed from
that found for the corresponding silyl ethers mentioned above [24,25], and the follow
ing general elution order of 6,7-glycols was observed: equatorial-axial cis- < diaxial
trans- < diequatorial trans- < axial-equatorial cis-glycols. However, the peaks of
derivatives of several isomeric pairs of the 3,6,7-triols were found to overlap (Fig. 2b).
In addition, under mild acetylation conditions at 60°C for 30 min, the Me-Ac deriv
ative of the 3,4-glycol type of compounds often gave two well resolved peaks, prob
ably owing to steric hindrance. These compounds were therefore acetylated by more
drastic conditions at 120°C for 2 h and, as expected, afforded essentially a single peak.
These observations suggest that this derivative is not suitable for the profile analysis
of the type of compound [26].

GC behaviors ofmixed alkylboronate-silyl ether and alkylboronate-acetate derivatives
The mixed alkylboronate derivatives were prepared in two steps by a slight

modification of the method published by Brooks and co-workers [8,9]. The method
involves alkylboronic cyclization combined with silylation or acetylation. Fig. 3
shows representative chromatograms of mixtures of the nine classes of derivatives [six
mixed cyclic alkylboronates (B,C,E,F,H,I) and three unmixed (A,D,G)] of each of 3
{J,4{J,12a- and 3a,6{J,7a-trihydroxy-5{J-cholanoic acid. Fig. 3a, for the derivatives of
the axial-equatorial cis-glycol 3{J,4{J, l2a-triol acid, shows a distinct separation of the
components with single well shaped peaks, whereas Fig. 3b, for the corresponding
mixture of derivatives of the diaxial trans-glycol 3a,6{J,7a-stereoisomer shows only
three poorly resolved peaks.

Essentially identical retention GC behaviours were found for all of the other
cis- and trans-glycol types of compounds. The results indicate that under the deri
vatization conditions used, the cis-glycols (6a,7a-, 6{J, 7(J- and 3{J,4{J-), regardless of
a,a- or {J,{J-configuration, form "mixed" alkylboronate derivatives [9], whereas the
trans-glycols (6a,7{J-, 6{J,7a-, 3a,4{J- and 3{J,4a-), not being able to form cyclic esters,
are derivatized to one of the persilyl or peracetate forms.
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Fig. 3. Capillary GC of a mixture of the hydroxyl derivatization products of (a) 3fJ,4fJ,12rx- and (b)
3rx,6fJ,7rx-trihydroxy-5fJ-cholanoic acids. Peaks: A = Me-TMS; B = Me-MB-TMS; C = Me-nBB-TMS;
o = Me-DMES; E = Me-MB-DMES; F = Me-nBB-DMES; G = Me-Ac; H = Me-MB-Ac; I =
Me-nBB-Ac.

However, with the diequatorial trans-glycols (6rJ.,7{J- or 3rJ.,4{J-), although in
most instances they resemble their diaxial trans-analogs in not forming mixed bo
ronate derivatives, in some instances they do give two well separated peaks, partic
ularly when the two-step derivatization process is used to form the Me-MB-TMS
and Me-nBB-TMS derivatives (see Table I). In these instances one peak corresponds
to the mixed alkylboronate-silyl ether and the other the persilyl ether, indicating that
partial formation of the cyclic derivative had taken place. Although the former is
usually much smaller than the latter (Fig. 4), the ratio of the two peaks is hardly
influenced by the boronation conditions examined [reaction time (30, 60 and 120 min)
and reaction temperature (60, 80 and 100°C)], as exemplified by 5{J-3rJ.,6rJ.,7{J-triol.
Peak identification must therefore be carried out cautiously when interpreting the GC
results for naturally occurring diequatorially hydroxylated bile acids as the mixed
alkylboronate-silyl ether derivatives.

From the above findings, the changes in the MU values due to cyclic alkylbo
ronate formation were calculated. The results are given in Table II, where the
Ll[Um]B-S and Ll[Um]B-A are the MU increments [22] based on the Me-TMS (B-A
and C-A) and Me-DMES (E-D and F-D) ethers and Me-Ac (H-G and I-G), re
spectively, for the same compound which forms the alkylboronate ester; a negative
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Fig. 4. Capillary GC of the products of diequatorial trans-glycols, (a) 3a,6a,7jJ- and (b) 3a,4jJ,7a-tri
hydroxy-5jJ-cholanoic acids, dcrivatizcd to their Mc-nBB-TMS and Mc-nBB-DMES ethers, respectively.
Peaks: 1 = Me-TMS; 2 = Me-nBB-TMS; 3 = Me-nBB-DMES; 4 = Me-DMES.

value denotes that the retention time of the mixed alkylboronate derivatives is shorter
than that of the corresponding persilylated or peracetylated compounds. The
Ll[Um]B-S and Ll[Um]B-A values observed were in the ranges -2.23 to 0.37 (B-A) for
Me-MB-TMS, 0.38 to 2.75 (C-A) for Me-nBB-TMS, -3.89 to -1.39 (E-D) for
Me-MB-DMES, -1.17 to 1.06 (F-D) for Me-nBB-DMES, -2.73 to -1.24 (H-G) for
Me-MB-Ac and -0.33 to 0.95 (I-G) for Me-nBB-Ac. The Me-nBB-TMS ethers
always give large positive Ll[Um]B-S values, whereas the Me-MB-DMES ether and
Me-MB-Ac derivatives gave large negative values. Further, with regard to these
derivatives, 6f3,7f3-glycols usually show a larger value than the corresponding 6CJ.,7CJ.
isomers, with a few exceptions, thus permitting a facile determination of the ster
eochemical relationship. The other derivatives showed positive or negative values
depending on the structure of substrates.

In order to clarify further the general features of cyclic alkylboronations, the
MU and Ll[Um]O-T values were expressed graphically, where Ll[Um]O-T is the differ
ence in the MU values between the analogous DMES and TMS ether derivatives
(e.g., Me-nBB-DMES vs. Me-nBB-TMS) for the same compound on this column
[22]. Fig. 5 shows the interrelationship between the Ll[Um]O-T ,values and the number
of hydroxyl groups in a molecule. As mentioned above, a plot of the Ll[Um]O-T value
vs. number of hydroxyl groups for the Me-DMES and Me-TMS ethers [221 showed
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good linearity (Fig. 5a), defined as y= 0.8Ix+ 0.56 (r= 0.974, n= 32), indicating that
the addition of hydroxyl groups produces nearly consistent increases (ca. I unit per
hydroxyl group) in the Ll[Um]O-T values. On the other hand, plots of the Ll[Um]O-T
value V.I'. number of hydroxyl groups for Me-MB-DMES and Me-MB-TMS ethers
afforded the regression line expressed as y=0.95x-1.74 (r=0.986, n= 11) (Fig, 5b)
with a much smaller intercept (ca. -2 units in the Ll[Um]O-T value) and with a similar
slope, The line consisted of values of the derivatives of axial-equatorial (or vice versa)
cis-glycols and those of one of the two peaks arising from some diequatorial {rans
glycols mentioned above, The Ll[Um]O-T value of -2 units reflects the greater reduc
tion in retention time achieved by replacing two vicinal DMES groups (rather than
two TMS groups) with a cyclic boronate. The value of 2 thus arises from the mass
difference of 28 (2DMES-2TMS), and would be similar for the other types of cyclic
boronate derivatives (Me-nBB-DMES and Me-nBB-TMS) (Fig. 5c).

There were also close correlations between the MU values of the mixed n
butylboronates with those of the corresponding methylboronate derivatives (Fig. 6),
and a statistically significant correlation was found for each of the three graphs, For
example, the regression line with a large intercept and with a smaller slope of less than
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Fig. 6. Relationship between the MU values of (a) Me-nBB-TMS and Me-MB-TMS, (b) Me-nBB
DMES and Me-MB-DMES and (c) Me-nBB-Ac and Me-MB-Ac.
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1.0, expressed as y = 0.60x+ 15.69 (r= 0.989, n = 16) (Fig. 6a), was obtained from the
data for the Me-nBB-TMS vs. Me-MB-TMS ethers. Analogously, regression lines
with a similar intercept and slope to the line in Fig. 6a were also observed for the MU
values for the other two combinations [Me-nBB-DMES vs. Me-MB-DMES (Fig.
6b) and Me-nBB-Ac vs. Me-MB-Ac (Fig. 6c)] by changing the boronate esters from
methyl to the heavier n-butyl group.

The above high correlations suggest that if either the L1[Um]D-T value or the
MU value for the mixed methyl (or the corresponding n-butyl) boronation product of
an unknown bile acid is known, the number of hydroxyl groups and the presence or
absence and the stereochemical relationship (cis and trans) of a vicinal glycol structure
can be characterized mathematically by applying the regression equations.

In conclusion, the capillary GC behavior of bile acids with a vicinal glycol
structure, as their mixed cyclic alkylboronate derivatives, on a non-polar capillary
column provided important information concerning the presence or absence and/or
the stereochemical configuration of the 1,2-diol groups. Of the several derivatives
examined, Me-MB-DMES or Me-nBB-TMS seems to be most suitable. The reten
tion data would be helpful for identifying an unknown bile acid of the types examined
in this study, or for establishing its structure.
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ABSTRACT

A gas chromatographic method was developed to determine the purity of synthesized isocyanate
monomers, spccifically isocyanatoacrylates, and to determine the isocyanate content of synthesized poly
mers and prepo1ymers. The method is a modification of an ASTM procedure in which an isocyanate is
allowed to react with excess di-n-butylaminc. In the ASTM method, the amount of isocyanate present is
calculated indirectly from the amount of unreacted di-n-butylamine, determined by back titration with
standard hydrochloric acid. Determination of the excess di-n-butylamine by the gas chromatographic
method developed has the advantages of providing better precision and requiring less sample than the
titrimetric method. The two methods were compared using phenyl isocyanate as a model test compound. A
synthesized monomer, methyl a-isocyanatoacrylate, was also analyzed, for comparison by both methods.

INTRODUCTION

Several isocyanatoacrylate monomers are being synthesized and evaluated
under an NIDR grant: "Development of new multifunctional dental adhesive,
DE08223", These include the a and f3 isomers of methyl, ethyl, and hexyl isocyanato
acrylate, Prepolymers and copolymers of these monomers contain active isocyanate
groups which will react with the hydroxyl and amino functional groups in tooth and
composite materials to form covalent chemical bonds. Accurate information on the
isocyanate content of the synthesized monomers and polymers is required for this
work,

Current analytical methods are limited by high sample consumption require
ments and/or by specificity of the methods, requiring modifications for each different
compound of interest. These methods can be classified as direct or indirect. Direct
methods measure isocyanate content from detector response to the isocyanate
compound or its derivative. Indirect methods generally react the isocyanate with
excess di-n-butylamine (n-DBA). The isocyanate content is calculated after quanti
tating the detector response to the unreacted n-DBA. The work reported here involves
development of an indirect gas chromatographic method which provides precise

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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quantitation for isocyanate content while not requiring large sample consumption or
compound-specific parameters.

The literature on isocyanates and their reactions spans many years. Various
analytical techniques have been utilized for quantitation. In addition to the ASTM
method [I] cited, these techniques include spectroscopic methods such as IR [2--4] and
UV [5], and chromatographic methods such as gas chromatography (GC) and
high-performance liquid chromatography (HPLC). Although a few reported GC
methods involve direct injection and detection ofisocyanates [6,7], most involve some
form of derivatization. After hydrolysis of isocyanates to amines and subsequent
derivatization, usually with perfluoro fatty acid anhydrides [8-12], the corresponding
amides can be detected. Other methods involve detection of the corresponding amines
after hydrolysis [13] or detection of the corresponding urethanes after reaction with
ethanol [14,15]. Various detection modes have been utilized. These include flame
ionization (FID), nitrogen-specific (NPD) and electron-capture (ECD) detection.

Some reported HPLC methods involve derivatization of isocyanates with
amines for detection of the resulting ureas with UV [16,17], fluorescence [18,19], or
electrochemical [20) detectors. Aromatic isocyanates can be reacted with ethanol prior
to HPLC analysis and detected as the corresponding urethanes either by UV or
electrochemically [21-23]. Wong and Frisch [24] determined concentrations of
unreacted phenyl isocyanate during kinetic studies of the reaction between phenyl
isocyanate and n-butanol, by allowing the excess to react with n-DBA. Sample aliquots
were quenched with n-DBA solutions and the amount of phenyl isocyanate calculated
indirectly from the amount of unreacted n-DBA determined by back titration. Wong
and Frisch also performed HPLC analyses to detect the reaction product, di-n-phenyl
butyl urea, as well as initial and intermediate products.

EXPERIMENTAL

Reagents
Phenyl isocyanate and dodecane were obtained from Aldrich (Milwaukee, WI,

U.S.A.). n-DBA was obtained from Eastman Kodak (Rochester, NY, U.S.A.).
Toluene was obtained from Burdick and Jackson (Muskegon, MI, U.S.A.) and was
certified to contain not more than 0.005% water. Isopropanol was obtained from
Fisher Scientific (Fair Lawn, NJ, U.S.A.). Bromphenol blue indicator was prepared by
mixing 0.100 g of bromphenol blue, obtained from Fisher Scientific, with 1.5 ml of 0.1
M sodium hydroxide solution and diluting to 100 ml with deionized water.
Hydrochloric acid solution, 0.1 M, was obtained as Dilut-IT from Baker (Phillipsburg,
NJ, U.S.A.) and was prepared with deionized water as per package directions. Methyl
a-isocyanatoacrylate was synthesized at Midwest Research Institute.

Titration procedure
The ASTM method [1] was utilized. This method covers the determination of the

isocyanate group content of a urethane intermediate or prepolymer. Possible
interferences include phosgene, the carbamyl chloride of isocyanate, hydrogen
chloride, or any other acidic or basic impurities of sufficient strength.

Replicate samples (at least five) of phenyl isocyanate or synthesized methyl
a-isocyanatoacrylate (Fig. 1), J.J mequiv.. were accurately weighed into 250-ml
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A B

Fig. I. Structures of (A) phenyl isocyanate and (B) methyl iX-isocyanatoacrylatc.

erlenmeyer flasks. Toluene, 25 ml, was added to each flask, which was then stoppered
and swirled to mix. Using a pipet, 25 ml of a 0.1 M di-n-butylamine solution in toluene
was added to each flask. The solutions were magnetically stirred for 30 min with
stoppers in place. Isopropanol, 100 ml, was added to each. Five drops of the
bromphenol blue indicator was added, and each sample was titrated with the 0.1
N hydrochloric acid to a yellow end point. Blank titrations were run including all
reagents but omitting the isocyanate sample compound.

The isocyanate (NCO) content was calculated as follows:

NCO, % = {[(B - V). M· 0.0420]/W}· 100

where B = milliliters of HCI required to titrate the blank, V = milliliters of HCI
required to titrate the sample, M = molarity of Het (0.1000), 0.0420 = milliequiva
lent weight of the NCO group, W = weight of sample in grams.

Gas chromatography procedure
The GC method developed is a modification of the ASTM procedure in that the

isocyanate compound is allowed to react with excess n-DBA, but the amount of
unreacted n-DBA is determined by GC analysis rather than by titration. An internal
standard was added to correct for any volumetric and injection errors.

GC apparatus and operating conditions
A Varian Model 3700 gas chromatograph (Varian Instruments, Sunnyvale, CA,

U.S.A.) equipped with a flame ionization detector and Model 8000 autosampler was
used. The injector temperature was 300°C and the detector temperature was 320°C; the
nitrogen carrier gas flow-rate was 70 ml/min.

A glass column (2 m x 4 mm I.D.) packed with 10% SP-2401 on Supelcoport
(100-120 mesh) (Supelco, Bellefonte, PA, U.S.A.) was programmed with an oven
temperature ramp of 65 to 100°C at 10°C/min and a final hold of 2 min. The sample
injection volume was 1 J11. The attenuation was 256 at a range of 10- lO. The retention
times, peak areas, and internal standard quantitations were determined with a Nelson
Analytical Model 4400 chromatography data system (Perkin-Elmer Nelson Systems,
Cupertino, CA, U.S.A.). The retention times for n-DBA and for the dodecane internal
standard were 2.3 min and 4.4 min, respectively.
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Preparation of standard solutions for GC analyses
Standards at four concentration levels ranging from 400 to 1600 f.lmol n-DBA

per 25 ml toluene were prepared from stock solutions ofn-DBA and dodecane internal
standard.

Sample preparation for GC analyses
Replicate samples (at least five) of phenyl isocyanate or synthesized methyl

a-isocyanatoacrylate (Fig. I), 900-1100 f.lmol, were weighed accurately into 25-ml
volumetric flasks. A stock solution containing 41.36 mg/ml n-DBA and 40.0 mg/ml
dodecane, internal standard, was prepared. Five milliliters of this stock solution was
pipetted into each volumetric flask. The flasks were filled to volume with toluene and
the solutions mixed well. A small stirring bar was introduced into each flask, and the
solutions were magnetically stirred for at least 30 min prior to injection into the GC
system. Unreacted stock blanks were prepared using all reagents above except the
isocyanate sample compound.

GC analysis and calculations
Samples were analyzed concurrently with multilevel standards, unreacted

di-n-butylamine stock blanks, and internal standard blanks. Three replicate injections
of each sample were made and five to nine replicate injections of each standard were
made using an autosampler.

Areas for the n-DBA and internal standard peaks were integrated by the Nelson
Analytical data system, and normal internal standard calculations and linear
calibration curves were used to quantitate the amount of n-DBA detected. The
difference in the amount ofn-DBA detected, in f.lmol, between the unreacted stock
blank and the reacted isocyanate sample solution also represents the molar amount of
isocyanate detected.

Range and precision study
Triplicate samples of phenyl isocyanate at each of six levels were analyzed by

both the GC and tifration methods. The sample amounts, ranging from 25 to 1000
f.lmol, were obtained from serially diluted stock solutions. The data were analyzed to
determine the precision of the methods at each sample amount level.

RESULTS

Comparison of GC and titration results
The percent isocyanate (NCO) contents determined for phenyl isocyanate by the

GC and titration methods were:

Method

GC
Titration

NCO (%)

34.47 ± 0.31 % C.Y. (coefficient of variation)
34.42 ± 1.6% C.Y.

The theoretical NCO content for a pure sample of phenyl isocyanate is 35.27%.
The results above, expressed as sample purity are 97.73 and 97.58%, respectively. The
label purity was 98 + %.
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The percent NCO contents determined for the synthesized methyl a-isocyanato
acrylate by the two methods are:

Method

GC
Titration

NCO (%)

30.50 ± 0.17% c.Y.
30.55 ± 0.37% c.Y.

The theoretical NCO content for a pure sample of methyl a-isocyanatoacrylate is
33.06%.

Statistical calculations utilizing the t-test at the 95% confidence level indicate no
significant differences between the results obtained from the GC method and those
from the titration method.

A typical GC chromatogram obtained from the reaction of phenyl isocyanate
and n-DBA by the described method is shown in Fig. 2.

Linearity of GC method
Linear regression analysis (concentration vs. response defined as the peak area

ratio of n-DBA to internal standard) was performed. The correlation coefficients for
standard curves were> 0.9999.

Range and precision study
Comparison of the precision for the GC and titration methods at six different

sample amounts is shown in Fig. 3. The levels of precision for the two methods at the
1000- and 500-/lmol levels are quite comparable. However, below 500 /lmol, the
precision of the GC method was significantly better than that of the titration method.
Preliminary results indicate the applicability of the GC method to a ten-fold lower

2

Minutes

Fig. 2. Typical chromatogram obtained from the reaction of phenyl isocyanate and n-DBA using the
reported method. Peaks: l = unreacted di-n-butylamine; 2 = dodecane, internal standard.
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Fig. 3. Comparison of the precision of the GC and titration (T) results from triplicate samples at six sample
levels. The mean results of triplicate determinations arc indicated by the dots. The bracketed bars represent
the confidence intervals for each set ofanalyses at the 95% confidence level. The inset is a scale expansion of
the confidence intervals above it.

sample range. However, utilization ofa GC column optimized for amine analyses may
be required for the lower range application.

DISCUSSION

Method development
Several aspects of the reaction and the GC method were investigated. The

completeness of the reaction was considered. Initial investigations were made to
determine if a catalyst (di-n-butyltin dilaurate), heat (45°C), or additional reaction
time would improve the n-DBA-isocyanate reaction. Results indicated that none of
these factors had a significant effect on the extent of the reaction.

Some detection response differences were observed with different GC condi
tions, particularly with the injector temperature. One factor in this effect is the
presence of the non-eluted urea reaction product on the column. During the GC
analysis of phenyl isocyanate, the reaction product, di-n-butylphenyl urea (phenyl
dibutyl urea), remains on the column and can cause a reduction in the amount of
n-DBA detected in subsequent injections. The column oven temperature must be
increased significantly in order to elute the urea.

No information on the boiling point of di-n-butylphenyl urea was found in the
literature. The melting point is reported to be 85-86°C [25]. To determine the boiling
point of the reaction product, a small amount was synthesized in toluene and
recrystallized from ethanol. Differential scanning calorimetry (DSC) analysis of the
resulting product indicated a melting point of 83.7°C (purity of99.90 mol% [26]) and
a boiling point of 267.1 °C with no residue.
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An injector temperature higher than the boiling point of di-n-butylphenyl urea
was chosen (300°C) to minimize the retention of n-DBA during subsequent injections.
Di-n-butylphenyl urea will elute from the column at oven temperatures of 250-270°C
but does not yield a well shaped peak. Care must be taken to bake the ureas off the
column periodically.

Comparison of indirect vs. direct methods
The indirect method of determining isocyanate content by reaction with n-DBA

and subsequent quantitation of the unreacted n-DBA by GC has several advantages
over direct GC analysis. With direct injection and detection of isocyanates, sample
collection and stability are concerns because isocyanates will react readily with
moisture and amines. In the indirect methods, reaction with n-DBA "fixes" the
isocyanate concentration at that point. Direct analysis is limited to those isocyanate
compounds which are volatile enough for GC and which are not thermally labile. With
indirect analysis, volatility and stability are not concerns since the compound being
quantitated in the GC system is the unreacted n-DBA, not the isocyanate.

Additionally, basing the GC method on quantitation of n-DBA, regardless of
what isocyanate compound is being analyzed, means that the method can be app:ied to
any isocyanate without modification of the GC parameters or column. In contrast,
direct injection and detection of isocyanates or their derivatives (amines, amides, or
urethanes) require that the analytical parameters be adapted to each compound of
interest. With this GC analysis for n-DBA, however, one must determine that other
compounds, such as impurities or starting materials in a synthesis reaction mixture, do
not coelute with n-DBA or the internal standard.

A significant advantage of the indirect methods over direct methods is that no
isocyanate compound is needed to generate standard solutions for calibration. This
greatly reduces the amount of sample required for analysis. In fact, for the indirect
methods, the isocyanate sample identity is not required.

Comparison of indirect methods -GC vs. titration
Quantitation of the GC analyses, by means of electronic integration, is

inherently less subjective than quantitation of titration analyses. Also, multiple
injections of each weighed sample and standard can be made with the GC method
whereas only one titration can be performed per weighing. This additional data, the
use of an internal standard, the ability to automate sample injection, and objective
quantitation yields analytical results which are more precise.

The GC method can provide data on isocyanate content using much less sample
than for a titration analysis with comparable precision.

Additionally, for isocyanate synthesis, the indirect GC method may provide
more information than titrations since it may be possible to quantitate the starting
materials and the n-DBA content concurrently, if these starting materials elute at
appropriate retention times. This would provide dual confirmation of the reaction
status.

CONCLUSION

The analysis method reported here appears, from data obtained on the two
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sample compounds, to be a valid, precise and objective alternative to titration for the
determination of isocyanate content of compounds. The method is capable of
quantifying samples containing 100-1200 ,umol of isocyanate. Preliminary results
indicate the applicability to a 1O-120-,umol range. The ability to use reduced amounts
of sample, obtain higher precision, include an internal standard, and to automate the
analyses are significant analytical advantages.
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ABSTRACT

The methyl isomers of 4-oxopyridopyrimidine and tetrahydro-4-oxopyridopyrimidine and their 2,3
polymethylcne derivatives wcre investigated. The compounds were characterized by their gas chroma
tographic retention indices measured on apolar and medium-polarity stationary phases. On the basis of the
retention index increments, numerical values are given to characterize the shielding effects exerted on the
polar centres of the molecule by methyl groups substituted at different positions. The steric and electronic
effects are also characterized by retention index values.

INTRODUCTION

Investigations on the relationships between chemical structure and physico
chemical data have already led to many valuable results [1,2]. Some investigations have
revealed a correlation between the retention data and other physico-chemical
parameters [3-6]. Retention data can be processed by mathemtical methods, e,g" by
factor analysis [7], graphical evaluation [8] or pattern recognition [9], As surveyed by
Ettre [10], the Kovats retention index and its derivatives can be used to characterize
retention.

The behaviour of C9-C14 alkylbenzene was described by Engewald and
Wernrich [II] using HS

, dlcH2 and L11 values determined on four stationary phases
with different polarities on the basis of the retention index additivity.

The structure-retention index relationship for aliphatic fatty acid esters was
examined in detail by Haken and Srisukh [12]. For about 70 benzene and naphthalene
derivatives, Macak et al. [13] found a correlation between the retention index and the.
type and position of the functional group [13]. The structure-retention index

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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relationship for cyclic alcohols was described by Heintz et al. [14]. Nakazawa et al. [15]
examined 37 methyl derivatives ofcarbazole and found a relationship between the sites
and number of the substituents and their tl>. values. Morishita et al. [16] determined the
shielding effect ofcertain carbon atoms of the alkyl chain with respect to the sulfhydryl
group attached to it.

In previous investigations on the physico-chemical properties of nitrogen
containing pyrido[I,2-a]pyrimidines and condensed quinazolines, we reported the
determination of some parameters that play important roles in the pharmacokinetic
phase (solubility [17,18], log P [19,20], pKa [21], molar refraction [22]), and also
structural relationships. In this series of papers, we demonstrate how the site of alkyl
substitution, the number of carbon atoms in the substituent and variations in the
number of atoms in the ring system are manifested in the retention data. This paper
presents gas chromatographic results that provide information about the manner and
extent to which methyl groups substituted at different points on the skeleton influence
the retention behaviour and associated physico-chemical properties. In the evaluation
of the retention index increments, we accepted that dI!:I~ol = 100 index units (i.u.)
(Me = methyl) only for those alkyl side-chains where the increment relates to a carbon
atom following after a carbon chain with Z > 5. Accordingly, for methyl groups on
heterocyclic rings a considerable difference from 100 i.u. is to be expected, and this can
give information on the position-dependent interaction of the stationary phase and the
chromatographed compound, and hence on the electronic and steric properties of the
molecules in a systematically constructed series of positional isomers.

EXPERIMENTAL

Thirty-four nitrogen-containing heterocyclic compounds were synthesized by a
method described elsewhere [23]. The purity of the compounds was controlled by spec
troscopic and chromatographic methods. In three of the compounds (1, 4H-pyrido
[1,2-a]pyrimidin-4-one; 3, 4H-cyclopenteno[2,3-e]pyrido[I,2-a]pyrimidin-4-one; 5,
1,2,3,4-tetrahydro-llH-pyrido[2,I-b]quinazolin-ll-one), ring A is aromatic; the other
three (2, 6,7,8,9-tetrahydro-4H-pyrido[1 ,2-a]pyrimidin-4-one; 4, 6,7,8,9-tetrahydro
4H-cyclopenteno[2,3-e]pyrido[I,2-a]pyrimidin-4-one; 6, 1,2,3,4,6,7,8,9-octahydro
lIH-pyrido[2,I-b]quinazolin-ll-one) are tetrahydro derivatives.

The positions of the substituents and the retention data are shown in Tables I
and II.

For compounds 1 and 2 there are methyl substituents at all possible positions.
Compounds 3--6 were regarded as 2,3-polymethylene derivatives of 1 and 2, and hence
substituted only at positions 6-9.

Instruments and conditions
A Hewlett-Packard Model 5710A gas chromatograph provided with a flame

o=CN O~N ~ O=GN

~ ~,=- ~[H,~
Fig. I. 6-Methyl- (left) and 9-methyltetrahydropyridopyrimidine (right) conformers.
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ionization detector was used. The retention times and the retention index values were
determined from seven parallel measurements with a standard deviation of2 i.u., using
a Digint 80 integrator (Chinoin, Nagyleteny, Hungary). The column temperature was
220 and 240°C and the injector port and detector temperatures were 250°C. The carrier
gas was nitrogen at a flow-rate of 25 ml/min. The column (1.8 m x 2 mm I.D.)
contained 5% OV-l, 5% OV-25 and 5% OV-225 (Macherey, Nagel & Co., Duren,
F.R.G.) on Chromosorb W AW DMCS (80-100 mesh). The retention index values
were calculated as means of seven measurements. The standard deviation was found to
be less than 2 i.u.

RESULTS AND DISCUSSION

The chromatographic behaviour of the compounds was analysed by systematic
comparison of the retention indices and their derivative values were calculated as
follows: dl~tl = lt~l~~~e - l~e~~~ne and LldlMe = dl~~l - dI~o\ both at the same
temperature. The numerical values for compounds 1-6 are given in Tables I and II.

The data for compound 1 reveal that, on the basis of the increments for the
methyl groups, three regions can be characterized in the molecules: the environment of
nitrogen N-I (C-2 and C-9), the cyclic acid amide (C-3 and C-6) and the part of ring A
distant from the polar groups (C-7 and C-8). The ability ofN-1 to interact is decreased
by the C-2 and C-9 substituents to almost the same extent as the C-3 and C-6
substituents decrease that of the carbonyl group. The C-7 and C-8 substituents not
exerting a steric effect do not reduce the interaction ability of polar groups; indeed,
they may even increase it slightly through a hyperconjugation effect. A comparison of
the data on the aromatic system 1 with those on the tetrahydro derivative 2
demonstrates that the effects on ring B are almost the same, but those on ring A differ.

TABLE I

RETENTION INDEXES OF METHYL ISOMERS 1 AND 2 ON OV-l AND OV-25 STATIONARY
PHASES

Compound Site of methyl Retention indices Increments
substitution

/f2~·-2
/OV-25 d/ov-1 d.J/OV-25 -OY-l

220'C M, Me

1 1580 2124
Ia 2 1648 2189 68 -3
Ib 3 1638 2168 58 -21
Ie 6 1636 2150 56 -20
Id 7 1696 2234 116 -6
Ie 8 1703 2239 123 -8
If 9 1647 2159 67 -32
2 1581 2128
2a 2 1657 2203 76 -1
2b 3 1637 2170 56 -14
2e 6 1578 2081 -3 -50
2d 7 1654 73
2e 8 1638 102
2f 9 1615 2114 34 -48
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TABLE II

RETENTION INDICES OF COMPOUNDS 3, 4, 5 AND 6 ON OY-l AND OY-225 STATIONARY
PHASES

Compound Site of methyl Retention indices Increments
substitution

IgX·-2 lov-2s dlov-1 dLllov-2 S - OV-l
220'C M, M'

3 1968 2890
33 6 2020 2865 52 -77
3b 7 2084 3017 116 11
3c 8 2089 3034 121 23
3d 9 2023 2880 55 -65
4 1961 2917 ,
4a 6 1942 1820 -8

,
-59

4b 7 1998 2929 37 -25
4c 8 2000 2929 39 -27
4d 9 1978 2843 17 59
5 2064 2972
Sa 6 2120 2947 56 -81
5b 7 2189 3098 125 -10
5c 8 2190 3125 126 -27
5d 9 2123 2951 59 -80
6 2059 2995
6a 6 2045 2902 -14 -79
6b 7 2095 3009 36 -22
6c 8 2097 3011 38 -22
6d 9 2071 2924 12 -83

The reason for this is presumably that the saturation of ring A eliminates the planar
character of the sytem and the substituents may cause conformational changes in the
multiplanar flexible ring.

NMR investigations by T6th [24] indicated that the 6- and 9-methyl substituents
are in pseudo-axial positions on the half-chair conformer (Fig. I). In accordance with
this, they hinder the solvent-solute interaction more effectively. On the other hand, the
7- and 8-methyl substituents are in equatorial positions [24] and hence they influence
the molecule-stationary phase interaction only by modifying the ring conformation.
For compounds 1--6, the various polar and apolar solvent-solute interactions can be
distinguished by comparing the dIMe and dLlIMe values relating to the same positions.
The difference ofabout 50 i.u. between the two series originates from the interaction of
the aromatic system.

Subsequently, methyl-substituted tricyclics saturated or unsaturated in ring A
were investigated. The dIMe values for 6,7,8,9-methyl-substituted compounds 3 and 5
(planar because of aromatic ring A) correspond well with the data for I, but the dIMe
values for saturated 4 and 6 differ from those for 2 measured at the same position. In
these instances, the polar groups are already shielded (2,3-polymethylenepyrido
pyrimidines) and the introduction of the second substituent probably causes a larger
difference because of the resulting double shielding. However, the dIMe values can be
divided into two groups here too, according to the extent of the difference: positions
6 and 9 close to the polar centres, and positions 7 and 8 distant from them. In the latter
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Fig. 2. M values of methyl (Me) isomers 3-6 as a function of the substitution site.

instance the validity of the rule dI~tl = 100 i.u. is presumed, and the surplus of22 i.u.
for the 7- and 8-methyl derivatives of 3 and 5 can be interpreted in terms of
hyperconjugation, while the deficit of62 i.u. for the similar derivatives of4 and 6 can be
explained by the increased steric influence. In contrast with the dIMe values, which
express several kinds of interactions, the steric effect does not participate in the dLlIMe

values. This can also be seen on comparison of the dI and I values for 5 and 6. The
almost identical increment values in the same positions show that the planar or
multiplanar character of the ring system can be characterized by different dIMe values,
but by similar LlIMe values.

The combined effect of the substituent and the skeleton is shown in Fig. 2, which
presents the LlPOV-225)-(OV-l) values for 3--6 and their methyl isomers as a function of
the substitution site. The shapes of the curves indicate that the polarity sequence is
influenced both by the saturated-unsaturated character of ring A and by the number
of atoms in ring C. Thus, the polarity sequence for the ring size is 4 > 6 > 3 > 5 for
both the non-substituted compounds and the majority of the methyl derivatives. The
7- and 8-methyl isomers of 3 and 5 differ from this sequence, because in these
compounds the methyl substituent is involved in hyperconjugation interaction with
the aromatic system, and this interaction causes a considerable retention index surplus
on the polar stationary phase.
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ABSTRACT

Mono- and dialkyl-substituted quinazolones were synthesized by literature or its modifications. Six
homologous series were prepared, varying in the substituent introduced and its position. The retention
indices of the compounds were determined on OV-l and OV-25 stationary phases. The influence of the
number of carbon atoms in the homologues alkyl chain on the 1 and ,11values could be characterized well.
The behaviour of the alkylquinazolones and the ring-closed tricyclic with the same number of carbon
atoms could also be characterized numerically. A dominant effect was exerted by the substituent in the
neighbouring position to the alkyl chain.

INTRODUCTION

2,3-Substituted quinazolone derivatives include many compounds with valuable
pharmacological effects [1], e.g., a theophylline-like antiasthmatic effect [2,3]. The
bronchodilator effect varies considerably as a funClion of the substitution. It is
maximum for the condensed ring and the corresponding disubstitution [4]. During an
analysis of the physico-chemical parameters of pyrido[1,2-a]pyrimidines and quin
azolones with an antiasthmatic effect, we characterized the structural features
connected with the action of many nitrogen-containing tricyclics [5,6]. This paper de
scribes a gas chromatographic investigation and the quantitative relationship between
the structure and phisico-chemical properties of 2,3-substituted quinazolones.

EXPERIMENTAL

The apparatus and chromatographic conditions were as described in Part I [7].

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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The 2,3-substituted quinazolones were synthesized by appropriate modification
of the original literature methods [8].

RESULTS AND DISCUSSION

Six homologous series of alkyl-substituted 4-oxoquinazoline derivatives were
prepared with various substituents R J and R z (Table I). The homologous series

TABLE I

SERIES OF COMPOUNDS AND RETENTION INDEX VALUES

(('I"~ I ~R2

No. of R, R 2
IOY-b lOY-oS !Jl220 C 220 C

series

H H 1733 2360 627
CH 3 H 1736 2337 601
C2H s H 1788 2365 577
C3H 7 H 1853 2418 565
C4H g H 1955 2509 554
CsH" H 2050 2604 554

2 CH 3 CH 3 1733 2293 560
C 2H s CH 3 1800 2333 533
C3H 7 CH 3 1865 2380 515
C.Hg CH 3 1957 2467 510
CsH" CH3 2050 2551 501

3 CH 3 C2Hs 1749 2276 527
C2Hs C2Hs 1805 2302 497
C3H 7 C2Hs 1869 2349 480
C.H g C2H s 1962 2430 468
C SH ll C2 Hs 2050 2515 465

4 H H 1733 2360 627
H CH3 1639 2201 562
H C2Hs 1664 2199 535
H C3H 7 1740 2265 525
H C.H g 1835 2349 514
H CSH ll 1926 2442 516

5 CH 3 H 1736 2337 601
CH 3 CH 3 1733 2293 560
CH 3 C2 Hs 1749 2276 527
CH 3 C3H 7 1826 2330 504
CH 3 C.H g 1915 2416 501
CH 3 CSH ll 2003 2507 504

6 C2H s H 1788 2365 577
C2H s CH 3 1800 2333 533
C2H s C2H s 1805 2302 497
C2H s C3H 7 1873 2350 477
C2H s C4 Hg 1961 2430 469
C2H s C SH ll 2050 2520 470
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Fig. 1. Relationship between number ofcarbon atoms (z) and retention index ofcompounds in homologous
series. Series 1-6 as in Table I.

contain Ct-Cs substituents with the differences that the homologous series are
connected to C-2 or N-3 with hydrogen, methyl or ethyl on the other atom. The
retention index values measured on stationary phase OV-1 are represented as
a function of the number ofcarbon atoms in Fig. 1. The ini tial parts of the curves verify
the relationship formulated by Kovats: for an alkyl group connected to a polar
functional group, dI('cH~)'+l - dI('cHl

,), ~ 100 index units (i.u.) only if z > 5.
The different courses of the six curves also demonstrate that the retention index

and dICH , increment values obtained do not depend only on whether the alkyl chain is
connected to C-2 or N-3; their values are additionally influenced by the constant
sibstituents of the individual series (H, CH3 , C2Hs). The influence of the R 1 and R 2

substituents on the retention properties of the molecule can be studied better if the ,11
values are depicted as a function of the number of carbon atoms (Fig. 2). The resulting
exponential curves are described by the equation

,11 = a' lO-bz + C

where a, band c are empirical constants and z is the number of carbon atoms. The
values of the constants were determined by the method of least squares by iteration.
The optimum values were indicated by the correlation coefficient. The mean of the
difference between the measured and calculated values was less than 1.5 i.u. The
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graphical representation reveals that for the different disubstituted derivatives the
polarity curves of the homologous series follow almost the same course, which means
that an increase in the length of the alkyl groups at positions 2 and 3 of the quinazolone
skeleton causes essentially the same change in polarity. There is an important
difference in the retention behaviour of the two monosubstituted series. This difference
can be attributed to the free NH group, which can interact specifically with the polar
stationary phase and may form a hydrogen bridge.

From a comparison of the two series, the extent of this interaction can be
expressed numerically for the given pair of stationary phases as 39 ± 2 i. u. The extent
of the change in polarity can be followed better via the derivatives of the polarity
curves. Differentiation of eqn. I with respect to z gives

dM = ab.ln 10·1O-bz
dz

(2)

which expresses the polarity change per carbon atom change. By representing the
results for the six series graphically, we obtain the curves shown in Fig. 3.

The changes in the degree of polarity in the four homologous series with alkyl
disubstitution are nearly the same; they decrease exponentially with an increase in the
number of carbon atoms, and for z > 5 tend to zero. The 2-alkylquinazolone
homologues display the smallest decrease in polarity and the 3-alkylquinazolones the
steepest. On the above basis it appars that the relationship between the number of
carbon atoms for z = 0-5 and the ill values representing the polairty of the compound
can be applied generally for homologous series containing a polar functional group.

550

4

500 2
5

6
J

450
d~I

H C, C2 CJ C4 C5
z

dz

~I OV-25-0V-I

600

650

Fig. 2. Relationship between number of carbon atoms (z) and polarity ofcompounds in homologous series.
Series 1-6 as in Ta hIe I.

Fig. 3. Derived curves of correlation between number of carbon atoms and polarity.
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TABLE II

DIFFERENCE IN POLARITY OF NITROGEN-CONTAINING TRICYCLIC AND ALKYL
SUBSTITUTED QUINAZOLONES WITH THE SAME NUMBER OF CARBON ATOMS

©')O 0)::
0 0

n ,1[OV-l-OV-25 R ,1[OV-l -OV-25 dtJI

0 670 Propyl 565 105
I 658 Butyl 554 104
2 638 Pentyl 554 84
3 629 Hexyl 544 85

For example, we obtained curves with a similar course to the retention index values for
the alkyl homologues of benzoic acid published by Pias and Gasco [9] or those of the
N-alkylaniline derivatives investigated by Varadi and T6th [10].

Subsequently, the data on the aliphatic and cycloaliphatic 2,3-substituted
compounds (I, LJI, dI/dz) were compared in a search for a relationship between the
retention properties and the polarity of aliphatic and cyclic compounds with the same
number of carbon atoms (Table II).

For the same number of carbon atoms, it can be assumed that the extents of the
inductive effect towards the quinazolone ring are nearly the same, and any difference is
an expression of the difference in the steric effects of the freely rotating aliphatic
methylene groups relative to the rigid or flexible ring. From a comparison of the
tricyclic and the corresponding disubstituted aliphatic quinazolones, this "ring effect"
cause a difference of ca 100-150 i.u., i.e., for the same number ofcarbon atoms the ring
closure causes a polarity change equivalent to that of about one methylene group. The
correlations found are well supported by the previously published pKs and log P values
for the compounds [5,6]. The pKs values, which change in parallel with the electronic
changes, agree well, whereas the partition coefficient values, which express the steric
and polarity changes, exhibit a difference corresponding to one methylene group, as
expressed numerically by the gas chromatographic method.
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ABSTRACT

Ring homologues of the desoxyvasicinone type, which exert an antiasthmatic effect, were investigat
ed. The retention indices and the solvent-solute interactions (expressed by the dl and LJI values) revealed
that an increase in ring size led to a decrease in the polar character in the investigated heterocyclic rings, but
not in the homocyclics. The dIM, values of methyl groups introduced at the same position in the ring
homologues demonstrated that an increase in the number of ring atoms ensures conformational freedom in
ring A that can be expressed by numerical data. The structural and conformational differences influencing
the retention data were confirmed by NMR investigations.

INTRODUCTION

The tricyclic pyrrolo [2,1-b] quinazolone alkaloid desoxyvasicinone is a drug
[1,2] with a theophylline-like antiasthmatic effect. Wide-ranging research work was
started to develop a favourable effect profile, as a result of which effective derivatives
were found among aromatic analogues with different ring sizes [3,4]. Following
extensive synthetic investigations by Hermecz et aI, [5], homologues varying in ring size
were available, on the basis of which the physico-chemical changes and characteristics
could be analysed.

The methyl isomers of nitrogen-containing heterocyclic compounds and their
alkyl homologues were earlier characterized by means of the Kovats retention index
and derivative data. This paper describes gas chromatographic investigations of
tricyclic ring-homologue derivatives condensed in the 1,2- and 4,5-positions con
taining a central pyrimidone ring (1).

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.



378

)m

O. PAPP et al.

a
I

n=0,1,2,3; m=0,1,2,3

TABLE I

CLASSIFICATION OF INVESTIGATED COMPOUNDS

Series Group

2 3 4 5

(a) m = 0,1,2,3 n = 0 n = 1 n = 2 n = 3 n = 1
(b) n = 0,1,2,3 m=O m = I m = 2 m = 3 m = I

TABLE II

RETENTION INDICES OF COMPOUNDS OF TYPE I ON OV-I AND OV-225 STATIONARY
PHASES

Compound Ring size Aromatic fi:o!c f!V-225 f!V-225-DV-l
240°C 240°C

ring
n m

I 0 0 1870 2875 1005
2 0 I 1973 2969 996
3 0 2 2050 3057 1007
4 0 3 2117 3091 974
5 1 0 1961 2917 965
6 1 1 2059 2995 936
7 1 2 2144 3064 920
8 I 3 2200 3110 910
9 2 0 2003 2891 888

10 2 I 2102 2984 882
II 2 2 2162 3045 883
12 2 3 2226 3100 874
13 3 0 2081 2969 888
14 3 1 2165 3049 884
15 3 2 2243 3110 867
16 3 3 2300 3166 866
17 I 0 A 1968 2890 922
18 I 1 A 2064 2972 908
19 I 2 A 2158 3059 901
20 I 3 A 2216 3104 888
21 0 1 C 1958 3005 1047
22 I 1 C 2058 3048 910
23 2 1 C 2101 3030 929
24 3 I C 2181 3086 905



STRUCTURE-GC BEHAVIOUR OF HETEROCYCLIC COMPOUNDS. III.

EXPERIMENTAL

379

The apparatus and chromatographic conditions were as described in Part I [6].

Materials
Ten series were prepared from 24 tricyclic compounds with the general formula

I. Two series contain aromatic rings A and C (Sa, 5b), and eight series contain
saturated rings A and C. The ring size was changed between 5 and 8. The series
investigated are listed in Table I.

Under the above conditions, the retention indices of the 24 compounds in ten
four-membered series, involving systematic changes in ring size, were determined on
OV-I and OV-225 stationary phases. The structures and the measured data are given in
Table II.

IOV-1
23)0

2200

2100
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1900

1 b
1 Q

1800 ..L-....,-----,--------,r----...., _
o

Fig. I. jOv-! values of tricyclic ring homologous series. Solid lines, heterocyclic homologues; dashed lines,
carbocyclic homologues.
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RESULTS AND DISCUSSION

The series of curves depicting the retention index values of the ring homologues
as a function of the ring size reveal that there is no appreciable difference in retention
index in response to a change in the size of rings A and C on OV-l apolar stationary
phase (Fig. 1). However, it is striking that the retention index increases uniformly with
an increase in the number of carbon atoms in the carbocycle, whereas in the
heterocyclic series dlcH varies as a function of the ring size.

The same correlat~on is manifested more strikingly on the more polar stationary
phase OV-225 (Fig. 2). As a consequence, the retention index for compound 9, which is
longer than 5 by a CHz group, is not larger, but smaller, by 26 index units (i.u.). At the
same time the change in the size of ring C of the carbocycle leads to a change of nearly
100 i.u., which corresponds to the concept of Kovats [7] (dlcH = 100 i.u.).

The correlation dlcH = 100 i.u. demonstrates that the hyct}ophobic effect of the
change in the size of ring Cnearly corresponds to that for the n-alkane homologous
series, but the behaviour of the heterocyclic system is essentially different. If the
difference between the retention index values measured on the two stationary phases,
JI, is plotted as a function of the change in ring size (Fig. 3), there is little variation for
ring C, whereas there is a steep decrease and then an approach to a limiting value for
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Fig. 2. PV-225 values of tricyclic ring homologues series. Lines as in Fig. 1 and groups of compounds as in
Table 1.
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ring A. The t11 values, which express the polar interaction of the compounds, indicate
that the polarity changes to larger extent in response to a change in ring size for rings
containing heteroatoms than for homocyclic rings.

In tricyclics containing a pyrimidine ring, the polarity of the system is
determined by N-l and the C-4 carbonyl group as structural elements. This effect is
shown in Fig. 4 as a function of the variation in ring size.

Thus, the retention index values can be correlated with the difference originating
from the positions of the rings and their freedom of conformational motion. Ring C,
which is condensed to the unsaturated C-2-C-3 bond, contains four sterically rigidified
cyclic carbon atoms, and the connected methylene groups cause changes with the same
tendency. In the nitrogen-bridgehead condensed heterocycle, a more fundamental
change occur as a consequence of the freer conformational motion due to the change in
the ring size.

This can be explained in part by the structural arrangement of the rings, and in
part by the conjugational interaction of the isolated electron pair on N-5 with the C-4
carbonyl group and by the deformation of the ring system. The similar courses of the
curves of the individual series express the general tendency of the correlation.
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Fig. 3. LlPV-225 - aV-1 values of tricyclic ring homologues series. Lines as in Fig. I and groups ofcampounds

as in Table I.
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Fig. 4. Influence of changes in the size of rings A and C on retention indices.

To confirm that the change in polarity is influenced by the differences
originating from the conformational motion of ring A, a gas chromatographic
investigation was performed on a series in which there was a methyl substituent on the
methylene group near the nitrogen bridgehead. The retention index values relating to
the methyl group were determined by taking the difference between the retention
indices for the two series (on OV-I stationary phase).

The values obtained as a function of the change in ring size are given in Table III.
The variation in the dI value of the 6-methyl substituents of the ring homologue
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TABLE III

d~;-l VALUES AND CHEMICAL SHIFTS AS A FUNCTION OF RING SIZE

383

Ring A fJ.~('!c
size

. R = CH 3 R = H

Chemical shift,
CH-CH 3 (ppm)

Coupling
constant (Hz)

n = 0
n = I
n = 2

1942
2045
2123

1973
2059
2101

-31
-14

22

4.84 m
5.06 m
5.84 m

3.4
3.1
3.0

derivatives can be explained predominantly by steric reasons. The 1H NMR data
indicate that the investigated methyl groups are all quasi-axial, which can be explained
by the 1,3-allyl strain between the methyl groups and the neighbouring carbonyl
groups. The chemical shift of the quasi-equatorial methylene proton connected to the
methyl group changes significantly with variation in the ring size and reveals the
difference in the ring strain and configuration. The steric positions of the methyl
groups also differ on the rings of different size, as a consequence of the change in
conformation. This difference, originating from the changes in conformational and
steric structure, is expressed by the difference in tpe ,11 values obtained in the course of
the gas chromatographic investigations.
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ABSTRACT

Two simple and convenient methods are described for the extraction, analysis and clean-up of nine
acidic herbicides in water and soil samples. The extracted acidic herbicides were converted into their methyl
esters by a modified method using diazomethane. The methylated herbicides were analyzed by gas chroma
tography with electron-capture detection using a Restek Rtx-35 0.53 mm J.D. capillary column and simul
taneously confirmed using an Rtx-5 capillary column. A simple clean-up procedure using a micro dis
posable Florisil column is also described. The mean recoveries for all herbicides from water were> 95%
and from soils> 86%. The recoveries of herbicides after Florisil column clean-up were greater than 89%.
Each sample run required about 25 min, including confirmation. The methods described are suitable as an
initial screening procedure in the rapid simultaneous determination of nine acidic herbicides in large
numbers of environmental samples at reasonable cost.

INTRODUCTION

Chlorophenoxy acid herbicides and related compounds (Table I) are widely
used to control broad-leaved weeds and other vegetation. They are inexpensive and
very potent even at low concentrations. These herbicides are formulated in the form
of esters, alkaline salts and acids. After application, they may pass into streams, rivers
or lakes with the possibility of environmental contamination. Several reports [1-5]
have described the effects of ingestion of these herbicides by humans. Generally they
cause pyrexia, nausea, hypotonia, confusion, coma, metabolic acidosis, convulsions,
cytoskeletal perturbation and renal damage,

Many methods for the determination of different herbicides have been de
scribed [6-11]. At present, there are two Environmental Protection Agency (EPA)
methods (615, 8150) [12,13] that have been standardized and are recommended for
the determination of these types of herbicides in water and soil, respectively. How
ever, the procedures in these two methods are cumbersome and time consuming. It is
impossible to analyse large numbers of samples within a reasonable time and cost by
using the current procedures. Recently, new methods [14,15] have been described that

a Present address: 1075 Olive Dr. 38, Davis, CA 95616, U.S.A.
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TABLE I

HERBICIDES USED

Systematic name (common name)

3,6-Dichloro-2-methoxybenzoic acid
(dicamba)

4-Chloro-2-methylphenoxyacetic
acid (MCPA)

2-(2,4-Dichlorophenoxy)propionic
acid (dichlorprop)

2-(4-Chloro-2-methylphenoxy)propionic
acid (mecoprop)

2,4-Dichlorophenoxyacetic acid
(2,4-D)

2-(2,4,5-Trichlorophenoxy)propionic
acid (fenoprop)

Structure
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2,4,5-Trichlorophenoxyacetic acid
(2,4,5-T)

2-sec-Butyl-4,6-dinitrophenol
(dinoseb)

4-(2,4-Dichlorophenoxy)butyric
acid (2,4-DB)
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will replace EPA method 8150 [13]. However, the procedures are still long and time
consuming. In addition, no clean-up procedures were suggested [15]. Currently there
is no alternative efficient method to replace EPA method 615 for the analysis of water
samples.

The purpose of this work was to develop a simple, rapid procedure for the
determination of these herbicides in environmental soil and water samples. The meth
ods proposed are suitable as an initial screening procedure in the rapid analysis of
large numbers of samples.

Generally, the identification of a herbicide in one chromatographic column is
not sufficient and should be confirmed by a secondary analysis. The methods de
scribed elsewhere [12,13] required three or four chromatographic columns for confir
mation, with inconvenient column changes. Gas chromatography-mass spectrometry
GC-MS has been suggested [15] for confirmation. However, the price of the in
strumentation is high and sample analysis becomes expensive. In this paper, we sug
gest a dual-column approach for initial confirmation. Herbicides found in one col
umn can be confirmed simultaneously using a different column.

Herbicides present in the environment might be in salt form or as esters such as
butyl, isooctyl or butoxyethyl. These different esters show different retention times in
gas chromatography (GC) and therefore they must be hydrolysed before any analysis.
After hydrolysis, the herbicide slats are acidified. However, the resulting acid forms of
the herbicides are insufficiently volatile and sensitive for analysis by gas chromatogra
phy (GC), hence they must be converted into a more volatile form. Esterification
silylation, alkylation and other derivatization procedures have been used to convert
stable compounds into more volatile derivatives before analysis [6,14,16-18]. We
have developed a new methyl esterification procedure by modifying previously de
scribed methods [12,19,20]. The modified methyl esterification procedure has proved
to be safe, rapid and easy to operate without any hazard of explosion.

Some of the clean-up procedures involved lengthy liquid-liquid partition steps.
However, loss of analytes might occur during the transfer processes. Increased con
tamination due to transfer of solvent between glassware might also interfere with
sample analysis. However, some samples are clean enough for the clean-up procedure
to be eliminated to save time. Here were present a simple procedure using a micro
disposable Florisil column to clean up the extracted samples if the background in
terference is high. Florisil (synthetic magnesium silicate) has been widely used for the
clean-up of pesticide extracts [21-23]. However, the choice of an appropriate solvent
is critical. The ideal solvent will elute the extracted herbicides without co-elution of
the extraneous material.

EXPERIMENTAL

Reagents
The solvents diethyl ether (peroxide-free), hexane and methylene chloride, all of

pesticide quality, were obtained from American Burdick and Jackson (Muskegon,
MI, U.S.A.). Sodium sulfate (anhydrous), granular, neutral, analytical-reagent grade
(also from American Burdick and Jackson), was washed with methylene chloride and
diethyl ether and then heated in an oven at 130°C for 13 h.

Florisil (60-100 mesh) (Fisher Scientific, Pittsburgh, PA, U.S.A.; Lot No.
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897135) was activated at 130°C for at least 16 h. Silicic acid, 100-mesh powder (ana
lytical-reagent grade) (Aldrich, Milwaukee, WI, U.S.A.) was used.

N-Methyl-N-nitroso-p-toluenesulfonamide (Diazald) of high purity and carbi
tol (diethylene glycol monoethyl ether) were purchased from Aldrich.

All herbicides in the acid form (1000 mg/I) were purchased as certified high
purity solutions from Nanogens (Watsonville, CA, U.S.A.). Each herbicide was con
verted into the methyl ester by the esterification procedure described below, and stock
standard solutions were prepared. Working calibration standard solutions were pre
pared in n-hexane by serial dilution of the stock standard solutions and compared
frequently with check standards for signs of degradation and evaporation. The stock
standard solutions were stored at 40T and protected from light.

Apparatus and materials
The apparatus used included an MNNG (I-methyl-3-nitro-l-nitrosoguanidine)

diazomethane generation apparatus (Aldrich, Cat. No. ZlO,100-1), a Buchi Rotova
por equipped with a temperature-controlled water-bath and a syringe with a narrow
gauge (No. 22) needle.

Silane-treated glass-wool was obtained from Alltech (Deerfield, IL, U.S.A.).
Boiling chips were high-purity, plain amphoteric alundum granules (Hengar, Phila
delphia, PA, U.S.A.), washed with acetone and diethyl ether and stored in an oven at
200°C for at least 2 h before use.

The GC system consisted ofa Varian Model 3400 gas chromatograph equipped
with 63Ni electron-capture detectors (dual channels), a Varian Model 8040 auto
sampler and a Spectra-Physics SP4290 integrator with a memory module installed.
The operating conditions were as follows: a 5-mm deactivated glass Uniliner inside a
Uniliner sleeve adapter (Restek, Bellefonte, PA, U.S.A.) were installed in the in
jection port at 210°C; detector temperature, 310°C; carrier gas (helium) flow-rate, 7
ml/min in both columns; nitrogen make-up gas flow-rate, 20 ml/min in both detec
tors; direct injection mode [24]; column temperature program, from 140 to 180°C at
3°Cjmin and then to 184°C at OSCjmin.

The following GC columns were used: (I) a 0.3-0.5 m x 0.53 mm J.D. capillary
guard column (J & W Scientific, Rancho Cordova, CA, U.S.A.) was connected to the
injector Uniliner and the other end was connected with a Chromfit low-dead-volume
V-splitter (Western Scientific, Danville, CA, U.S.A.); (2) an Rtx-35 capillary column
with 30 m x 0.53 mm J.D.), film thickness 0.5 ,urn (Restek), or with DB-608 (J & W
Scientific), was connected at one end with the V-splitter and at the other end with
detector A; (3) an Rtx-5 capillary column (30 m x 0.53 mm J.D.), film thickness 1.5
,urn (Restek), or with DB-5 (J & W Scientific), was installed in the same way as the
Rtx-35 column, but connected to detector B.

Analysis of water samples
A reagent water sample (500 ml) was poured into a 1-1 round-bottomed flask

and NaOH pellets (40 g) were added with a few boiling chips. A reflux condenser was
installed immediately on the flask. The water sample was then heated to reflux for ca.
25-30 min and then cooled in an ice-bath. The aqueous solution contained salts offree
acid herbicides. While the basic aqueous solution was still in the ice-bath, it was
acidified with ca. 85 ml of concentrated HCI to pH < 1.0. When the acidified solution
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has been cooled to room temperature, it was transferred into a I-I separating funnel
and extracted with diethyl ether (4 x 100 mI). Diethyl ether was used to rinse the I-I
round-bottomed flask before performing each extraction. The ether layers were col
lected, dried by passage through anhydrous sodium sulfate in a stemless funnel
plugged with a small amount of glass-wool and evaporated to 1 ml using a rotary
evaporator set at 40°C. The concentrated ether solution contained the acid form of
the herbicides. The sample was then ready for methylation with diazomethane. For
recovery studies, 500 ml of herbicide-free water sample were spiked with herbicide
methyl esters (Table II) prepared in n-hexane and shaken vigorously to obtain homo
geneity before extraction began.

Soil sample analysis
A soil sample (50 g) was thoroughly mixed with ca. 10-15 ml of 50% (vjv) HCl

in a 500-ml erlenmeyer flask. The pH was < 1. Diethyl ether (100 ml) was added to the
acidified soil sample, sealed with a stopcock valve attached to a stopper and shaken
manually for 1 min.
After settling, the stopcock was opened slowly and the ether layer was decanted and
filtered through Whatman No. 41 (l8.5-cm) filter-paper. The above extraction proce
dure was repeated a further three times. At this point the ether solution contained
both the acid and ester parts of the herbicides. The ether layers were collected in a I-I
round-bottomed flask and evaporated to 3-4 ml using a rotary evaporator at 40°C.
Distilled water (400 mI) was added to the flask with 40 g of NaOH pellets and the
mixture was subjected to base hydrolysis as described above. After hydrolysis, some
brown precipitate had formed. It was allowed to settle, cooled in an ice-bath and then
passed through filter-paper into a I-I separating funnel. The filtered basic solution
was then acidified with ca. 85 ml of concentrated HCl to pH < 1. After cooling to
room temperature in an ice·bath. it was extracted with four portions of 100 ml of

TABLE II

SPIKE CONCENTRATION RANGES AND RECOVERIES OF HERBICIDES FROM WATER

Analyte Spike concentration range Mean recovery (%)'
(ltg/I)" --------------~

Oicamba
MCPA
Oichlorprop
Mecoprop
2,4-0
Fenoprop
2,4,5-T
Dinoseb
2,4-DB
Av. R.S.D:

0.1-5
10--500

0.06-3
1.4--70
0.1-5

0.05-0.5
0.1-5
0.1-5
0.1-5

Low concentration

101 ± 5.2
98 ± 5.6

100 ± 5.2
97 ± 4.9
96 ± 6.0

101 ± 6.1
102 ± 7.2
95 ± 5.4
98 ± 4.9

5.6

High concentration

109 ± 4.5
118 ± 5.5
106 ± 4.8
117 ± 3.9
99 ± 5.8

105 ± 5.3
116 ± 8.5
III ± 7.0
104 ± 5.4

5.6

a Herbicide methyl ester was used as spike in a 500-ml water sample.
b Mean recovery was calculated based on an Rt,-35 capillary column and five replicate analyses.
, Average relative standard deviation (%).
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TABLE III

SPIKE CONCENTRATION RANGES AND RECOVERIES OF HERBICIDES FROM SOIL

Analyte Spike concentration range Mean recovery (%)b
(/lg/kg)"

Low concentration High concentration

Dicamba 0.2-10 90 ± 5.1 98 ± 5.9
MCPA 20-1000 88 ± 5.9 94 ± 6.9
Dichlorprop 1.2-60 91 ± 6.5 10l ± 7.5
Mecoprop 20--1000 89 ± 6.7 99 ± 7.5
2,4-D 2-100 88 ± 5.8 92 ± 6.4
Fenoprop 0.2-10 91 ± 7.9 93 ± 8.3
2,4,5-T 0.4-20 87 ± 5.4 99 ± 6.2
Dinoseb 0.4-20 86 ± 8.8 96 ± 9.6
2,4-DB 2-100 89 ± 7.0 97 ± 8.0
Av. R.S.D.' 6.6 7.4

a Herbicide methyl ester was used as spike in a 50 g of herbicide-free soil sample.
b Mean recovery was calculated based on an Rt,-35 capillary column and five replicate analyses.
, Average relative standard deviation (%).

diethyl ether as described for the analysis of water samples. For recovery studies, 50 g
of herbicide-free soil sample were sprayed with herbicide methyl esters prepared in
n-hexane and homogenized with a glass rod (Table III).

Esterification
The procedure and precautions for using the Aldrich MNNG diazomethane

apparatus are described in detail elsewhere [19,25]. A concentrated I-ml ether sample
was transferred from the volumetric flask to the outside tube of the apparatus. The
volumetric flask was rinsed with ca. 2 ml of diethyl and combined with the diethyl
ether in the outside tube of the apparatus. Diethyl ether (I ml) was added to the inside
tube through its screw-cap opening, together with I ml of carbitol. Approximately
0-3-0.4 g of Diazald was placed in the inside tube, and then the two parts were
assembled with a butyl O-ring and held with a pinch-type clamp. The lower part was
immersed in an ice-water bath and about 1.5 ml of 37% KOH was injected dropwise
through the silicone-rubber septum via a syringe with a narrow-gauge (No. 22) nee
dle.

T4e apparatus was shaken gently by hand every 10 min for about 40 min to
ensure completion of the reaction. At the beginning, the Diazald might settle at the
bottom of the inside tube, so it was necessary to shake well to allow the Diazald to
react with the carbitol and the base. After ca. 5 minutes, the yellow color of diazo
methane should persist in the outside tube of the diethyl ether solution. An additional
0.1-0.2 g of Diazald can be added if the yellow color of the diazomethane-diethyl
ether solution does not appear. When the reaction was complete, the yellow diethyl
ether solution in the outside tube was evaporated to dryness by shaking in a warm
water-bath (60°C) inside a well circulated hood. The diazomethane gas and the dieth
yl ether should evaporate easily. A gentle stream of nitrogen might also be used to dry
the ether solution. n-Hexane (5 ml) was added to the tube for water samples. The
whole esterification procedure should be carried out inside a fume-hood. The sample
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was readily analyzed by Gc. For soil samples, 10 ml of n-hexane should be added.
Any unreacted diazomethane in the inside tube was destroyed by adding 0.1-0.2 g of
silicic acid.

Florisil clean-up
Some dirty samples with a lot of background interferences required clean-up. A

micro disposable Florisil column was prepared by adding a layer of ca. I cm of
anhydrous sodium sulfate to a 5.75-in. long disposable pipet plugged with a small
amount of glass-wool. On top of the sodium sulfate, a layer of 6-7 cm of heat
activated Florisil was added. The micro Florisil column was then rinsed with n
hexane to remove any impurities. The esterified sample (I ml) was pipetted slowly
through the Florisil column and the column was then washed with about 5 ml of
n-hexane. The n-hexane layer was discarded. The column was washed with 15 ml of
methylene chloride. The herbicide esters were contained in the methylene chloride,
which was collected and dried with a gentle stream of nitrogen. n-Hexane (I ml) was
added and the sample was ready for GC analysis.

Calibration standards
A minimum of five calibration points for each standard should be prepared by

dilution of the stock standard solutions with n-hexane. The stock standard solutions
were prepared by esterification of 10 ml of the certified pure herbicide acids (1000
mg/l) by the esterification procedure described above. The standards should be
checked frequently with the commercially available certified pure herbicide methyl
esters for signs of degradation or evaporation. A I-,ul volume of each standard was
injected and analysed by gas chromatography.

RESULTS AND DISCUSSION

As shown in Table IV, nine herbicides are well separated in both capillary
columns. The run time was about 15 min in channel A and 20 min in channel B. The
total run time for both channels to be completed would be about 25 min. With the
V-splitter installed in the gas chromatograph plus a memory module in the integrator,
it is easy to confirm the herbicides from the different columns simultaneously. The
dual-column approach has two advantages. First, it provides secondary confirmation
without the necessity to change columns in the gas chromatograph. Second, the cost
of using this approach is much cheaper than GC-MS and yet provides high accuracy.
It can initially screen out large amounts of undetected compounds. However, if the
concentrations of the herbicides in the sample are high, a GC-MS method should be
used for final confirmation. The reproducibility of the dual column system is good
and consistent. Both the Rtx-35 and Rtx-5 capillary columns gave good resolutions of
all nine herbicides. In another experiment, we tested DB-608 and DB-5 capillary
columns from J & W Scientific and obtained similar results. Detection limits for nine
herbicides in both capillary columns are presented in Table V. They are comparable
to or even lower than those for the EPA methods.

A reagent water sample was spiked with nine herbicide methyl esters and ex
tracted with diethyl ether. The spike levels and mean recoveries are given in Table II.
The mean recoveries were> 95% for all the herbicides with an average relative stan-
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TABLE IV

RETENTION TIMES OF NINE METHYL ESTER HERBICIDES SEPARATED ON Rt,-35 AND
Rt,-5 CAPILLARY COLUMNS

Conditions: I-J11 injection; helium carrier gas, 7 mljmin; nitrogen make-up gas, 20 mljmin; columns tem
perature programmed from 140 to 1800C at 30Cjmin and then to 184'C at O.5'Cjmin; direct injection mode.

Analyte Retention time (min)

Dicamba
MCPA
Dichlorprop
Mecoprop
2,4-D
Fenoprop
2,4,5-T
Dinoseb
2,4-DB

Rt,-35

6.38
7.26
8.06
8.91
9.14

11.39
12.87
13.8
14.49

Rt,-5

8.87
9.90

11.18
12.59
11.75
15.36
16.37
19.16
18.96

dard deviation of 5.6%. In another experiment, we used different esters of2,4-D (e.g.,
butyl, isooctyl or butoxyethyl ester). The mean recoveries were also> 95%. The use
of a large amount of NaOH (1 mol) is necessary in order to carry out the hydrolysis
step efficiently. Also, because it is not clear how high the herbicide concentration will
be in the samples, it is safer to use an excess amount of base. When acidified with ca.
85 ml of concentrated Hel, a large amount of sodium chloride is formed in the
aqueous solution. This salt facilitates the recovery of the herbicides, as the solubility
of the acidic herbicides was decreased in the aqueous solution by the salt. Ground
water samples were also tested and similar results were obtained. In addition, similar
result to those obtained before (Table II) were obtained when the acid forms of the
herbicides were used to spike the samples.

The water extraction and the hydrolysis take about I h. The procedure is short

TABLE V

DETECTION LIMITS ON Rt,-35 AND Rt,-5 GC COLUMNS.
Conditions as in Table IV.

Analyte Detection limit (J1gjl)

Rt,-35 Rt,-5

Dicamba 0.05 0.03
MCPA 15.0 12.0
Dichlorprop 0.10 0.07
Mecoprop 5.00 3.00
2,4-D 0.20 0.15
Fenoprop 0.06 0.04
2,4,5-T 0.08 0.06
Dinoseb 0.04 0.02
2,4-DB 0.80 0.50
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and simple and hence minimizes the chance of loss of analytes and contamination
between gla~sware. Most of time, the water samples are clean enough to be analyzed
by Gc. If there is a lot of background interference, they can be cleaned by the Florisil
clean-up procedure described above.

The spike levels and mean recoveries for soil samples are presented in Table III.
The mean recoveries of nine herbicides were> 86% with an average relative standard
deviation of 7%. After the hydrolysis, some brown precipitate was formed because
some organic material was extracted into the concentrated diethyl ether and became
insoluble in the basic solution. The precipitate might be basic or neutral organic
compounds. This procedure is a major clean-up step that eliminates many inter
ferences in soil samples. Indeed, it helps to clean the samples as soil usually contains a
lot of organic material. This proposed method for soil samples is short, simpl~ and yet
accurate in comparison with the current EPA procedures.

These methods do not distinguish between salt, acid or ester forms of the herbi
cides because after hydrolysis and methylation all the herbicides will be ~onverted to
the methyl esters.

The methyl esterification reagent, diazomethane, can be generated from several
different precusors by the action of alkali on N-methyl-N-nitrosourea [26], N-methyl
N-nitroso-N'-nitroguanidine [27] or N-methyl-N-nitroso-p-toluenesulfonamide (Dia
zald) [28] in the presence of diethyl ether. Currently, the bubbler method and the
Diazald kit method are recommended in EPA methods [12,13,15]. The bubbler meth
od is suggested for samples that have low concentrations of herbicides. However, the
method requires a source of nitrogen, test-tubes and several glass delivery tubes, and
hence becomes cumbersome when there are many samples that need esterification.
The Diazald kit method requires the assembly of a set of distillation glassware for the
safe preparation of diazomethane. However, if the temperature is raised above 90°C,
it might cause an explosion. In addition, solutions of diazomethane decompose rap
idly in the presence of solid materials such as calcium chloride, copper powder and
boiling chips. Instead of using the above two methods, we used the MNNG diazo
methane generation apparatus [19,25]. However, MNNG is not used in our test be
cause it is toxic, carcinogenic and a potent mutagent and generates only I mmol or
less of diazomethane [25,29]. Diazald is the preferred reagent because of its large-scale
production of diazomethane [29,30] and stability. The time required for the whole
reaction is ca. 40 min. Diazomethane is a carcinogen and unstable under certain
conditions. The precautions required to prepare diazomethane are described in detail
in the literature [19,26].

Our modified esterification process is very convenient to operate and we have
been using this method for I year without any difficulty or accident. However, care
should be taken when transferring reagents into the inside tube, as some reagents
could leak out of the small hole in the inside tube and thus contaminate the sample in
the outside tube. Diazomethane reacts with both carboxylic acids and phenols and
also with other compounds that have active hydrogens. Hence it is suitable to convert
dinoseb into its methyl ether derivative for analysis. The precusor of diazomethane,
Diazald, gave consistent and nearly maximum yields of esters when compared with
MNNG. The derivatization yields are 100% when compared to the commercially
available esters standard. The diazomethane gas generated from the reaction tube is
sufficient to convert all the acidic herbicides to the ester forms, as the concentrations
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TABLE VI

MEAN RECOVERIES OF HERBICIDES FROM FLORISIL COLUMN

F. NGAN, T. IKESAKI

Analyte Mean recovery (%y Analyte Mean recovery (%y

Dicamba 93 Fenoprop 100
MCPA 89 2,4,5-T 92
Dichlorprop 90 Dinoseb 98
Mecoprop 95 2,4-DB 90
2,4-D 100

a Calculation was based on an Rt,-35 capillary column and five replicate analyses.

of the herbicides in the environment are usually low. The modified esterification
procedure provides several advantages. First, there is no need to distil the diazo
methane from its precusors, which might cause an explosion. Second, fresh diazo
methane is supplied each time directly from the reaction flask to the samples. Third,
the procedure is easy to manage and is rapid, so it can save a lot of work and time.
Fourth, Diazald is a safer and more stable compound than MNNG. Fifth, it can
generate diazomethane in amounts greater than I mmol.

The disposable micro Florisil column is economical and easy to prepare and
use. The recovery of the herbicides after the clean-up procedure was > 89% (Table
VI).

One of the acidic herbicides, dalapon (2,2-dichloropropionic acid), was also
tested. However, we found that Dalapon (b.p. 98-99°C) was volatile enough to be
analysed by GC without esterification. Hit is included in our experiment, losses might
occur because dalapon ester is very volatile. Dalapon occurs mainly as the sodium or
magnesium salt in the environment. Thus, after acidification, it was ready for analysis
by Gc.

The proposed methods here are simple and rapid and large numbers of envi
ronmental samples can be analyzed within a reasonable time and at reasonable cost in
the laboratory.
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ABSTRACT

Biologically interesting selenium compounds such as selenomethionine, selenocystine and trimethyl
selenonium were digested directly on a silica gel sintered thin-layer chromatographic (TLC) plate. Diges
tion was performed with nitric acid-perchloric acid (2:1, v/v) by heating at 210'C for 15 min. Selenite
formed on the plate was revealed with 2,3-diaminonaphthalene reagent and determined using a TLC
scanner. The recoveries of selenomethionine, selenocystine and trimethylselenonium were 94 ± 7, 99 ± 9
and 97 ± 10%, respectively, with a detection limit of 0.4 ng of selenium. Linearity between fluorescence
intensity and selenium content was found in the range 3-250 ng of selenium.

INTRODUCTION

Selenium is an essential trace element for animals [1], and the metabolism of
selenium compounds has become of interest in connection with its role in human
health and diseases. It is important to know what chemical species are present and
how they are distributed in tissues.

Concentrations of selenium compounds in biological materials are usually very
low. For example, the concentration of selenium in tissues and urine from healthy
humans is less than 1 j.tg!g [2] and 100 j.tg!1 [3], respectively. The mean daily intake of
selenium estimated for the Japanese population is about 100 j.tg [4].

Selenoamino acids are readily separated by paper chromatography [5] or thin
layer chromatography (TLC) [6] using conventional solvent systems for the separa
tion of amino acids. Fluorimetry [7] is a suitable method for the determination of
trace amounts of selenium. However, when fluorimetry is applied directly to the TLC
plate, the usual precoated layer is destroyed by the hot acid treatment. Extraction of

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.



398 R. HASUNUMA el al.

samples from cut sections scraped off the plate is another approach for fluorimetry,
but is very tedious.

To overcome this drawback, we used a silica gel sintered TLC plate [8]. The
purpose of this study was to establish standard procedures for the direct digestion
and determination of separated selenium compounds on the silica gel sintered TLC
plate.

It has been reported that the complete digestion of trimethylselenonium
(TMSe) ion requires drastic conditions (210°C, 30 min) [9]. We found, however, that
the time was shortened to 10 min when the reaction occurred on a silica gel thin layer.

A linear relationship between the fluorescence intensity and the selenium con
tent in the separated compounds was found in the range 3-250 ng of selenium.

EXPERIMENTAL

TLC plates
Silica gel sintered TLC plates (10 x 10 cm), prepared with uniform-sized silica

gel (15 pm) by Tatron Labs. (Tokyo, Japan) were used. Similar plates, now available
commercially from Gasukuro Kogyo (Tokyo, Japan), were also used.

Before use, the plates were dipped in fuming nitric acid overnight at room
temperature, washed and rinsed with distilled water and heated at 400°C for 2 h in an
electric furnace.

Precoated silica gel TLC plates (KieselgeI60; Merck, Darmstadt, F.R.G.), were
used for examination of the purity of authentic samples. The plates were developed in
normal glass chambers (26 x 26 x 13 em) saturated with the solvent system used.

Reagents
A mixture of 60% nitric acid (for determination of harmful metals; Wako,

Osaka, Japan) and 60% perchloric acid (for determination of harmful metals; Wako)
(2:1, v/v) was used for digestion.

2,3-Diaminonaphthalene (DAN) reagent was prepared by dissolving I g of
DAN (Wako) in 100 ml of 0.3 M hydrochloric acid at 50°C for 20 min. The sol ution
was washed with 10 ml of cyc10hexane (for HPLC; Wako) four times to remove
impurities [10] and filtered off. The filtrate was mixed with 20 ml of I M glycine-HCI
buffer (pH 1.5) and adjusted to 100 ml with distilled water. The solution was stored in
a freezer and thawed before use.

Other chemicals were of analytical-reagent grade.

Authentic samples
Seleno-DL-methionine (SeMet) (>99.9%) and seleno-DL-cystine [(SeCysh]

(>90%) were purchased from Sigma (St. Louis, MO, U.S.A.). TMSe iodide
(>99.999%) was obtained from TRT Chemical Lab. (Kanagawa, Japan). Selenium
standard solution (1000 ppm, as selenious acid, for atomic absorption spectrometry)
and other selenium-containing compounds were purchased from Wako. Their puri
ties were checked on a precoated silica gel plate and on a silica gel sintered TLC plate.
Detection was performed with ninhydrin and by the present method, respectively. All
the compounds were found to be chromatographically pure.
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Authentic sample solutions
Authentic samples were dissolved in distilled water. Their concentrations were

evaluated by the method reported previously [7] and adjusted to 3000 flgjml of seleni
um for the stock solutions of SeMet and TMSe iodide and to 300 flgjml of selenium
for that of (SeCys)z owing to the poor solubility in the latter instance [II]. Authentic
sample solutions were used after dilution to a concentration of 100 flgjml of selenium.

An "authentic mixture" of SeMet, (SeCys)z and TMSe was prepared so as to
contain 200 flgjml of selenium for each constituent.

Solvent systems
The following solvent systems were used all proportions by volume: (A) n

propanol-28% ammonia-water (8:1:1); (B) chloroform-methanol-28% ammonia
water (60:35:4:4); (C) n-butanol-acitic acid-water (4:1:1); (D) n-propanol-I M acetic
acid (7:3); (E) isopropanol-formic acid-water (20:1:5); and (F) phenol-water (5:1,
ammonia vapour saturated).

Procedure
To establish the standard procedures for digestion, aliquots (0.5 fll) of authentic

sample solutions were spotted separately on a TLC plate and digested at 150, 180,210
or 250°C for various times. Recoveries of selenium were calculated from the ratios of
the fluorescence intensities of the spots to that of the selenium standard solution on
the same plate. Fluorescence intensities were measured according to the following
procedures.

"Authentic mixture" was applied to a silica gel sintered TLC plate together
with the selenium standard solution in a volume of 0.5 fll with a Microcaps (Drum
mond Scientific, Broomall, PA, U.S.A.). After development, the solvents were re
moved in an air oven. The TLC plate was sprayed with the digestion reagent, covered
with a clean glass plate to keep it wet with the reagent, placed upside down on a
hot-plate and heated at 210°C. After 15 min, the glass cover-plate was removed to
evaporate the digestion reagent. After about 30 s, the TLC plate was cooled and
sprayed with 6 M hydrochloric acid and heated again at 100°C for 5 min to convert
selenate to selenite. The plate was cooled, spotted in one corner with 0.1 % cresol red
as an indicator and neutralized in a vessel saturated with ammonia vapour until the
colour became yellow. The plate was sprayed with DAN reagent and heated at 60°C
for 10 min to form a fluorophore, 4,5-benzopiazselenol [7], and sprayed a solution of
Triton X-IOO--ehloroform (1:4, vjv) to enhance the fluorescence intensity [12,13]. The
fluorescence intensity of spots on the TLC plate was scanned with a Shimadzu CS-91 0
dual-wavelength TLC scanner (fluorescence mode, 540-nm cut filter, excitation at 388
nm) and recorded with a Hewlett-Packard 3390A integrator.

RESULTS AND DISCUSSION

To evaluate the purities of the authentic samples, the selenium contents were
determined by the method reported previously [7]. Table I gives the analytical results
for authentic samples. The purities from selenium contents of SeMet, (SeCys)z and
TMSe iodide were 98 ± 2,90 ± 2 and 101 ± 2% (mean ± standard deviation) from
five runs, respectively, and agreed with the manufacturers' data.
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TABLE I

ANALYTICAL RESULTS FOR AUTHENTIC SAMPLES

R. HASUNUMA et at.

An aliquot of each authentic sample was weighed and dissolved in distilled water. The concentrations were
determined by the method reported previously [7]. The values are means ± standard deviations from five
runs.

Authentic
sample

SeMet (>99.9%)"
(SeCys)2(> 90%)"
TMSe (>99.999%)"

Selenium content (Jig/ml)

Calculated Found
(mean ± S.D.)

246 240±6
219 198±5
174 176±3

Purity
(%)
(mean ± S.D.)

98±2
90±2

101 ±2

" Manufacturers' data.

Table II gives the RF values of the selenium compounds with each solvent
system. In general, good separations were obtained. Fig. 1 shows a thin-layer chro
matogram of the authentic mixture which contained 200 ng of selenium in one spot (I
pI).

Selenoamino acids could be easily digested on the TLC plate at 150°C. TMSe is
a metabolite of selenium that has been identified in the urine of mammals [14,15], and
it has been reported that the compound is resistant against digestion [16]. To com
plete digestion of the compound, the reaction temperature had to be raised above
150°C. The relationship between digestion temperature and recoveries of the authen
tic sample [SeMet, (SeCysh and TMSe] is shown in Fig. 2. (SeCysh was most easily
digested in 10 min at 150°C. The digestion of TMSe was difficult at 150 or 180°C.

Table III shows the recoveries of the authentic sample [SeMet, (SeCysh and
TMSe] at 210°C. The digestion for the selenium compounds almost complete in 10
min at 210°C.

TABLE II

R
F

VALUES OF SELENIUM COMPOUNDS ON SILICA GEL SINTERED PLATES DEVELOPED
WITH VARIOUS SOLVENT SYSTEMS

Systems A-F as specified under Solvent systems were used. Detection was performed both with ninhydrin
and by the present method.

Selenium compound Solvent system

A B C D E F

Selenomethionine 0.68 0.67 0.62 0.73 0.78 0.80
Selenocystine 0.41 0.19 0.34 0.58 0.44 0.34
TMSe iodide 0 0 0.14 0.33 0.21 0.94
Selenotaurine 0.70 0.68 0.66 0.76 0.71 0.62
Selenious acid 0.26 0.26 0.48 0.70 0.71 0.35
Selenic acid 0.21 0.10 0.51 0.64 0.47 0.21
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Fig. I. Separation of selenium compounds on a silica gel sintered TLC plate. The authentic samples
[SeMet, (SeCys)2 and TMSe] and the authentic mixture were spotted (I Jll) and developed with n-butanol
acetic acid-water (4:1:1, v/v/v) followed by digestion and UV detection (365 nm). Each spot contained
about 200 ng of selenium.

After the colour development with DAN reagent, the TLC plate was sprayed
with a solution of Triton X-IOQ-chloroform (1:4, v/v) [12] and the fluorescence in
tensity was enhanced [13] by a factor of 100. If a solution of either paraffin oil-n
hexane (2: I, vIv) [17], glycerol--ethanol (l: I, v/v) [17] or 1.8% cycloheptaamylose [18]
was sprayed, the fluorescence intensity was enhanced by a factor of only 30, 3 or 3,
respectively. The standard procedures for the digestion were adopted as described
under Procedure.

Fig. 3 shows the calibration graph for selenium standard solution in the range
12.5-300 ng of selenium. A linear relationship exists up to 100 ng selenium. Lower
responses at selenium levels> 100 ng may be attributed to self-quenching due to the
high conentration. If the plate was untreated with the solution for fluorescence en
hancement, the linearity was extended up to 250 ng of selenium.

Fig. 4 shows the calibration graphs for SeMet, (SeCysh and TMSe ion in the
range 3-100 ng of selenium. It is noteworthy that each selenium compound gave the
same calibration graph. This result strongly suggests that these organic selenium
compounds were digested completely and reacted stoichiometrically with DAN with
out any interfering effect. The detection limit was 0.4 ng of selenium with a signal-to
noise ratio of 3.

Using the proposed method, it became possible to identify selenium-containing
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Fig. 2. Temperature and recoveries of selenium compounds. Aliquots (0.5 JlI) of authentic sample [(A)
SeMet; (B) (SeCYS)2; (C) TMSe] solutions which contained 100 Jlgjml of selenium were spotted separately
on a TLC plate and digested at (0) 150, (A) 180, (e) 210 or (.) 250'C for various times. Recoveries of
selenium were calculated from the ratios of the fluorescence intensities of the spots to that of the selenium
standard solution on the same plate. The values are means of three runs.

compounds directly and to determine selenium in them on a TLC plate on which
biological materials have been separated. Although organic selenium compounds so
far known as constituents of biological materials are confined broadly to those used
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TABLE III

RECOVERIES OF SELENIUM COMPOUNDS AFTER DIGESTION AT 21O·C

Aliquots (0.5 Ill) of authentic sample [SeMet, (SeCys)2 and TMSe] solutions containing 100 Ilg/ml of
selenium were spotted separately on a TLC plate, digested at 2l0·C and determined by fluorimetry using a
TLC scanner. Recoveries of selenium were calculated from the ratios of the fluorescence intensities of the
spots to that of the selenium standard solution on the same plate. The values were means ± standard
deviations for three runs.

Time Recovery (%) (Mean ± S.D.)
(min)

SeMet (SeCys)2 TMSe

5 96±7 92±6 88±4
10 103±2 99±3 96±5
IS 94±7 99±9 97±1O
20 99±5 101 ±7 103±3

10

5

o 100

Selenium
200

(ng/spotl
300

Fig. 3. Linear relationship between fluorescence intensities and selenium concentration. The selenium
compound in the range 12.5-300 ng of selenium was developed with n-butanol-acetic acid-water (4: I: I,
v/v/v) and determined by fluorimetry using a TLC scanner.
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150

Selenium (ng/spot)

Fig. 4. Calibration graphs for (e) SeMet, (.) (SeCys)2 and (.A.) TMSe in the range from 3-100 ng of
selenium. The authentic mixture [SeMet, (SeCys)2 and TMSe] was developed with n-butanol-acetic acid
water (4:1:1, v/v/v) followed by digestion and determination by fluorimetry using a TLC scanner.

in this study, the proposed method showed open up a new approach to acquiring a
better understanding of selenium metabolism.
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ABSTRACT

Migration times or apparent mobilities can never be used for the identification of ionic species in
capillary zone electrophoresis if an electroosmotic flow (EOF) is present, because the velocity of this flow
varies considerably with the "state" of the capillary. From the migration times of the EOF and the ionic
species, the effective mobilities can be calculated. These effective mobilities are nearly independent of the
concentrations of the sample ionic species. Although a large excess of one of the sample components can
cause different values of the calculated effective mobility, they are reproducible if the matrix has a constant
composition and in this way effective mobilities can be used for screening purposes. In the determination of
effective mobilities the use of a "true" EOF marker is extremely important.

If effective mobilities are measured in two different electrolyte systems at different pH values, at
which the degrees of dissociation differ sufficiently, the absolute ionic mobilities and pK values of ionic
species can be calculated. Values obtained in this way, for mobility and pK were compared with data
obtained isotachophoretically, showing good agreement.

Theoretically, the separation number in zone electrophoresis, defined as the number of components
that can be separated within a unit of mobility, varies widely with the mobilities of the ionic species and the
EOF. Experimentally obtained values of the separation number are significantly lower than the calculated
values owing to the method of injection, temperature effects during analysis and amount of sample. For
low-molecular-weight ionic species separations are possible if the effective mobilities differ by about one
unit for cations and 0.2-0.3 for anions. A negative wall charge (at higher pHs) diminishes the separation
number of cations considerably, especially on applying small diameter capillaries, owing to attractive
forces between the wall and analytes.

INTRODUCTION

Since the availability of commercial apparatus, capillary zone electrophoresis
(CZE) has been the subject of rapid development and is now applied in many areas,
especially in the biological and biochemical fields.

For screening possibilities, the most important questions are as follows: (I) does
the component migrate in a chosen electrolyte system and what parameter can be used
to recognize it?; (2) is the separation capacity of the method sufficient to separate the

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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component adequately from other components of a complex matrix and can it be
identified in a simple way?; and (3) at what level can the component be detected?

In this paper we discuss the possibility of open capillary zone electrophoresis for
screening purposes on a qualitative basis. When using open capillary zone electro
phoresis, the electroosmotic flow (EOF) is a very important parameter, in addition to
the effective mobilitya, determining the migration behaviour of components. As the
EOF velocity strongly varies with the "state" of the capillary, the migration time (or
apparent mobilitya) can never be used in a proper way for screening purposes. The
effective mobilities of components can be calculated from the experimentally obtained
apparent mobilities and the mobility of the EOF. From the effective mobilities also the
pK values and absolute mobilitiesaof the components can be calculated. These data are
also important in the choice of a suitable electrolyte system for the separation of
various components in complex matrices.

Until now, mobilities and pK values have often been determined by isotacho
phoresis (ITP) [1-8]. The calculation of mobilities and pK values in ITP is laborious,
however, as in ITP all zones have different parameters such as' pH, concentration and
temperature, through which the data have to be calculated in an iterative way. The
correction for the concentration dependence of mobilities and for activities is often
troublesome for mixtures of ionic species with different charges. Further, in ITP the
choice of the pH of the electrolyte systems is limited to about 3-11. Low pHs cannot be
applied in the separation of cations owing to the great influence of hydrogen ions on
the zone conductivity and high pHs can hardly be used in the separation of anions
owing to the disturbance by carbonate. Especially at low pHs major problems can be
expected in finding an appropriate slow terminator in the separation ofcations because
hydrogen ions can act as a terminator with relatively high effective mobilities [9,10].
Generally, the determination of the mobilities of weak acids and bases with low
mobility and also those of the subspecies from multivalent acids and bases is difficult.

In CZE, on the other hand, many of these limitations are not present.
Background electrolytes at low and high pHs can be used easily, there is no need for
a terminator and corrections for several effects are relative easy because all parameters
in the background electrolyte can be considered to be nearly constant, such as ionic
strength, pH, temperature and electric field strength.

Effective mobilities for low-molecular-weight ionic species determined in CZE
and, from these values, calculated pK values and absolute ionic mobilities are
presented, and compared with rTP data. In the CZE experiments special attention was
paid to the reproducibility and the effect of the EOF, taking into account the influence
of the composition of the samples, such as the concentrations of the sample ions and
the effect of the presence of background electrolyte in the sample solution.

Using CZE as a screening method, the effective mobility ("yes or no", in
combination with, e.g., the use of UV absorbance ratios at different wavelengths) can
be the only way to identify substances, stressing the importance of the determination of
mobilities from electropherograms.

For the experiments, representatives of several classes of compounds were

a Note that the apparent mobility refers to the net migration behaviour, including the velocity of the
EOF, and the effective and absolute mobility refer to the pure electrophoretic migration behaviour.
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chosen, such as procaine (an anaesthetic) and some antibiotics used in cattle-breeding.
Antibiotics are often administered on a large scale to food-producing animals in order
to guarantee safe products such as milk, meat and eggs. Their presence in food is
forbidden, however, and for this reason there is a need for screening facilities for all
these components. The pz-agonists clenbuterol and fenoterol were studied. In addition
to the use of pz-agonists for the treatment of asthmatic deseases, they have a positive
effect on the fat/meat ratio in cattle, which explains their improper use. We also
measured the effective mobility oflevamisol, an anthelmintic or vermicide used against
maggots. As an example of coccidiostats, used to treat parasitic diseases especially in
the intestines of cattle, sheep, goats, dogs, cats, rabbits and poultry, amprolium was
studied. In Fig. 1 some characteristic structural formulae are given.

THEORETICAL

Determination of mobilities and pK values
If in CZE the applied voltage Vand the length of the capillary L e are known, the

electric field strength is

E = VILe (V/m) (I)

If the distance from the injection point to the detector, L d , and the migration time t of

-o-CI H <j=H3

H N f CH-CH -N-C-C~
2 I 2 I "3

CI OH CH3

clenbuterol

HO CH

h CH-CH -NH-CH~CH-o~OH\=II 2 2
HO OH -

fenoterol

N)NH;
CH -CH -CH -J ~ CH .:'Np~ 2 CI3 2 2\ 2

N- -
CH3

amprolium

Fig. l. Some characteristic structural formulae.
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a component are known, the velocity v and the apparent mobility mapp can be
calculated using

(2)

In CZE, a high EOF can generally act in the direction of the cathode using silica
capillaries. The velocity of the EOF can be determined using the "migration" time,
lEOF, of an uncharged substance and, because this velocity shows a linear relationship
with E, the mEOF can be defined as

(3)

and the effective mobility of a component can be obtained from

(4)

If the absolute values of the effective mobilities of anionic species are smaller than
mEOF, they can be determined in the upstream mode (UM) simultaneously with cations
migrating in the downstream mode (DM). From the effective mobility, the absolute
ionic mobility can be calculated, correcting for activities, dissociation and concen
tration dependence of the mobility.

If the effective mobility of a component is known for two different electrolyte
systems at different pHs, at which the component shows a different degree of
dissociation, both its pK value and its absolute mobility can be calculated. For
a monovalent acid the calculation is as follows. The thermodynamic equilibrium
constant for the equilibrium

(5)

is defined as

with the assumption that for HZ the activity coefficient )i

_ + [Z-]
pK1h = -Iog)iz - log)iH + pH - log [HZ]

1. Hence,

(6)

(7)

Because the effective mobility meff = am" where me is the ionic mobility at a specific
equivalent concentration c, it follows that

a
1 - a

(8)

The value of me can be calculated from the ionic equivalent conductance Ae using
Faraday's constant, F. For the ionic equivalent conductance in mixed solutions we
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used the expression according to Bennewitz, Wagner and Kuchler as described by
Falkenhagen [II]:

A.e = ,1.0 - (0.229-1.0 + 30.1))~ (9)

where A.e and ,1.0 are the ionic equivalent conductances at an equivalent concentration
c and infinite dilution, respectively. This relationship can be used for very dilute
solutions of a particle in a bulk of the background electrolyte.

If the effective mobilities are known in two different electrolyte systems, we have

I - I + + H I ( meff,l )- og YZ,l - og YH,l p. 1 - og =
me,l - meff,l

-log Yz,z -log yii,z + pHz -log ( meff,z) (10)
mc,z - meff,Z

The activity coefficients Y can be calculated by

- log Y
0.5085 ZZ lit

I + 0.328Ia),u
(11)

where z is the valency of the component, ,u is the ionic strength of the solution as
determined by the background electrolyte and a is the effective hydrated diameter of
the ion in A. If the effective hydrated diameter was unknown, 5 Ais assumed,

If the ionic strengths and the equivalent concentrations of two electrolyte
systems are known, all activity coefficients can be calculated with eqn, 11. Using
Faraday's constant and eqn, 9, m e,l and me,Z can be replaced by the absolute ionic
mobility and thus the only unknown parameter in eqn. 10 is the absolute ionic
mobility, which can be calculated. With eqn. 7, pKth can be obtained. Analogous
derivations can be given for multivalent anions and cations.

Effect of the electroosmotic flow
From eqn. 4, it can be concluded that the effect of the EOF is extremely

!important in the determination of effective mobilities, In Fig. 2 the calculated
relationship between migration time and effective mobility for an E gradient of 25
kV/m and L c and Ld of I m is given for several values ofmEOF' It can be clearly seen that
at low EOF only cations can be determined whereas at high EOF simultaneously
anions in the UM can be determined with Im I < mEOF' A disadvantage at high EOF is,
however, that the separation power for cations diminishes.

Separation number
In gas chromatography the separation number (SN) [12]

SN = tR(z+ 1) - tR(z)

Wh(z) + Wh(z+ 1)
(12)
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Fig. 2. Calculated relationship between migration time and effective mobility applying an E gradient of 25
kV/m. The different lines are marked with numbers representing the mobility (x 105) of the EOF (cm 2IV' s).
At large EOF velocities negative ions can be analysed in the upstream mode. From this relationship
electropherograms can be deduced, as shown for an mEOF of 30 . 10-5 cm 2/V . s.

where tR is the retention time and Wh the peak width at half-height, is used in order to
calculate the number of component peaks which can be placed between peaks of two
consecutive homologous standards with z and z + I carbon atoms with a resolution of
Rs = 1.177.

In CZE, an analogous expression can be used as a parameter for the separation
power. We can define the separation number SNm as

SN -I tm
-

O.5 - tm +O
.
5 I

m - 2 (O"m+O.5 + O"m-O.5)
(13)

This number indicates how many components can be separated at an effective mobility
m within a unit of effective mobility. Using the absolute value, this equation can be
used for both cations and anions, independent of the direction of the EOF.

Using eqns. 2 and 4, the migration time can be calculated from the effective
mobility and mEOF and, using for 0" the expression

(14)

SNm can be calculated. In the calculations other effects of zone broadening, such as
O"inj, are neglected.

In Fig. 3 the calculated relationship between SNm values and effective mobilities
is given for several values ofEOF (Lc and Ld = 1 m, E = 25 kVjm). For the diffusion
constant D we used in the calculations the Einstein expression

D = mkTjez (15)

It can be seen from Fig. 3 that if the mobility is tending to zero SNm is strongly
increasing because D is decreasing to zero. Very low diffusion constants will only act
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Fig. 3. Calculated relationship between SN", values and effective mobilities for mEOF ' 105 (cm2/V . s) of
0(--), 20 (---------), 40 (---) and 60 ("). For further explanation, see text.

for very large molecules such as DNA fragments, causing a high peak capacity. For
small molecules this will be not true as, generally, a very low mobility means that an
ionic species for the greater part will be present as a neutral molecule with a large
diffusion constant. Therefore, we recalculated SNm as a function of the effective
mobility, under the assumption that D is· determined by the Stokes-Einstein
relationship:

D = kTj6nYJa (16)

taking arbitrarily an average value for D of 5 . 10-10 m2 js.
This relationship is shown in Fig. 4 (Lc and L d = 1 m, E = 25 kVjm). It can be

clearly seen that the separation number increases at lower effective mobilities because
the difference in migration time is increasing at an equal diffusion constant.

In Fig. 5, the relationship between the separation number SN20 (at an effective
mobility of2' 10-4 cm 2 jV' s, L c and Ld = 1 m) as a function of the applied voltage is
given, showing that an increasing separation power is obtained by applying higher
voltages.

EXPERIMENTAL

For all CZE experiments the PjACE™ System 2000 HPCE (Beckman, Palo
Alto, CA, U.S.A.) was used. All experiments were carried out at 25°C in the
constant-voltage mode at 25 kV, unless mentioned otherwise. Several different
capillaries were applied. Further information concerning the apparatus is given
elsewhere [13]. For all ITP experiments the apparatus described previously [14] was
used.

Table I gives the compositions of all the electrolyte systems used.
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Fig. 4. Calculated relationship between SNm values and etTective mobilities for I11 EOF . 105 (cm 2jV . s) of
0(--),20 (---------), 40 (----) and 60 ( .. ), assuming a diffusion constant of 5' 10-10 m 2/s.

RESULTS AND DISCUSSION

Choice of the EOF marker
For the calculation of effective mobilities from the apparent mobility and the

EOF, the velocity of the EOF has to be precisely known. There are several ways to

10 .---,--------
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o 5 10 15 20 25
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Fig. 5. Calculated relationship between SNm values and E gradient for I11 EoF ' 105 (cm 2/V S) 01'0 (--), 20
(---------),40 (----) and 60 ( ..) at an effective mobility of 2 10-4 cm 2/V . s.
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TABLE I

COMPOSITIONS OF BACKGROUND ELECTROLYTES AT DIFFERENT pH VALUES

All buffer solutions were prepared by adding the buffering counter ion to the cations until the desired pH was
reached. All phosphate buffers were prepared by adding orthophosphoric acid to 0.01 M KOH until the
desired pH was reached.

Cation"

0.02 M {I-Alanine
0.02 M {I-Alanine
0.02 M {I-Alanine
0.02 M EAC
0.02 M EAC
0.02 M {I-Alanine
0.02 M EAC
0.02 M HIST
0.02 M HIST
0.01 M KOH
0.02 MTEA
0.04 M Imidazole
0.02 M TRIS
0.02 MTRIS
0.02 M DEA

Buffering counter ion"

Formic acid
Formic acid
Acetic acid
Formic acid
Acetic acid
Acetic acid
Acetic acid
MES
MES
MES
MOPS
MOPS
MOPS
MOPS
BICINE

pH

3.5
3.8
3.9
4.0
4.4
4.7
5.0
6.1
6.2
6.2
7.0
7.5
7.9
8.2
9.0

a BICINE = N,N-Bis(2-hydroxyethyl)glycine; DEA = diethanolamine; EAC = 8-aminocaproic
acid; HIST = histidine; MES = 2-(N-morpholino)ethanesulphonic acid; MOPS = morpholinopro
panesulphonic acid; TEA = triethanolamine; TRIS = tris(hydroxymethyl)aminomethane.

measure the EOF. In Fig. 6 some possibilities are shown schematically. The real EOF
displacement is indicated with an arrow. Using a neutral EOF marker, it is possible
that this marker indicates the EOF displacement (2). If the marker, however, meets

EOF displacement
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Fig. 6. Several possibilities of measuring EOF. For further explanation, see text.
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a power of attraction from the capillary or if it is partially negatively charged by
complexation with negative ions of the background electrolyte it will be too slow (1), or
it will be too quick if it is positively charged by complexation (3).

Because many electrolyte systems (e.g., the system HIST-MES at pH 6.2; see
Table I) absorb UV light at a wavelength of 214 nm, sample solutions with a lower
buffer concentration than the background electrolyte show a dip in the UV signal,
because the local concentration of the buffer is lower. If an aqueous sample solution is
introduced, the original concentration (UV) dip can indicate the correct EOF
displacement (B), but because the shape of the concentration dip can change owing to
diffusion effects, the shape can become asymmetric [15,16] to one of the sides (A or C),
depending on the mobilities of the background ionic species, indicating the wrong
EOF.

In the first instance we compared (UV detection at 214 and 254 nm) as EOF
markers acetone, benzene, crotonaldehyde, mesityl oxide (MO) and paracetamol in
a background electrolyte at pH 8.2. The best results (high absorbance and symmetrical
peaks) were obtained using MO as EOF marker. In all further experiments we always
measured at a wavelength of 214 nm. In Fig. 7 the measured UV signal for a sample
solution of (a) 0.0001 M MO in 100% buffer and mixtures of (b) I % water and 99%
buffer and (c) 50% water and 50% buffer are shown. In Table II the measured
migration times and calculated n1EOF are given for the 0.0001 M MO solution in 100%
buffer and the mixture of 1% water in 99% buffer. In the latter instance the observed
UV dip is used for the determination of the EOF. The background electrolyte was
HIST-MES at pH 6.2. It can be concluded that the reproducibility of the experimental
values is good and MO can be used as a true EOF marker in this system.

In Fig. 8, (a) the UV dip on injecting water as a sample and (b) the UV signal on
injecting an aqueous solution of0.0005 M MO are shown for the system KOH-MES at

w
Uz«
m
[(

o
(J)

m«

a r
V

b

c

-----> TIME

Fig. 7. Measured UV signal for a sample solution of (a) 0.000 I M MO in 100% buffer, (b) a mixture of 1%
water and 99% buffer solution and (c) 50% water and 50% buffer solution. Background electrolyte,
HIST-MES at pH 6.2. Capillary from Scientific Glass Engineering, J.D. 72 Jim, L, = 56.55 cm and
Ld = 49.60 cm. Pressure injection time, 5 s.
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TABLE II

MEASURED MIGRATION TIME t (min) AND mEOF · 105 (cm 2(V· s) USING A HIST-MES
BACKGROUND ELECTROLYTE AT pH 6.2

Capillary from Scientific Glass Engineering, J.D. 72 /lm, L, = 56.55 cm and L d = 49.60 cm. Pressure
injection time, 5 s. Applied voltage, 25 kV.

No. 0.0001 M MO in 100% I% water and 99°1c.
background electrolyte background electrolyte

mEOF lnEOF

I 3.55 52.67 3.55 52.67
2 3.54 52.82 3.55 52.67
3 3.56 52.53 3.56 52.53
4 3.56 52.53 3.55 52.67
5 3.56 52.53 3.55 52.67

pH 6.2. In this instance the EOF marker lies behind the water dip. In Table III the
mEOF and effective mobilities of clenbuterol and benzoic acid are given, using for the
calculation of the mEOF (I) the beginning of the UV dip, (2) the lowest point of the UV
dip (with MO present), (3) the middle ofthe UV dip (without MO) and (4) the UV peak
of MO. The importance of the use ofa "true" EOF marker will be clear considering the
differences in the effective mobilities. The experiments with the system KOH-MES
were carried out applying 10 kV, in order to avoid temperature effects, as this system
shows much higher electric currents than HTST-MES owing to the higher con-

4
I

w
Uz«
OJ
[[
o
(f)

OJ«

b

a

-----> TIME

Fig. 8. Measured UV signal for a background electrolyte of0.0 I M KOH at pH 6.2 adjusted by adding MES,
for a sample consisting of (a) 100% water and (b) 0.0005 MMO in water. (I) Beginning and (3) middle of the
UV signal for 100% water and (2) lowest point and (4) top of the UV signal for 0.0005 M MO in water.
Capillary from Scientific Glass Engineering, J.D. 72 /lm, Lc = 56.43 cm and Ld = 49.83 cm. Pressure
injection time, I s.
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TABLE III

MEASURED MIGRATION TIME I (min) AND m . W (cm 2/V . s) USING A KOH-MES BACK
GROUND ELECTROLYTE AT pH 6.2

Capillary from Scientific Glass Engineering, J.D. 72 jlm, L, = 56.43 and L d = 49.83 cm. Pressure injection
time, 5 s. Applied voltage, 10 kV.

ducitivity of the system. If an EOF marker was used, it was carefully checked whether
the migration times of the water dip and EOF marker were identical.

Electroosmotic flow
In Fig. 9 the measured velocity of the EOF, VEOF, as a function of the applied

voltage is given for the apparatus used at two different times. As expected, a linear
relationship is obtained, although the values differ in time. The background electrolyte
was the TRIS-MOPS system at pH 8.2. In both instances the EOF marker was
dissolved in both water and buffer and identical values were obtained in each case.
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Fig. 9. Measured relationship between the velocity of the EOF and applied voltage at two different times.
Background electrolyte, TRIS-MOPS at pH 8.2. Capillary from Scientitic Glass Engineering, J.D. 72 jlm,
L, = 56.95 cm and L d = 50.05 cm. Pressure injection time, 5 s.
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TABLE IV

m
EOF

' J05 (cm2/V' s) AS A FUNCTION OF pH FOR THE ORIGINAL BECKMAN CAPILLARY (I)
AND A SCIENTIFIC GLASS ENGINEERING CAPILLARY (II-V) AT DIFFERENT TIMES

For composition of background electrolytes, see Table 1. V: Phosphate buffers.

pH

3.8
4.4
5.0
6.2
7.5
8.2

II III IV V
mEOF mEOF mEOF

pH mEOF pH mEOF

33.8 30.2 28.0 3.8 27.8 2.5 15.1
36.2 37.1 35.0 5.0 52.4 3.0 26.8
47.5 6.1 45.3 4.0 36.1
55.6 56.2 53.1 7.0 44.5 5.0 47.1
61.7 618 60.4 7.9 62.4 6.0 56.9
69.9 72.1 73.1 9.0 59.4 7.0 65.0

8.0 70.6
9.0 73.1

In order to measure the effect of the pH on the EO F, measurements were carried
out in several background electrolytes. In Table IV the mEOF values for some
electrolytes are given for the original Beckman capillary cartridge (I). Series II and III
and series IV and V were measured with two different Scientific Glass Engineering
(SGE) capillaries.

On running ultracentrifuged serum samples, a dramatic change in the EOF
resulted. For a pH of 3,8, the migration time of the EOF changed from about 5.6 to
21.2 min for an SGE capillary. In order to examine what happens with time we
measured the migration times of a mixture of amprolium, levamisol, c1enbuterol (all

TABLE V

MEASURED MIGRATION TIMES t (min) AND EFFECTIVE MOBILITIES m . J05 (cm2/V' s) FOR
A SAMPLE OF AMPROLIUM, LEVAMISOL, CLENBUTEROL, MESITYL OXIDE AND BENZOIC
ACID WITH {i-ALANINE-FORMIC ACID BACKGROUND ELECTROLYTE AT pH 3.8.

Capillary from Scientific Glass Engineering, 1.D. 72 /im, L, = 57 em and L d = 50 em. Pressure injection
time,S s. Applied voltage, 25 kV.

No. Amprolium Levamisol Clenbuterol EOF (MO) Benzoic acid

m m m m m

1 4.206 36.22 5.444 25.95 6.780 19.07 21.229 8.95
2 4.012 36.56 5.126 26.27 6.299 19.36 17.589 10.80
3 3.855 36.80 4.881 26.45 5.938 19.52 15.231 12.47
4 3.791 36.79 4.771 26.50 5.777 19.56 14.257 13.33
5 3.740 36.84 4.692 26.55 5.666 19.59 13.624 13.96
6 3.598 36.92 4.451 26.76 5.316 19.81 11.927 15.93
7 3.498 36.89 4.306 26.69 5.110 19.75 10.900 17.43 23.139 -9.22
8 3.433 36.84 4.211 26.61 4.975 19.68 10.265 18.51 20.570 -9.27
9 3.390 36.75 4.140 26.59 4.875 19.67 9.844 19.30 18.917 -9.26

10 3.336 36.77 4.063 26.58 4.768 19.67 9.414 20.18 17.394 -9.26
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positive ions), MO (EOF marker) and benzoic acid (negative ion) ten times. After each
run we rinsed the capillary repeatedly: 10 min with 0.1 MKOH, 10 min with water and
10 min with the background electrolyte. The result of the measurements are given in
Table V. Although there appears to be a dramatic course of EOF with time, all the
effective mobilities of the sample components were nearly constant.

It can be concluded from Table V that migration times (or apparent mobilities)
can never be used for the identification of sample components without problems.
Although in the above experiments severe changes in EOF occurred and hence also in
the apparent mobilities of sample ionic species, we noticed that the effective mobilities
were fairly constant.

Effective mobility
To investigate the reproducibility with time of the effective mobility, several

experiments were carried out with a sample consisting of the positive ions procaine,
clenbuterol and fenoterol and the negative ions of uric, p-hydroxyphenylacetic and
benzoic acid. As EOF marker we always used MO. All measurements were always
carried out several times on different days and the variance is given in parentheses (see
Table VI). In order to study the effect of the sample concentrations we measured at
three concentrations, viz., 1 . 10-4 ,5' 10-5 and 1 . 10-5 M. Further, we measured the
sample components dissolved both in water and in background electrolyte. Between all
measurements we only rinsed the capillary with background electrolyte for 5 min,
except where the columns are headed WR and BR. In that case there was an extra
rinsing step with 0.1 M KOH for 5 min and with water for 5 min. In Table VI all
effective mobilities, calculated from the apparent mobilities, are given. Although
sometimes the EOF differs, the effective mobilities are remarkably constant.

In Table VII all effective mobilities (in duplicate, calculated from the measured
apparent mobilities) for the same components as in Table VI are given for several
background electrolytes at different pHs (note that all electrolyte systems have
a different ionic strength and equivalent concentration). The negative ions show'
smaller effective mobilities at low pHs (not fully ionized) and so do the positive ions at
high pHs. Fenoterol is even negative, possibly owing to the ionization of phenolic
groups at high pH.

Calculation of pK values and absolute mobilities
If effective mobilities are known in two different electrolyte systems, the absolute

ionic mobility and the pK value of a component can be calculated using eqns. 9, 10 and
11.

In Table VIII the results of the calculations of pK values and absolute mobilities
for several acids are given using the effective mobilities of the systems at pH 4 and 6.2
(RIST-MES) using CZE. The results are compared with data given by Hirokawa et al.
[3] and with data obtained isotachophoretically using the concept of the isoconductor
and specific zone resistance [17]. The CZE experiments were carried out using 50-llm
capillaries. Compared with 75-llm capillaries, the peaks obtained for negative ions
were much more gaussian, owing to the repulsive forces between anions and the
negative wall charge. For cations, smaller diameters led to strongly tailing peaks. The
ITP experiments were carried out with a leading electrolyte of0.01 MHCI with EAC at
pH 4 in combination with a terminator of 0.0 I M pivalic acid, whereas for the system of
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TABLE VII

EFFECTIVE MOBILITIES m . ]OS (cm2/V . s) FOR SEVERAL IONIC SPECIES IN SEVERAL
BACKGROUND ELECTROLYTES AT DIFFERENT pH VALUES

Capillary from Scientific Glass Engineering, J.D. 72 11m, L, = 56.55 cm and Ld = 49.60 cm. Pressure
injection time, 5 s. Applied voltage, 25 kV. For the composition of the background electrolytes see Table I.
I = Procaine; 2 = clenbuterol; 3 = fenoterol; 4 = mesityl oxide; 5 = uric acid; 6 = p-hydroxyphenylacetic
acid; 7 = benzoic acid.

pH 2 3 4 5 6 7

3.9 22.49 19.25 17.42 29.45 0.81 -23.24 -11.35
22.04 19.01 17.13 26.15 - 0.85 -11.07

5.0 2139 18.87 17.02 52.23 7.60 -27.17 -26.93
21.09 18.57 16.99 52.53 7.79 -27.29 -27.05

6.1 20.57 17.90 16.03 45.28 -20.48 -26.46 -29.06
20.69 18.00 15.92 45.39 -20.55 -26.59 -29.25

7.0 19.96 17.19 14.28 44.52 -24.96 -26.42 -29.17
]9.84 17.30 14.39 44.42 -24.75 -26.30 -29.08

7.9 18.62 17.24 9.87 62.33 -25.30 -26.09 -28.94
18.41 17.03 9.66 62.54 -25.44 -26.23 -29.03

9.0 11.20 14.55 1.11 59.36 - 26.15 -26.38 -29.20
11.20 15.43 1.11 59.36 -26.09 -26.33 -29.20

TABLE VIII

CALCULATED pKVALUES AND ABSOLUTE MOBILITIES m' ]OS (cm 2/V' s) FOR SEVERAL
ACIDS USING EXPERIMENTAL DATA FOR TWO DIFFERENT ELECTROLYTE SYSTEMS
WITH (1) ISOTACHOPHORESIS AND (II) OPEN CAPILLARY ZONE ELECTROPHORESIS AND
(III) LITERATURE VALUES

Capillary from Siemens, LD. 50 11m, L, = 77.33 cm and Ld = 70.53 em. Pressure injection time, I s. Applied
voltage, 25 kV.

Compound (I) (II) (II)
ITP CZE Ref. 3

pK m pK 111
u pK m

m-Aminobenzoic acid 4.79 -31.49 4.74 - 31.64b

Benzoic acid 4.18 -33.26 4.16 -33.40 4.19 -32.9
Hippuric acid 3.63 -27.50 3.60 -27.77 2.70 -25.3
p-Methoxyphenylacetic acid 4.37 -28.75 437 -29.03 4.36 -29.7
Nicotinic acid 4.85 -33.71 4.82 -33.44 4.82 -34.6
p-Nitrobenzoic acid 3.38 -31.92 3.49 -31.94' 3.52 -32.3
a-Dinitrophenol 4.01 -32.33 4.04 -32.39 4.02 -31.3
2,6-Dinitrophenol 3.65 -33.96 3.73 -33.99' 3.71 -31.3
Phenylacetic acid 4.29 -30.84 4.28 -31.10 4.41 -31.7
Propionic acid 4.89 -37.41 4.87 -37.1
Sulfanilic acid 3.12 -33.81 3.27 -33.93' 3.23 -33.7
Uric acid 5.55 -31.08 5.41 -29.99d

a Marked values were determined using electrolyte systems at pH values of b 4.7 and 6.2, '3.5 and 6.2
and d 5.0 and 6.2.
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pH 6 a leading electrolyte of 0.01 M HCl with HIST and 0.01 M MES as terminator
was used.

From Table VIII, it can be concluded that absolute mobilities and pK values can
be obtained in this way, provided that a good set of effective mobilities is available.
Note that for this reason, for some ionic species (see Table VIII) pHs other than 4 were
chosen in order to obtain larger differences between the degrees of dissociation
(effective mobilities) for these components in the two electrolyte systems. For
m-aminobenzoic acid a pH of 4.7 was chosen as the lowest pH in order to avoid the
possibility that this component partially dissociates to a positive ionic form. For uric
acid a pH of 5 was chosen as the lowest pH in order to obtain a real electrophoretic
migration.

Zone electrophoresis for screening purposes
For qualitative screening, the most important question is whether the com

ponent of interest can be recognized from the matrix. As already shown, the effective
mobility, which can be calculated from absolute mobility, pKvalue and EOF, can be
used as a parameter. A complicating factor in the analysis of complex matrices is often
the presence of an excess of one of the components such as sodium chloride in urine or
serum. Beckers and Everaerts [15,16] showed that this can lead to different migration
behaviour during the analysis. Schoots et al. [18] showed that if the composition of the
sample (uraemic serum samples) is nearly constant, reproducible migration times are
found, although the migration times differ considerably compared with those of the
pure components.

To investigate the effect of the presence of a sample component in excess, we
determined the effective mobilities of the mixture in Tables VI and VII (all components
were 10-4 M, either in water or dissolved in buffer) and added increasing amounts of
sodium chloride. In Table IX all effective mobilities, calculated from the measured
apparent mobilities, are given. It can be concluded that up to about 0.01 M NaCI the
effective mobilities are nearly constant, except for potassium and sodium, as they are
not migrating in a proper CZE way. At higher concentrations of NaCI the effective
mobilities decrease, although these values are reproducible. Using higher background
concentrations this effect will, of course, diminish.

An interesting point in these experiments was that on adding larger amounts of
NaCl to the sanwle, in the first instance a UV dip was obtained, but at a certain NaCI
concentration the UV signal of the EOF marker increased rapidly. The explanation is
that if a high concentration of NaCI is present, at the point of the sample injection
(note: the EOF position) the local ionic strength is very high, and according to
Kohlrausch an adaptation to this original concentration always takes place. This
means that at the point of the EOF later in the analysis a higher background
concentration will be found, giving a high UV signal if the background electrolyte
shows UV absorption.

In Fig. 10 this effect is shown for samples of aqueous NaCI solutions (without
EOF marker). For higher concentrations of NaCI there is an increasing UV signal at
the point of the EOF. The consequence of this effect for complex matrices can be that
uncharged components migrating at the EOF position are covered by this effect. The
choice of a non-UV-absorbing background electrolyte will be important.

As an example of screening possibilities, we added the same components (0.0001
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TABLE IX

EFFECTIVE MOBILITIES m W (cm 2/V . s) DETERMINED IN AN INCREASING AMOUNT OF SODIUM
CHLORIDE DISSOLVED IN WATER AND BUFFER SOLUTION WITH HIST-MES AS BACKGROUND
ELECTROLYTE AT pH 6.2

Capillary from Scientific Glass Enginccring, J.D. 72 flm, L, = 56.43 cm and L d = 49.83 em. Pressure injection time, 5 s.
Applied voltage, 25 kV. 1 = Procaine; 2 = clenbuterol; 3 = fenotero]; 4 = mesityl oxide; 5 = uric acid;
6 = p-hydroxyacetic acid; 7 = benzoic acid.

Solution NaCI K Na 2 3 4 5 6 7
(M)

Water 0 66.97 47.52 20.96 ]8.27 16.18 45.28 -21.70 -26.96 -29.53
0.0001 68.00 47.65 20.86 18.]5 ]6.26 45.61 -21.82 -27.11 -29.74
0.0005 67.54 46.50 20.85 18.16 16.27 45.39 -21.78 -27.08 -29.69
0.00] 67.32 48.12 20.86 ]8.15 ]6.26 45.6] -21.76 -27.09 -29.68
0.005 67.32 48.12 20.86 ]8.15 ]6.26 45.61 -21.70 -27.03 -29.62
0.01 47.]9 20.63 17.94 ]6.05 45.61 -21.64 -26.94 -29.53
0.05 50.74 19.48 17.10 15.47 45.39 -21.33 -26.53 -29.09
0.Q75 52.36 18.92 ]6.79 15.]9 45.28 -21.22 -26.38 -28.92
0.1 54.01 ]8.16 ]6.29 14.72 45.]7 -21.20 -26.31 -28.81

Buffer 0 68.44 47.17 20.84 18.16 16.09 45.17 -21.77 -27.02 -29.63
0.0001 70.44 47.52 20.96 18.27 16.18 45.28 -21.79 -27.06 - 29.68
0.0005 71.99 47.63 20.84 18.16 16.29 45.17 -21.7] -27.0] -29.58
0.001 69.02 48.45 20.96 18.27 16.38 45.38 -21.70 -26.97 -29.55
0.005 47.87 20.85 18.16 16.07 45.39 -21.75 -27.03 -29.62
0.01 48.81 20.62 17.94 16.07 45.39 -21.63 -26.94 -29.50
0.05 51.24 ]9.48 17.10 ]5.28 45.39 -21.42 -26.57 -29.15
0.075 53.38 18.92 16.79 15.00 45.28 -21.31 -26.46 -28.98
0.1 54.65 18.48 16.40 14.83 :45.06 -21.21 -26.30 -28.79

10-Fold diluted
urine spiked with
components 1-7 69.99 47.08 20.29 17.82 ]5.94 45.72 -21.34 -26.7] -29.25

w
Uz«
CD
IT:
o
(J)
Q]

«

0.10 M NaCi

007 M NaCi

0.05 M NaCI

003 M NaCi

0.01 M NaCI

-----> TIME

Fig. 10. Measured UV signa] for the background electrolyte HlST-MES at pH 6.2 for different aqueous
solutions ofNaCI without EOF marker. For further explanation, see text. Capillary from Siemens, J.D. 50
flm, L, = 77.33 cm and Ld = 70.53 cm. Pressure injection time, I s.
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M) to 10-fold diluted ultrafiltered human urine (with about 0.Q15 M NaCl) and
determined the effective mobilities of the components. These values are also given in
Table IX, and it can be seen that the components can be easily recognized from the
effective mobilities. Potassium and sodium are indicated by negative UV dips in the
electropherogram. Using capillaries with small diameters (50 /lm), cations showed
increasing tailing peaks owing to wall attraction forces.

Separation number
An important aspect in screening is the separation number. This number

indicates how many peaks can be distinghuished within a unit of effective mobility. As
already indicated under Theoretical, this number can theoretically be about 4-8 for
cations with mobilities of 20-30 and different EOF. In practice, this number will be
much smaller because the total variance will be affected by the variances of the
injection and detection and by several other effects causing zone broadening. To
obtain an impression of the order of magnitude in practice we measured an
electropherogram of a mixture of nineteen ionic species in a HIST-MES electrolyte
system at pH 6.2 and calculated the separation number for the effective mobilities by

SN", = I t"'-0.5 - t",+0.5 I
40'",

(17)

In Fig. 11 the electropherogram for this separation is given and in Table X all
data are presented.

In Fig. 12 the relationship between the separation numbers (both those
according to eqn. 17 and the theoretical values, assuming a diffusion constant of
5' 10-10 m2/s) and the effective mobilities is given for an mEOF of 47.97' 10-5 cm 2 jV' s.

From Fig. 12 it can be concluded that the experimentally obtained separation
numbers are smaller than the theoretical values owing to several zone broadening

6

9

0.0050

5
~

--l
<l
Z 0.0000
C'J
iJJ

>
:J

-00050
0 5

EOF

10 15 20 25

TIME (min)

Fig. II. Electropherogram of a mixture of nineteen components in a HIST-MES background electrolyte at
pH 6.2. See Table X for the composition of the sample. Capillary from Siemens, I.D. 50 Jim, L, = 77.33 cm
and Ld = 70.53 cm. Pressure injection time, 5 s.
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TABLE X

MIGRATION TIMES I (min), EFFECTIVE MOBILITIES m . 105 (cm'/V . s), PEAK WIDTH AT HALF-HEIGHT
w (min), SEPARATION NUMBER SN AND THEORETICAL PLATE NUMBERS N FOR SEVERAL
COMPONENTS IN A HIST-MES BACKGROUND ELECTROLYTE AT pH 6.2 AND MIGRATION TIMES
t (min) AND EFFECTIVE MOBILITIES m' 105 (cm'/Y' s) OF THE COMPONENTS IN SPIKED HUMAN
URINE

A and B: peak numbers of the components in Figs. I I and 13, respectively. Peaks 8, II and 12 in Fig. ]3 are unknown.
Capillary from Siemens, J.D. 50 I'm, L, = 77.33 cm and Ld = 70.53 cm. Applied voltage, 25 kY.

Component A B Sample mixture Human urine

m w SN N (x 10-5) m

Potassium 1 I 3.19 66.01 0.045 0.37 0.278 3.16 65.26
Sodium 2 2 3.85 46.47 0.024 1.00 1.42 3.86 44.39
Levamisol 3 3 5.02 24.46 0.019 2.15 3.86 4.91 24.25
Procaine 4 4 5.27 21.03 0.018 2.49 4.74 5.14 20.93
Clenbuterol 5 5 5.49 18.26 0.017 2.87 5.77 5.35 18.15
Fenoterol 6 6 5.66 ]6.27 0.020 2.59 4.43 5.5] 16.18
Creatinine 7 7 7.36 1.43 0.030 2.92 3.33 7.09 1.48
EOF 7.58 47.97 0.050 7.30 49.81
o-Nitrophenol 8 8.07 - 2.91 0.034 3.10 3.12
Bromothymol blue 9 11.21 -15.53 0.043 4.73 3.76
Uric acid ]0 9 13.87 -21.75 0.065 4.79 2.52 12.94 -21.71
Hippuric acid II 10 15.21 -24.06 0.074 5.06 2.34 14.09 -24.00
p-Methoxyphenylacetic

acid 12 15.84 -25.01 0.081 5.02 2.11
p-Hydroxyphenylacetic

acid 13 17.26 -26.90 0.089 5.42 2.08
Phenylacetic acid 14 17.45 -27.13 0.092 5.36 1.99
p-Nitrobenzoic acid 15 18.44 -28.25 0.094 5.86 2.13
Orotic acid 16 19.12 -28.95 0.110 5.38 1.67
Benzoic acid 17 19.69 -29.50 0.123 5.11 1.42
Sulphanilic acid 18 20.50 -30.23 0.129 5.28 1.40
Aspirin 19 22.02 -31.46 0.150 5.24 1.19

effects, especially for cations. In Fig. 13 the electropherogram of lO-fold diluted
human urine spiked with levamisol, procaine, clenbuterol and fenoterol is shown. The
migration times and calculated effective mobilities are given in Table X. Using the
effective mobilities, the components (I) potassium, (2) sodium, (3) levamisol, (4)
procaine, (5) clenbuterol, (6) fenoterol, (7) creatinine, (9) uric acid and (10) hippuric
acid can easily be recognized.

CONCLUSION

It can be concluded from the foregoing experiments that in open capillary zone
electrophoresis with EOF for low-molecular-weight substances, migration times or
apparent mobilities can never be used for identification of the components. The
effective mobility, however, which can be calculated from the migration time and the
EOF velocity, can be used as a parameter for identification. The choice of a "true"
EOF marker is extremely important.
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Fig. 12. Relationship between theoretical separation numbers (solid line) and experimentally determined
separation numbers (dashed line) and effective mobility. The experimentally determined numbers were
calculated from the electropherogram in Fig. 11.

If the ionic strength of the matrix is high compared with that of the background
electrolyte, differences in effective mobilities can be expected, although they are
reproducible if the matrix is of constant composition. Hence effective mobilities can be
used for screening purposes.

From effective mobilities, measured in two different electrolyte systems at pH
values where the degrees of dissociation ofa component differ sufficiently, the absolute
mobility and pKvalue can be calculated. The separation number, indicating how many
components can be separated within a unit of mobility, is, however, much smaller than
the theoretical values.
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Fig. 13. Electropherogram of 10-fold diluted human urine, spiked with levamisol, procaine, clenbuterol and
fenoterol (0.0001 M) in a HIST-MES backgroundelectrolyte at pH 6.2. See Table X for the composition of
the sample. Capillary from Siemens, LD. 50 .um, L, = 77.33 cm and Ld = 70.53 cm. Pressure injection time,
I s.
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ABSTRACT

If isotachophoretic (ITP) experiments are carried out in open systems, an electroosmotic flow (EOF)
will act on the ITP system. In ITP experiments with EOF in open systems four modes can be distinguished,
viz., anionic, cationic, reversed anionic and reversed cationic modes. The applicability of these modes
depends strongly on the velocity of the EOF. Examples of separations are given showing some typical
features of these modes. Detailed consideration of a mathematical model for ITP with EOF showed that
this model is identical with that of ITP without EOF.

INTRODUCTION

Generally, electrophoretic equipment consists of five modules, viz., (1) an anode
and (2) a cathode compartment, connected to each other by (3) a separation unit, (4)
a high-voltage supply and (5) a detector.

Such equipment can be used for all electrophoretic modes, viz.,. for isotacho
phoresis (ITP), zone electrophoresis (ZE), moving boundary (MB) and isoelectric
focusing (IEF). The choice of the electrolytes in the separation unit and electrode
compartments determines which electrophoretic mode operates. For example, for the
ZE mode the whole equipment will generally be filled with the same background
electrolyte, whereas for ITP a leading and terminating electrolyte will be used.

So far, UP has been carried out in laboratory-made or commercial apparatus
with closed systems, i.e., no electroosmotic flow (EOF) occurs. At present, commercial
apparatus for CZE is available generally with open capillaries. Because this equipment
must be suitable for UP it is of interest to check the possibilities for UP in open
systems, especially with regard to reproducibility and qualitative and quantitative
aspects.

In this paper, a mathematical model for ITP with EOF in open systems is given,
the different ITP modes are considered and some typical isotachopherograms are
discussed.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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THEORETICAL
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IfITP experiments are performed in open capillaries, an EOF will act on the ITP
system and four different modes can be distinguished. In Fig. la, the situation is given
for the cationic ITP mode (eM). In this instance the capillary will be filled with the
leading electrolyte L, while the terminator solution T will be present on the inlet side of
the apparatus. The sample solution S will be introduced between Land T. The detector
is placed at the outlet side. The EOF will generally act (using silica capillaries) in the
direction from inlet to outlet through which the cationic ITP system will be pushed
forwards with an extra velocity of the EOF compared with cationic ITP experiments in
closed systems.

In Fig. I b the situation is given for the anionic ITP mode (AM). Here the cathode
must be placed at the inlet side and the anode at the outlet. The capillary will be filled
with the leading electrolyte L and the terminator T must be present at the inlet. This
procedure can be compared with ITP with a counterflow [I] and is only useful if the
velocity of the leading ions is greater than that of the EOF during the whole
experiment. Remember that in this instance anionic species with mobilities lower than
that of the EOF must also migrate to the anode according to the isotachophoretic
condition.

If the velocity of the EOF is greater than that of the anionic ITP system, there is
a net migration in the direction of the cathode. The only way to carry out the

INLET OUTLET

ITP EOF
detectora

) )

CM +~ L

b ITP EOF
) ~

AM -T IS I L +

C ITP EOF
~ )

RAM + L IS ! T

d ITP EOF
~ )

RCM -~1 T +

Fig. I. Schematic representation of the four modes in ITP experiments with EOF. (a) CM represents the
cationic, (b) AM the anionic, (c) RAM the reversed anionic and (d) ReM the reversed cationic mode. For
further explanation, see text.
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experiments is to place the anode at the inlet side and the cathode at the outlet side (see
Fig. lc). The capillary must be filledwith the terminating electrolyte T and the leading
electrolyte L must be present at the inlet. Although the ITP separation takes place in
the direction of the anode, there will be a net velocity of the ITP system in the direction
of the outlet (detector side) and the components will be detected in a reversed order
compared with a normal anionic ITP system, viz., first the terminator, then all sample
components with increasing mobilities and finally the leading ions. We shall call this
the reversed anionic ITP mode (RAM). If the velocity of the leading ions is greater than
that of the EOF, the ITP system will move to the anode and the components cannot be
detected at the outlet.

Analogously to the RAM, we can consider the reversed cationic mode (RCM),
which can be applied if there is a reversed EOF (e.g., using coated capillaries and/or
additives to the electrolyte system) from the cathode to the anode, with a velocity
greater than that of the cationic ITP system (see Fig. ld). Here the cathode must be
placed at the inlet and the anode at the outlet. The capillary must be filled with the
terminator solution and the inlet vessel with the leading electrolyte. As in the RAM,
the components will be detected in the reverse order. We shall not consider the RCM as
this mode will generally not be useful in practice.

It will be clear that the velocity of the EOF is extremely important in the
migration behaviour of ITP systems. A complicating factor is, moreover, the fact that
in ITP experiments the velocity of the EOF will continuously change. At the beginning
of the experiments the EOF will be determined by the composition of the electrolyte in
the capillary, i.e., the leading electrolyte for a normal ITP system. During the analysis
the capillary will be filled more and more with terminator solution, with a concentra
tion and pH different from those of the leading electrolyte and hence with a different
zeta potential and with an E gradient much larger than that of the leading electrolyte
according to the isotachophoretic condition. Generally, this will lead to a higher
velocity of the EOF.

For non-compressible solutions it can be assumed, however, that at a certain
time the velocity over the whole capillary will be constant, and thus the EOF
displacement in a time span will be constant over the whole capillary. This is used in the
mathematical model for ITP with EOF.

The isotachophoretic model
For the calculation of parameters of the different zones in ITP with EOF, we

modified an ITP model, already published elsewhere [2,3].
In this model the reduced number of parameters is always four in all zones, viz.,

[L]t or [All, [Blt, E and pH. For all zones always four known parameters and/or
equations are necessary, by means of which all parameters can be calculated. For the
leading zone the known parameters are generally [Llt and [Bll and the equations are
Ohm's law and the electroneutrality (EN). For all other zones the four available
equations are the EN, Ohm's law, the buffer equation and the isotachophoretic
condition (IC).

Tiselius [4] pointed out that a substance that consists of several forms with
different mobilities in equilibrium with each other will generally migrate as a uniform
substance with an effective mobility given by
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(1)

For simplicity, the effect of the ionic strength is not considered in this equation. In the
computer programs, however, this effect is corrected for using the Debye-Huckel
Onsager relationship.

Although in the general descriptions of equilibria and effective mobility of
a substance, no differences exist between the leading, sample, terminating and buffer
ionic species, we shall distinguish between them using the symbols L, A, T and B. For
the description of the "steady state" in ITP with EOF, we further need the mass
balance of the buffer, the principle of electroneutrality, the modified Ohm's law and
the isotachophoretic condition.

Mass balance of the buffer
With the mass balance of the buffer (Ohm's law and the EN must also be

obeyed), the leading zone determines the conditions of the proceeding zones. The mass
balance of the buffer can be derived as follows for a cationic ITP system (see Fig. 2a).
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Fig. 2. Migration paths of the buffering counter ionic species over a zone boundary between a leading zone
and a sample zone (L/A), for the (a) cationic, (b) anionic and (c) reversed anionic modes. For further
explanation, see text.
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The zone boundary L(A moves in a unit oftime over a distance of Ed mL,d + .I' or
EAlmA,AI + .1', assuming that the contribution of displacement by the EOF is .I' at
a certain moment For cationic species the displacement is increased with .1', whereas for
anions, moving in the opposite direction, the net displacement will be decreased with .1',

The anionic buffering counter ions at time t = 0 present at the zone boundary L(A will
reach point 0 at t = 1. The distance from L(A to 0 then will be EAlmB,AI - .1', The
buffer ionic species at t = 0 present in point C, will just reach the boundary L(A at
t = 1, The distance from C to L(A is then Ed mB,d - s.

This means that all buffer ionic particles present in the leading zone between L(A
and C with a concentration of[B]t,L at time t = 0 (LlI) will be present in the zone A with
a concentration of [B]t,A between L(A and 0 at t = 1 (Ll2). Therefore, the buffer mass
balance will be as follows:

or

(2a)

or

(2b)a

or

(2c)

The buffer balance in ITP with EOF is identical with that in closed systems, because the
contributions of the EOF for anions and cations cancel each other. Following this
procedure for anionic separations with an ITP velocity greater than that of the EOF
(see Fig. 2b) and for a reversed anionic ITP system (see Fig, 2c), the same equation is
always obtained.

The principle of electroneutrality
In accordance with the principle of electroneutrality (EN), the arithmetic sum of

all products of the concentration of all forms for all ionic species and the
corresponding valences, present in each zone, must be zero, For the electroneutrality
of a zone we can write

nA nB

[H 30+] - [OH-] + I (z - i)[A'-i] + I (z - i)[W- i] = 0 (3)
i=O

Modified Ohm's law
Working at a constant current density:

i=O

(4)

a After applying the isotachophoretic condition (see eqn. 7).
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or the function
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(5)

must be zero.
The overall electric conductivity, (J, of a zone is the sum of the values

c(Em + s)zFIE and consequently for a cationic separation

nA

[H 30+](EmH + s) - [OH-](EmoH + s) + L [A'-i][Emz_i(z - i) + s(z - i)] +
i=O

nn

L [Bz-;][Emz-i(z - i) + s(z - i)] (6)
i=O

in all zones is constant, under the condition that mobilities for negative ions are
indicated with a negative sign.

Elaboration shows that for all cases the effects of the displacement of the EOF
cancel each other. The consequence of this is that for electrolyte systems with an equal
zone conductance, equal electric currents must be measured on applying the same
electric field gradient, for different velocities of the EOF. To check this, the electric
current and mEOF were measured by applying 25 kV, filling the capillary with solutions
ofnearly equal conductivity at different pH. For the latter we mixed 99 ml ofa solution
of 0.010 M sodium chloroacetate with 1 ml of a buffer (ionic strength also 0.01) and
measured the pH of the mixture. The results are given in Table I.

Although the mEOF varies from about 25 . 10 - 5 to 70 . 10 - 5 cm 2IV . s, the
measured electric current is nearly constant, indicating that the conductivity of a zone
is independent of the EOF.

Isotachophoretic condition
In the steady state all zones move with a velocity equal to that of the leading

zone, therefore:

(7)

TABLE I

MEASURED ELECTRIC CURRENT I, lEaF AND mEOF FOR SEVERAL ELECTROLYTE SYSTEMS
WITH EQUAL CONDUCTIVITY AT DIFFERENT pH APPLYING 25 kV

Pressure .injection 5 s of the EOF marker 0.001 M mesityl oxide; UV detection at 254 nm.

Buffer solution pH of the Measured I IEOF mEOF x 105

mixed solution (J.lA) (min) (cm 2/V' s)

0.01 M HCl + EAC 4.70 18.7 7.26 26.17
0.01 M HCI + EAC 5.25 18.7 5.74 33.10
0.01 M HCI + HIST 6.05 18.8 4.72 40.25
0.01 M HCI + IMID 6.89 18.8 3.74 50.80
0.01 M HCI + TRIS 7.81 18.8 3.06 62.09
0.01 M HCl + DEA 8.80 18.7 2.69 70.63
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The contributions in the displacement by the EOF cancel each other.
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Calculation procedure
As the effect of the displacement of the EOF is cancelled in all equations, the

mathematical model of ITP without EOF can also be used for ITP with EOF. The
calculation procedure is described completely in refs. 2 and 3.

EXPERIMENTAL

For all CZE experiments the Beckman (Palo Alto, CA, U.S.A.) PjACE™
System 2000 HPCE was used. All experiments were carried out at 25°C. An original
Beckman capillary was used in all experiments. The capillary length was 57 cm and the
distance between injection and the detector was 50 cm; I.D. was 75 /lm.

RESULTS AND DISCUSSION

Electroosmotic flow in ITP in open systems
The most important parameter that determines whether an ITP system can

migrate in the desired mode is the velocity of the EOF, VEOF.

In ITP experiments, the EOF will be determined in the first instance by the
electrolyte solution in the capillary, generally the leading electrolyte. Later, the
capillary will be filled more and more with terminator solution. Because in ITP
experiments the concentration of this terminator zone is lower than that of the leading
electrolyte and there is a higher E gradient, this will lead to a higher VEOF.

The VEOF can be measured by weighing the mass of buffer transferred from the
anode to cathode (or vice versa) over a time period using a Mettler Model AEl60
digital balance [5,6] or placing a UV-absorbing species in the high-voltage reservoir
and monitoring the UV absorption of the earth reservoir [7].

To obtain a qualitative impression of the VEOF we used two different approaches.
One was to inject alternately leading electrolyte and a mixture ofa UV-absorbing EOF
marker and leading electrolyt'e until the whole capillary was filled. Monitoring the
absorbance of the equidistant EOF marker bands in the leading electrolyte during the
electrophoretic experiments gives an idea of changes in the EOF velocity. The other
method was to record the voltage drop over the capillary tube at a constant electric
current. For a constant EOF, the relationship between voltage drop and time should
be linear.

As an example to demonstrate the changes in the VEOF during ITP experiments,
we shall consider the separation of a cationic leading and terminating electrolyte
system. For ITP in closed systems for the cationic mode we can detect the leading zone
L and the terminating zone T', adapted to the conditions of the leading zone. The
concentration boundary between the original terminator solution T and the adapted
terminating zone T' does not move in ITP without EOF and will not be detected (see
Fig. 3a). For ITP in open systems an extra velocity of the EOF will act on the system,
independent of the electrophoretic movement. This means that the concentration
boundary between the original terminator solution T and the adapted T' zone will
migrate into the capillary. If this original solution is a dilute solution ofacetic acid with
a high E gradient and a large contribution to the EOF, the EOF increases rapidly until
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Fig. 3. Original position of leading and terminating electrolytes for the cationic mode for ITP. The zones
formed during the experiment are shown for ITP (a) without and (b) with EOF. Note that the concentration
boundary TIT does not move without EOF, but will pass the detector by the velocity of the EOF.

the capillary is completely filled with the original terminator solution T.
The isotachopherogram for this separation is given in Fig. 4. The capillary was

alternately filled with the leading electrolyte, 0.01 M potassium hydroxide solution at
pH 5, adjusted by adding acetic acid (pressure injection 22 s) and leading electrolyte
mixed with 0.002 Mmesityl oxide (pressure injection 3 s). The terminating solution was

"""J
0.06<t

OJ 0.05
U
c 0.04m

..0 0.03'--
0
Cf)

0.02..0
<t

0.01

0.00

-0.01

° 5

Histidine

10 15

----> t (min)

Fig. 4. Isotachopherogram for the cationic mode with a leading electrolyte L of potassium acetate at pH L 5
and a terminator T of acetic acid at pH 3.5. The leading electrolyte was alternately mixed up with 0.002 M
mesityl oxide (L + MO bands). The sample zone histidine indicates the transition between leading Land
adapted terminating zone T. UV detection at 254 nm. Electric current, 4 ItA.
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acetic acid at pH 3.5. The sample histidine was added to mark the transition between
the leading and adapted terminating zones. Note that the time intervals between the
MO peaks are decreasing, indicating that the VEOF increases strongly during the
experiment. In Fig. 5 the calculated VEOF as a function of time is given. From the
number of MO peaks over the separation length from the inlet to the detector, the
distance between the equidistant peaks can be calculated and using the differences in
time between the adjacent peaks the velocity at that time can be calculated.

It can be concluded that the EOF varies considerably during ITP experiments if
no special precautions are taken to prevent the EOF.

Cationic mode
As an example of the cationic mode, Fig. 6 shows the isotachopherogram for the

separation of sodium and lithium in a system with the leading electrolyte 0.01 M
potassium hydroxide solution at pHL 5, adjusted by adding nicotinic acid. The
terminator was 0.0 I M histidine at pH 5.5, adjusted by adding nicotinic acid. Using
a UV-absorbing counter ion, nicotinic acid, the different zones show different UV
absorbances because the concentrations in the sample zones are different. The leading
zone L, the sample zones of (I) sodium and (2) lithium, the (T') adapted terminating
zone of histidine and (T) the original histidine solution can be clearly seen. The UV dip
(3) indicates the original sampling spot and determines the concentration boundary.

Cationic ITP experiments can easily be carried out, although the separation
power is diminished compared with ITP in closed systems.

Reversed anionic mode
The requirement in order to obtain a RAM is that ETlmEOF,TI > ETlmTI. In that

case the net migration velocity will be ETlmEOF,TI - ETlmTI, in the first instance.
Finally, the net velocity will be Ed mEoF,d - Ed md and if this net velocity is greater

10
C

E
-----E
~

1.L
0
w 5>

15105

O'------'------'--~~-'---'------'--~~-'---'------'--~~---'

o

-----> t (min)

Fig. 5. Calculated VEOF as a function of time for the experiment as described in Fig. 4. For further
explanation, see text.
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Fig. 6. Isotachopherogram for the separation of (I) sodium and (2) lithium (pressure injection 5 s;
concentrations of the sample ions 0.005 M) using a leading electrolyte L of potassium nicotinate at pH 5 and
terminator histidine nicotinate at pH 5.5. Position (3) indicates the concentration boundary between (T)
adapted and (T) original terminator solution, which moves under the influence of the EOF. Electric current,
4 /lA. UV detection at 254 nm. The sample zones can be clearly seen in the enlarged inset.

than zero this mode can be used for separations. As an example of the reversed anionic
mode, in Fig. 7 the isotachopherogram is given using as the leading electrolyte
0.0025 M acetic acid at pHL 6.4, adjusted by adding histidine, and the terminator
0.0025 M MES at pH 6, adjusted by adding histidine. As the sample we introduced
a solution of 0.0025 M sodium propanoate (pressure injection 10 s). Fig. 8 shows the
original position and (a) the zones formed after some time in a closed system and (b)
the situation expected in open systems. The zones will further be detected in the reverse
order. This situation can be recognized in Fig. 7, where the order of detection is the
sodium dip of the sample solution in the original T zone, the transported concentration

0.20

::J
3

0.10
ciJ
D« Na+ T

/\ 0.00
~lI

I EOF

-0.10 ~
0 5

T I

10

prop ac

15
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Fig. 7. lsotachopherogram for separation in the reversed anionic mode. Leading electrolyte, 0.0025 M
histidine acetate at pH 6.4. Terminator, MES at pH 6, adjusted by adding histidine. Pressure injection 10 s of
0.0025 M sodium propanoate. Electric current, 4 /lA. UV detection at 214 nm.
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Fig. 8. Original position of the different electrolytes for the reversed anionic mode for ITP. The zones formed
during the experiment are shown for ITP (a) without and (b) with EOF. Note that the separation proceeds in
the direction of the anode. Without EOF the concentration boundaries TIT" and T"IT can never be
detected, but as a result of the EOF they can reach the detector.

boundary between original terminator solution and adapted T' zone (this transition
can be marked with an EOF marker) and finally the propanoate zone and leading
acetate zone. In practice, the Til zone, adapted to the original sample solution, will
generally be short and masked by, e.g., the UV water dip or EOF marker.

Anionic mode
The greatest problems arise in finding a good ITP system for the anionic mode.

In most instances the voltage drop increased until a certain value far below that
expected theoretically,. indicating that the ITP system moved in the anionic mode but
after a certain moment no longer moved. At a pH of 4 (low VEOF) a migrating anionic
mode could be carried out, using as the terminating ion formate with a high mobility.
How can this be explained?

In Table n the calculated pH, SZR25 and concentrations are given for MES as
terminator using the leading electrolyte 0.01 M Hel at pHL 6 adjusted by adding

TABLE II

CALCULATED pH AND SZR 25 AND CONCENTRATIONS FOR SOME TERMINATING ZONES
IN ELECTROLYTE SYSTEMS AT pHL 6 AND 4 AND MEASURED mEOF AND VOLTAGE DROP
AT 15pA FOR THESE SOLUTIONS

Electrolyte pH SZR25 mEOF x 105 Voltage drop at
(Q m) (cm2 /V . s) 15 pA (kV)

0.01 M HCl + histidine 6.00 10.33 39.6 17.86
0.00654 M MES 6.43 42.99 50.94 73.53
0.025 M HCl + EAC 4.00 4.33 18.54 7.75
0.0225 M formate 4.29 7.62 24.4 12.6
0.0200 M acetate 4.69 16.47 35.85 25.33
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Fig. 9. Measured voltage drop as a function of time during IT? experiments with EOF in the anionic mode
using a leading of 0.025 M HCI at pHI. 4, adjusted by adding EAC and terminator solutions of 0.01 M
sodium formate and 0.01 M sodium acetate. Electric current 15 /lA.

histidine and for formate and acetate zones for the leading electrolyte 0.025 M HCI at
pHL 4 adjusted by adding EAC. All these solutions were carefully prepared and the
mEOF and voltage drop for these solutions were measured and recalculated to an
electric current of 15 J..lA. The results are given in Table II.

In Fig. 9 the measured voltage drop as a function of time is given for acetate and
formate as terminating solution in the system 0.025 M HCI-EAC at pHL 4. It can be
seen that for formate the expected voltage drop of 12.6 kV is fairly reached and we
could see the formate step in the isotachopherogram. For acetate the expected voltage
drop of about 25.33 kV was not reached, but the voltage drop stopped at about 15 kV,
which meanS that the ITP system came to a standstill.

The explanation is as follows. In first instance the net velocity of the ITP system
is determined by Edmd - EdmEOF,d. Finally, the net velocity is ETlmTI - ETlmEOF,TI.

According to the ITP condition, ELmL = ETmT. Generally ETlmEOF,TI will be much
larger than EdmEOF,d because of the higher E gradient and generally larger mEOF (see
Table II). This means that the net velocity of the ITP system will become zero during
the experiment and the system will not migrate from that time.

CONCLUSIONS

The mathematical model for ITP without EOF (closed systems) is also valid for
ITP with EOF (open systems). Four modes can be distinguished for ITP with EOF.
The cationic mode can be applied without problems, although the available separation
length is not used optimally, compared with closed systems, owing tothe extra velocity
of the EOF. Some precautions must be taken in the choice of the terminator to avoid
strong fluctuations in the net migration velocity of the ITP system. The reversed
cationic mode is of almost no value and can only be applied using additives or coated
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capillaries in order to obtain a strong reversed EOF. The reversed anionic mode can be
used at high pH (with a high VEOF) and with the "counter current" of the EOF this
mode can be of interest in some instances. The anionic mode is only of interest if the
VEOF is low, such as in the use of non-aqueous solvents. Otherwise, problems can be
expected concerning the choice of the terminator solution. Too high E gradients in the
terminator solution can lead to a standstill of the ITP system during the experiments.

A first comparison between ITP in open and closed systems shows that ITP in
closed systems is preferable, because no special precautions have to be taken in the
choice of the electrolyte systems concerning the EOF. Unless the EOF can be strongly
reduced, problems can be expected when applying ITP in open systems. The presence
of an EOF, however, facilitates the use of "hyphenated" techniques, making the use of
a "make-up" stream superfluous.

Experiments are currently being carried out on quantitative aspects ofITP with
EOF.

SYMBOLS AND ABBREVIATIONS

A
B
E
F
K
L
m
m
n
s
SZR25

T
T', Til

VEOF

Z

(J

sample ionic species A
buffering counter ionic species B
electric field strength (Y1m)
Faraday constant (C/equiv.)
concentration equilibrium constant
leading ionic species L
mobility at infinite dilution (m 2/Y . s)
effective mobility (m 2/Y . s)
number of protolysis steps
displacement by the EOF in a unit of time (m/s)
specific zone resistance at 25°C (Q m)
terminating ionic species
adapted terminating zones
velocity of the EOF (m/s)
charge of an ionic species (equiv./mol)
zone conductivity (Q-1 m -1)

First subscript
A, B, T and L
t

Second subscript
A, B, T and L

according to substance A, B, T and L
total

in the zone of substance A, B, T and L

Superscript
z maximum charge of an ionic species
( )i to the ith degree

Examples
[B]t,A total concentration of substance B in zone A
ImB,AI absolute value of the effective mobility of substance B in the zone of substance
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Abbreviations
DEA diethanolamine
EAC e-aminocaproic acid
HIST histidine
IMID imidazole
MES 2-(N-morpholino)ethanesulphonic acid
MO mesityl oxide
TRIS tris(hydroxymethyl)aminomethane
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Malto-oligosaccharides (MOSs) can be separated successfully on cation- [1-3]
and anion-exchange [4] resins and chemically bonded stationary phases with amino [5]
or carbamoyl [6] groups. MOSs, which bear a free formyl group, can be detected with
high sensitivity and selectivity with the aid of electrochemical detectors [3-5].

An immobilized enzyme reactor is suitable for use in the post-column reaction
system because of its high selectivity [7]. By coupling liquid chromatography (LC) with
electrochemical detection to the immobilized enzyme reactor, further selectivity can be
achieved. An immobilized glucoamylase reactor has been used in a post-column
reaction system for the determination of MOSs with pulsed amperometric detection
[8].

Oligosaccharide dehydrogenase (ODH) catalyses the oxidation of the glucose
unit of MOSs, producing a glucono-Iactone end [9]. The reaction catalysed by the
enzyme is [10]

(glucose)n + A = (glucose)n-cglucono-b-Iactone + AH2

where n ): I, A is a hydrogen acceptor such as phenazine methosulphate,
I-methoxyphenazine methosulphate, I-acetamidephenazine methosulphate, Meldola
blue, phenylindophenol or 2,6-dichlorophenylindophenol and AH 2 is the reduced
form of the acceptor.

This paper describes a post-column immobilized ODH reactor system coupled
to anion-exchange chromatography and coulometric detection for the determination
of MOSs up to maltoheptaose. The MOSs from the separation column are mixed with
I-methoxyphenazine methosulphate (MPS) solution and oxidized in an immobilized

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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ODH reactor. MPS is reduced to MPSH 2 according to the amount of MOSs present in
the solution. The MPSH 2 is monitored by coulometric detection.

EXPERIMENTAL

Reagents
D-Glucose (G1), D-maltose (G 2), maltotriose (G 3), maltotetraose (G4 ), mal to

pentaose (Gs), maltohexaose (G6) and maltoheptaose (G7) were obtained from
Nakalai Tesque (Kyoto, Japan), I-methoxyphenazine methosulphate (MPS) from
Dojindo (Kumamoto, Japan) and oligosaccharide dehydrogenase (ODH, from
Staphylococcus sp., 130 U/mg protein) from Toyo Jozo (Tokyo, Japan). Poly(vinyl
alcohol) beads (9 pm, GS-520) were purchased from Asahi Kasei (Tokyo, Japan). TSK
gel SAX (5 pm) (Tosoh, Tokyo, Japan) was packed into a stainless-steel column (30 cm
x 5.8 mm J.D.). The counter electrode electrolyte was potassium hexacyanoferrate
(H)-potassium hexacyanoferrate(IH)-potassium nitrate-potassium hydroxide solu
tion with a concentration of 0.1 M of each component.

The mobile phases were 0.2 M sodium \lcetate-O.I M sodium hydroxide solution
and 0.3 M sodium acetate-O.l M sodium hydroxide solution. The mobile phases were
deaerated. All other reagents were of analytical-reagent grade.

Immobilization of ODH
The method for the preparation of the aminated poly(vinyl alcohol) beads was

similar to that of Matsumoto et al. [11]. The beads were packed into a stainless-steel
column (5 cm x 4 mm J.D.) by the slurry-packing method. Glutaraldehyde solution
(4.0%) in 0.1 M sodium hydrogencarbonate was pumped through the column for 2 h at
0.3 ml/min and then the column was washed with deaerated water for 30 min at 0.5
ml/min. The enzyme solution [5 mg in 10 ml of 0.05 M phosphate buffer (pH 7.0)] was
circulated through the column at 0.3 ml/min for 4 h at room temperature. The enzyme
solution was kept at about 4°C throughout the procedure.

LC system
The liquid chromatographic system is shown in Fig. 1. It consisted of a mobile

phase pump (Model 655; Hitachi, Tokyo, Japan), a pulse damper (Model LOD-I;
Gasukuro Kogyo, Tokyo, Japan), an injector with a 50-pi loop (Model SVI-5U7;

J

B C

A~
! :~H 'II

, ,
L - -3-0o-C o

I

Fig. I. Flow diagram of liquid chromatographic system for coulometric detection of malto-oligosaccharides
with an immobilized enzyme column reactor. A = Mobile phase (0.1 M sodium hydroxide-0.2 M sodium
acetate or 0.1 M sodium hydroxide-0.3 M sodium acetate, 0.8 ml/min); B = LC pump; C = damper;
o = injector with 50-Ill loop; E = analytical column (30 cm x 5.8 mm 1.0., TSK gel SAX, 5 Ilm);
F = reagent pump; G = reactor (5 cm x 4 mm 1.0.); H = coulometric monitor; I = data processor;
J = reagent solution (25 mM MPS in 0.5 M acetic acid, 0.2 mljmin); W = waste.
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Sanuki Kogyo, Tokyo, Japan), a separation column containing TSK gel SAX (5 11m)
(30 cm x 5.8 mm LD.), a double plunger reagent pump (Model DMX-2200; Sanuki
Kogyo), the column reactor (5 cm x 4 mm LD.) packed with the immobilized enzyme,
a coulometric monitor (Model 655A-26; Hitachi) and a data processor (Chromato
corder II; System Instruments, Tokyo, Japan). The column reactor was kept at 30°C.

The mobile phase and deaerated reagent solution consisting of 0.5 M acetic acid
containing 25 mM MPS were pumped at 0.8 and 0.2 ml/min, respectively, and mixed
before the column reactor. Enzymatic reaction proceeded in the reactor and the
MPSHz produced was monitored coulometrically at an electrolytic potential of 0.6
V vs. Fe(CN)~ - /Fe(CN)~~. At the electrolytic potential, the electrolytic efficiency for
MPSHz reached 100% and the background current was moderately small (0.5 I1A).

RESULTS AND DISCUSSION

Properties oj immobilized ODH column reactor
To evaluate the immobilized enzyme reactor, G 5 was selected as a model

substrate and the experiments were carried out in the flow-injection mode by omitting
the separation column.

The influence of pH on the enzyme activity was studied over the range 7.0-9.0
using sodium acetate (0.3 M) and acetic acid. As shown in Fig. 2, the optimum pH was
about 8.0. The electrolytic efficiency for MPSHz was 100% in the pH range 7.0-9.0.

Temperature, DC
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Fig. 2. Effects of (0) pH and (0) temperature on the activity of the immobilized enzyme.
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Fig. 3. Chromatogram of a standard mixture of glucose (G,), maltose (G 2 ), maltotriose (G 3) and
maltotetraose (G4) (each 500 pmol). A TSK gel SAX column (30 cm x 5.8 mm J.D.) was used at room
temperature with 0.1 M sodium hydroxide--{).2 M sodium acetate as the mobile phase at a flow-rate of 0.8
mljmin.

'-I/~J....__....L.I L...__..J...__....J,! .1.-__...1-__.....1--:-__~__~I.
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Fig. 4. Chromatogram ofa standard mixture ofmaltotetraose (G4), maltopentaose (Gs), maltohexaose (G6)

and maltoheptaose (G 7) (each 500 pmol). Mobile phase, 0.1 M sodium hydroxide--{).3 M sodium acetate at
a flow-rate of 0.8 mljmin.
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The activity in buffer solutions such as Tris-HCI, tricine-NaOH, bicine-NaOH and
phosphate at pH 8.0 was identical with that in sodium acetate-acetic acid. In the
buffers containing borate the activity was about one tenth of that in sodium
acetate-acetic acid. The activity of the immobilized enzyme at various temperatures
was examined. The maximum activity was observed at 30D C, as shown in Fig. 2.

The optimum concentration of MPS was investigated. The response increased
linearly with increasing concentration ofMPS and became constant at above 5 mM for
I mM G s at a flow-rate of 1.0 ml/min. Considering the stoichimetry between MOSs
and MPS (I: I), it will be safe to use five times the level of the MaS concentration. The
respone decreased linearly as the flow-rate increased from 0.5 to 2.0 ml/min. To
confirm the operational stability of the reactor, it was used for 10 h in a day and stored
at 4D C in 0.1 M phosphate buffer (pH 7.0) when not in use. The reactor retained more
than 80% of its original activity after I month. Storage stability was also examined.
The enzyme was lyophilized and stored at - 20D C in the presence of glycine (0.1 gig of
the immobilized enzyme). The activity was 95% of the initial value after 2 months.

ODH catalyses the oxidation of MOSs, other oligosaccharides and mono
saccharides. The substrate specificity toward saccharides was examined. The immo
bilized enzyme was active towards G 1 (relative activity 100), G 2 (112), G 3 (70), G4 (71),
G s (59), G 6 (65), G 7 (53), xylose (39), galactose (93), mannose (34) and lactose (105).
With 0.3 M sodium acetate-acetic acid (pH 8.0) and 5 mM MPS at a flow-rate of 1.0
ml/min at 30°C, I mM D-glucose (50 Ill) was oxidized to a lactone in 24% yield.

Separation of MOSs by LC
As the immobilized ODH was deactivated in aqueous acetonitrile (30%, v/v) or

methanol (3%, v/v) and borate was undesirable for the enzymatic reaction, an
anion-exchange column with sodium acetate solution as mobile phase was used in an
attempt to separate the MOSs at room temperature. Separation of mixtures ofGl, G 2 ,

G 3 and G4 and ofG4 , G s, G 6 and G 7 was effected on a TSK gel SAX column with 0.2
M sodium acetate-a. I M sodium hydroxide and 0.3 M sodium acetate-a. I M sodium
hydroxide, respectively, as mobile phase as shown in Figs. 3 and 4. An effective
separation of individual members from G 1 to G 7 was achieved using gradient elution,
accomplished by maintaining the sodium hydroxide concentration at 0.1 M and
increasing the' sodium acetate concentration from 0.01 to 0.6 Min 20 min. Gradient
elution caused serious problems with regard to the operational stability of the
immobilized enzyme. The immobilized enzyme was almost completely deactivated
after repeating the gradient ten times. The separation parameters for the MOSs are
listed in Tables I and II. The flow-rate of the mobile phase was kept constant at 0.8

TABLE I

SEPARATION PARAMETERS FOR GLUCOSE, MALTOSE, MALTOTRIOSE AND MALTO
TETRAOSE

Saccharide Abbreviation Capacity factor Resolution Separation factor

Glucose G, 1.66 1.36 1.81
Maltose G 2 3.00 2.47 1.72
Maltotriose G 3 5.16 1.37 1.24
Maltotetraose G4 6.38
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TABLE II

SEPARATION PARAMETERS FOR MALTOTETRAOSE, MALTOPENTAOSE, MALTOHEXA
OSE AND MALTOHEPTAOSE

Saccharide Abbreviation Capacity factor Resolution Separation factor

Maltotetraose G4 4.85 1.62 1.39
Maltopentaose Gs 6.72 3.08 1.50
Maltohexaose G6 10.08 2.37 1.26
Maltoheptaose G7 12.67

mljmin. The flow-rate of the reagent solution influenced the band broadening and the
conversion efficiencies. An increase in the flow-rate of the reagent solution from 0.2 to
0.5 mljmin resulted in a decreased response due to a lower residence time in the column
reactor and hence in a lower conversion efficiency. At lower flow-rates, from 0.05 to
0.1 mljmin, serious problems arose with respect to reproducibility because of
incomplete mixing of the reagent solution with the mobile phase. The flow-rate of the
reagent solution was set to 0.2 mljmin. At this flow-rate, the contribution of the
post-column reactor system to band broadening was less than 25% of the peak width.
Concentrations of 25 mM MPS and 0.5 M acetic acid in the reagent solution were
chosen, resulting in an MPS concentration of 5 mM and pH 8 in the column reactor.

The peak areas were plotted against the concentration of the MOSs. Calibration
graphs were prepared for G l , G z, G 3, G 4 , G s, G 6 and G 7 , covering the range 0.01-1
mM. The ratio of peak areas for G lo G z, G 3, G 4 , G s, G 6 and G 7 was
100:127:50:87:163:40:49. Detection limits (signal-to-noise ratio = 3) for G l , G z, G 3 ,

G 4 , G s, G 6 and G 7 were 0.5 (4.5), 0.5 (8.6), 0.7 (18), 0.7 (23), 0.4 (17), 2.0 (99) and 3.0
pM (173 ng per 50-pi injection), respectively. The detection limit (0.5 pM) for G l by
this method is equal to that reported previously for glucose using anion-exchange
chromatography with pulsed amperometric detection [12].

The immobilized ODH column reactor is concluded to be useful for the
coulometric detection of trace amount of MOSs. MOSs have been determined
amperometrically by anion-exchange chromatography using immobilized gluco
amylase post-column [8]. The detection limit for G 7 was 6.8 pM. This method is more
sensitive (3.0 pM).
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Helichrysum italicum G. Don (H. angustifolium D.C.) is a plant widely
distributed in the Mediterranean area, and its flowering tops are used in folk medicine
for their anti-inflammatory and anti-allergic properties [I]. The constituents of the
drugs are terpenes, sterols [2] and flavonoids [3,4]. Thin-layer chromatography was
recently utilized to isolate and identify flavonoid derivatives from the species H.
graveolens [5]. However, high-performance liquid chromatography (HPLC) is the
method ofchoice for the separation and quantification ofcomplex natural mixtures of
flavonoids [6]. Recently we reported that eluents containing C3 alcohols yield better
separations than those obtained with the customary acetonitrile (methanol)-water
acetic acid system [7]. According to this approach, an isocratic reversed-phase HPLC
method for the separation of the main flavonoid glucosides of H. italicum has been
developed, and the results are described in this paper.

EXPERIMENTAL

Materials
Naringenin-4'-glucoside, kaempferol-3-glucoside and 4,2',4' ,6'-tetrahydroxy

chalcone-2'-glucoside were isolated from H. italicum according to the literature [4].
The flowering tops of H. italicum were collected from the Ligurian mountains and
authenticated at the Department of Botany (University of Milan). 2-Propanol was of
HPLC grade (Baker, Deventer, The Netherlands).

Apparatus
The HPLC analyses were performed on a Waters Assoc. (Milford, MA, U.S.A.)

liquid chromatograph equipped with a Model U6K universal injector and a Model 510
pump connected to a Model HP 1040A photodiode-array detector (Hewlett-Packard,

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers BY
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Waldbronn, F.R.G.). The column was Cs Aquapore RP 300 (7 Jim spherical) (250 x
4.6 mm J.D.) (Brownlee Labs., Santa Clara, CA, U.S.A.). The eluent was 2-propanol
water (20:80) at a flow-rate of 1.5 ml/min.

The acquisition ofUV spectra was automatic at the apex, both inflection points
and the base of all peaks (200-500 nm, 2-nm steps).

Purity of chromatographic peaks
The UV spectra acquired for each peak, after subtraction of the corresponding

UV base spectrum, were computer normalized and the plots were superimposed. Peaks
were considered to be chromatographically pure when there was exact coincidence
among their corresponding UV spectra.

Sample preparation
The flowers of H. italicum (6 g) were extracted by percolation with 70% ethanol,

the solvent was evaporated under vacuum and the residue dissolved in methanol
(10 ml). After centrifugation, the methanol was evaporated to dryness under vacuum
to give a brownish yellow crude extract (0.5 g). This was suspended in water (20 ml)
and, after filtration, the aqueous solution was evaporated to yield the flavonoid
glucosides fraction (ca. 130 mg).

For HPLC analysis, a methanolic solution (6.5 mg/ml) was prepared; 5-JiI
aliquots were injected.

Calibration graphs
Naringenin-4'-glucoside, kaempferol-3-glucoside and 4,2',4' ,6'-tetrahydroxy

chakone-2'-glucoside were dissolved in methanol (0.5 mg/ml). Replicate injections of
these solutions (2.5-15 Jil) were made. UV detection was at 254 nm.

HO OGlu

HO OH II

IIIHHO

OH

Fig. I. Structures of main Helichrysum italicum flavonoid glucosides: naringenin-4'-glucoside (I),
kaempferol-3-glucoside (II) and 4,2',4',6'-tetrahydroxychalcone-2'-glucoside (III).
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Naringenin-4'-glucoside (I), kaempferol-3-glucoside (II) and 4,2',4' ,6'-tetra
hydroxychalcone-2'-glucoside (III) are the main flavonoids of H. italicum (Fig. I).
These compounds were isolated from H. italicum and their structures were confirmed
by mass and NMR spectrometry [4]. For the separation of these flavonoids, a simple
20% isopropanol solvent as an alternative to the acetonitrile (methanol)-acetic
acid-water system yielded very satisfactory results (Fig. 2).

A typical chromatogram obtained from the flavonoid fraction of H. italicum is
shown in Fig. 3. The UV spectra acquired for each peak were computer normalized
and the plots were superimposed, obtaining exact coincidence among the curves.
Consequently, the peaks were assumed to be pure. Moreover, the UV spectra of the
peaks of interest and those of their corresponding standards were identical, which
confirmed the previous identification through the retention times.

Rectilinear responses between peak areas and amounts injected were obtained
when replicate injections (n = 6) ofI-III reference solutions (1-7.5 pg) were made. The
relationships were as follows:

y=l78x+47
y = 900x + 56
y = 627x - 59

r = 0.999
r = 0.995
r = 0.998

(naringenin-4'-glucoside)
(kaempferol-3-glucoside)
(4,2' ,4' ,6'-tetrahydroxychalcone-2'-glucoside)

where y = peak area and x = amount injected (pg).
Quantification in the flavonoid fraction was achieved by external standardiza

tion and the contents ofnaringenin-4'-glucoside, kaempferol-3-glucoside and 4,2' ,4',6'
tetrahydroxychalcone-2'-glucoside were 9.2,3.1 and 1.6%, respectively.

II

250 I

200 III

::J 150a:
E
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Fig. 2. High-performance liquid chromatogram ofnaringenin-4'-glucoside (1,5 Jig), kaempferol-3-glucoside
(II, 3 Jig) and 4,2',4',6'-tetrahydroxychalcone-2'-glucoside (III, 2 Jig) standards. Column, 7-llm Cs Aquapore
RP 300; eluent, 2-propanol~water (20:80); flow-rate, 1.5 ml/min; detection, 254 nm.
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Fig. 3. Typical chromatogram of an H. italicum extract. See Fig. 2 for chromatographic conditions.

The reproducibility of the method was 98.0 ± 1.9% and recovery tests on known
amounts of standards added to the extract gave 97.2 ± 2.5%. Intra-day and inter-day
assay variations were 3.1 % and 2.9%, respectively.

In conclusion, the described procedure provides further support for the validity
of using eluents based on C3 alcohols for the isocratic reversed-phase determination of
flavonoids in medicinal plants.
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Reversed-phase high-performance liquid chromatography (RP-HPLC) is the
method of choice for the separation flavonoid compounds [I]. HPLC protocols have
been developed for the identification of methylated flavonoid aglycones [2], but the
separation of d,ifferent isomeric 3-0-methylflavonol derivatives is still difficult [3].
Thin-layer chromatography (TLC) on polyamide is able in some instances to separate
closely related 3-0-methylflavonol or flavone isomers [4]. The very complex mixture
of epicuticular flavonoids from Cistus laur(!,olius [5-7] is mainly composed of closely
related isomeric quercetin mono- and dimethyl ethers. To study this material we
developed a simple isocratic RP-HPLC system that allows a good resolution of these
isomeric methyl ethers. In.. contrast to most other eluents, which utilize methanol or
acetonitrile, the isocratic separation takes advantage of the dipole-dipole interactions
of tetrahydrofuran with the flavonoids. The eluent system developed for analytical
RP-HPLC also gave good results in preparative isolation even of the minor flavonol
aglycones by reversed-phase low-pressure liquid chromatography (RP-LPLC),

EXPERIMENTAL

Methylatedflavonoid aglycones (Fig. 1)
Leaves of C. laurifolius were washed with chloroform to extract the epicuticular

resin-wax mixture from their surface. Waxes were separated from the resin by dilu
tion of the mixture in hot methanol (50-60°C) (I g of extract in 50 ml of methanol)
and cooling for 12 h in a freezer (- 20°C). This resulted in the precipitation of the
waxes, leaving about 95% of the crude resin in the supernatant.

Terpenoids were separated from the flavonoid aglycones by column chromato
graphy (CC) on a Sephadex LH-20 (Pharmacia, Freiburg, F.R.G.) column (100 cm
x 3.0 cm LD.) with methanol as eluent. Terpenoids were eluted first and identified by
TLC on silica gel 60 (Merck; Darmstadt, F.R.G.) [solvent, toluene-ethyl acetate

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.
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(9: 1)], sprayed with concentrated sulphuric acid and heated at 100°C for 10 min. Then
the coumarins (scopoletin and ayapin) were eluted, followed by flavonoid bands.
Coumarins and flavonoids were detected at 350 nm with a hand UV lamp. For
analytical HPLC of single leaf extract, the removal of terpenoids was not necessary.

For preparative separations, the flavonoid fraction were taken up in 3 ml of
solvent I [water-methanol-acetonitrile-tetrahydrofuran (65: 10:5:25)] and injected di
rectly onto an RP-18 (alternatively RP-8) LPLC column (40 cm x 3 cm 1.D.), particle
size 40-60 Itm, prepared in the laborators [8] according to a method described by
Glatz [9]. A Duramat D-80 pump with pulsation suppression (Chemie und Filter
Verfahrenstechnik, Heidelberg, F.R.G.) was used. Flavonoids were eluted by a step
wise gradient of water (containing 0.5% trifluoroacetic acid)-methanol-acetonitrile
tetrahydrofuran from 75:5:5:18 to 70:8:5:18 to 65:10:5:20 (solvents ITa, b and c) at a
flow-rate of 8 mljmin and a pressure of 3-4 bar. The column was equilibrated before
use with 200 ml of solvent rIa. Fractions were collected and monitored by detection
with a hand UV lamp at 350 nm. If necessary, the separation was repeated to enrich
individual flavonoids.

Further purification of individual flavonoids was achieved by chromatography
on a Sephadex LH-20 column (100 cm x 2 cm 1.D.) with methanol as eluent. Purified
flavonoids were identified by comparision with authentic samples [5-7] according to
their relative retention times in HPLC, co-chromatography by TLC using polyamide
DC-6 and DC-Il [mobile phase, toluene-methyl ethyl ketone-methanol (65:25:15 or
8:1:1)] and microcrystalline cellulose [mobile phase, water-acetic acid (6:4)] (Mache
rey-Nagel, Duren, F.R.G.) and UV spectrometry. The 5-0-methylflavonols were also
characterized by mass and 1H NMR spectrometry [7].

For analytical HPLC analysis, the resin samples, after precipitation of the wax
es, were dried under nitrogen, weighed and dissolved in 1 ml of methanol per 10 mg of
resin. Aliquots of 50 fll were dried under nitrogen and diluted again in about 200-300
fll of solvent 1. Samples of 30 fll were then injected onto a Hypersil MOS-RP-8 HPLC
column (125 mm x 4.6 mm 1.D.) (particle size 5 flm) (Chromatographie Service,
Eschweiler, F.R.G.). A Spectra-Physics (Santa Barbara, CA, U.S.A.) HPLC system
was used with a Rheodyne 20-fllloop and a Shimadzu C-R6A UV detector (Shimad
zu Europa, Duisburg, F.R.G.). Isocratic elution was performed with solvent system
III: water (containing 0.5% phosphoric acid)-methanol-acetonitrile-tetrahydro
furan (68:6:6:20) at a flow-rate of 1.2 mljmin. Preparatively isolated flavonoid mix
tures were dried under nitrogen and an aliquot was diluted in solvent I and injected
onto the HPLC column.

External standards were prepared from crystalline samples of quercetin-3-0
methyl ether (que-3-0Me), que-3,3'-diOMe, que-3,7-diOMe, que-5,3'-diOMe,
que-7,3'-diOMe and the coumarin scopoletin. Quercetin, que-3,7,3',4'-tetraOMe,
kampferol (kae), kae-3,7,4'-triOMe, apigenin (ap) and ap-4'-OMe were purchased
from Roth (Karlsruhe, F.R.G.).

Flavonol glycosides (Fig. 1)
The chloroform-washed leaves were macerated in liquid nitrogen and extracted

twice in 80% methanol (300 ml per 100 g of leaves) for glycoside analysis. The
combined supernatants were carefully evaporated and fractionated by CC on 200 g of
polyamide SC-6 (Macherey, Nagel & Co.) in a 40 cm x 7.5 cm 1.D. column with
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consecutive elution with 21 of water, 81 of water-methanol (1:1) and 31 of methanol
as eluents. Fractions were dried, taken up in 3 ml of solvent system I and applied to
the equilibrated column with stepwise gradient elution with water (containing 0.5%
trifluoracetic acid)-methanol-acetonitrile-tetrahydrofuran from 85:4:4:7 to 82:5:5:8
to 80:6:6:9 (solvents IVa, b and c). Individual bands were recovered after UV detec
tion at 350 nm with a hand UV lamp.

Sugars were identified by hydrolysis of I mg of flavonoid glycoside with 2 ml of
2 M trifluoracetic acid for 30 min, evaporation of the acid and extraction of the
aglycone with diethyl ether. Aglycones were detected by TLC on polyamide DC-6
with toluene-methanol-methyl ethyl ketone-acetylacetone (3:3:2: 1). The water solu
ble sugars were identified by TLC [10] on silica gel plates (Merck). About 0.5-1 mg of
the dried sugar was silylated with 20,u1 ofN-methyl-N-trimethylsilyltrifluoracetamide
(MSTFA) (Macherey, Nagel & Co.) in 50,u1 of pyridine for I h at room temperature
and subsequently analysed by gas chromatography on a lO-m OV-I column [11] using
a Hewlett-Packard Model 5710 gas chromatograph with a flame ionization detector
and a Hewlett-Packard Model 3380 integrator (Hewlett-Packard, Boeblingen,
F.R.G.) with temperature programming from 110°C (2 min isothermal) to 240°C at
6°C/min and a carrier gas (nitrogen) flow-rate of 2 ml/min. Individual sugar stan
dards were obtained from Roth or Merck.

For analytical HPLC studies of flavonoids, one leaf (500 mg fresh weight) was
macerated in liquid nitrogen taken up in 5 ml of 80% methanol in a glass vial and
stored for 12 h at 4°C. A IOO-,ul volume of the supernatant was evaporated to dryness
under nitrogen and the residue was dissolved in solvent I, injected directly on to a
Hypersil MOS-RP-8 (5 ,urn) column and eluted with water (containing 0.5% phos
phoric acid)-methanol-acetonitrile-tetrahydrofuran (81 :6.5:5.5:7) (solvent system V)
at a flow-rate of 1.2 ml/min (Fig. I).

In some instances the flavonoid pattern was checked by TLC on microcrystal
line cellulose [mobile phase, water-acetic acid (8:2)].

Crystalline standards (kae-3-rhamnosidoglucoside or que-3-rhamnosidogluco
side) were available from Roth or obtained by preparative RP-LPLC (myr-3-galacto
side, myr-3-rhamnoside, que-3-galactoside). Kae-3-rham-glc was added as an exter
nal standard to the macerated leaves to determine the total recovery of flavonoid
glycosides from the leaves (recovery = 90-100% of the flavonoids). After every
preparative run the RP-LPLC column was cleaned by elution in the opposite direc
tion with 200 ml of water (containing 2% phosphoric acid)-acetonitrile
tetrahydrofuran (10:45:45) under the prevailing optimum elution conditions.

RESULTS AND DISCUSSION

The resin of C. laurifolius consists of 31 phenolic aglycones (29 different flavo
noids and two coumarins). Some of these aglycones were present only in negligible
amounts and did not appear in the HPLC profile of the aglycone mixture (Fig. 2). The
isocratic HPLC system was able to separate the 5-0-methyl derivatives well from the
rest of the flavonol aglycones. This result is not especially dependent on the use of
tetrahydrofuran in the solvent. Short retention times for 5-0-methyl flavonoids have
been reported with other columns and eluent systems [12,13]. 5-Hydroxy groups form
strong intramolecular hydrogen bonds with the 4-keto group of the heterocyclic ring,
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Fig. 2. HPLC of the crude resin of C. laurifolius after precipitation of the waxes. Hypersil MOS-RP-8, 5
11m; column, 125 mm x 4.6 mm LD.; solvent system, Ill; flow-rate, 1.2 ml/min; UV detection at 350 nm.
Peaks: I = scopoletin (coumarin); 2 = que-3,5,3'-triOMe (traces of the coumarin ayapin); 3 = que-5,3'
diOMe; 4 = luteolin; 5 = que-3-0Me (traces of lut-3'-OMe); 6 = que-3,4'-diOMe; 7 = que-3,3'-diOMe
(traces of quercetin and apigenin); 8 = naringenin; 9 = que-3'-OMe; 10 = kae-3-0Me; II = lut-7-0Me;
12 = que-3,7-diOMe; 13 = que-7-0Me (traces of que-3,7,3' ,4' -tetraOMe); 14 = que-3,7,3' -triOMe (traces
ofap-4'-OMe); 15 = ap-7-0Me; 16 = que-7,3'-diOMe; 17 = kae-3,7-diOMe; 18 = ap-7,4'-diOMe; 19 =

kae-7-0Me.

reducing its polarity and increasing the interaction with the hydrocarbon chains of
the column matrix. If the protons are replaced with methyl groups, the polarity of the
4-keto group is enhanced, which leads to shorter retention times for the 5-0-methyl
flavonoids. The use of tetrahydrofuran in the solvent is important for the separation
of isomeric 3-0-methylflavonols. Previously, que-3,4'-diOMe could be separated
from its 3,3'-isomer only by TLC on polyamide-II [4]. Now it is possible to separate
these closely related isomers by RP-HPLC. The separation and determination of the
3,7- and 3,4'-diOMe and the 3,7,3'- and 3,7,4'-triOMe flavonol isomers was complete
ly successful. This system can also be applied to the separation of flavone isomers, as
shown for ap-7-0Me and ap-4'-OMe.

As the complex flavonoid pattern of C. laurifolius results in only slightly differ
ent retention times for individual flavonoids, even the solvent composition of the
sample before injection is very crucial. Dissolving the sample in methanol prevents
the separation of the two 5-0-methyl derivatives and leads to co-elution of luteolin
(lut), que-3-0Me and que-3,4'-diOMe and que-7-0Me, que-3,7,3'-triOMe and ap-7
OMe, respectively.

The conditions for analytical HPLC were directly transferred to the preparative
RP-LPLC for the isolation and identification of several flavonoid aglycones after
pre-fractionation of the pure resin on a Sephadex LH-20 column. As shown in the
one-step purification of the 5-0-methyl derivatives from the other flavonoids [7], this
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method leads to the isolation of que-3,4'-diOMe, a minor resin compound. A 20-fold
concentration was achieved by chromatographing the Sephadex fraction twice on an
RP-18 LPLC column using solvent system 1. After a final Sephadex step the mixture
contained 71 % of que-3,4'-diOMe, 24% of que-3,3'-OMe and 5% of que-3-0Me,
compared with 3% of que-3,4'-diOMe in the crude flavonoid mixture. The concen
trated 4'-O-methyl isomer was identified by UV spectrometry and HPLC and TLC

(0) (C)

o

(b)

8 16 0
Time (min)

(d)

8

o 8 16 0
Time (min)

8

Fig. 3. Stepwise purification and preparative isolation of quercetin-3-0-fJ-arabinoside (shaded). Hypersil
MOS RP-8, 5 Jim; column, 125 mm x 4.6 mm LD.; solvent system, V; flow-rate 1.2 ml/min; UV detection
at 350 nm. (a) Crude intracellular flavonoid extract; (b) after polyamide SC-6 column, eluent 50% metha
nol; (c) after one RP-I8 LPLC passage, solvent system V; (d) after purification by column chromatography
on Sephadex LH-20, eluent methanol.
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co-chromatography with an original standard. The following components were puri
fied to 95% que-3-0Me, 97% apigenin and 92% kae-3-0Me by injecting the flavo
noid mixture twice onto the LPLC column with subsequent purification by CC on
Sephadex LH-20. In the same manner it was possible to identify some minor flavo
noids from the complex resin mixture not detected previously [6], e.g., luteolin, lut-7
OMe and que-7-0Me.

In addition to the aglycone isolations, the purification of intracellular flavonol
glycosides was also substantially improved by using he RP-LPLC technique by mod
ifying the HPLC solvent. The purification of minor components including que-3
arabinoside (que-3-ara) on an RP-18 LPLC column is illustrated in Fig. 3. After
elution of the crude extract from a polyamide SC-6 column, the fraction that con
tained the main amount of que-3-ara was subsequently chromatographed using the
RP-18 LPLC system (solvent V). The desired component was concentrated lO-fold in
one step. After purification by Sephadex LH-20, the substance was suitable for sub
mission to 1H NMR analysis. In the same way, other glycosides were purified with the
aid of RP-LPLC and crystallized from methanol-water solutions.

When closely related or isomeric flavonoids are present, the application of
RP-HPLC or RP-LPLC mainly based on tetrahydrofuran as eluent may be the meth
od of choice for preparative isolation and identification. Even complex mixtures of
flavonoids are well separated with the LPLC technique with only slight modifications
of the solvent system used for HPLC. The choice of RP-8 instead of RP-18 did not
influence the separation significantly.
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Concanavalin A (Con A) is a lectin isolated from jack bean. It is composed of
four subunits each having a molecular weight of 26 500 and containing one Ca2 +

and one Mg2 + per subunit. It is conventionally purified either by ion-exchange
chromatography on CM-cellulose [1] or by affinity chromatography on Sephadex [2].
The Sephadex ion exchangers are composed of an ion-exchange group and dextran.
The individual roles of these two moieties in the adsorption and desorption ofdextran
binding proteins are not well defined, but it has been generally assumed that the
ion-exchange group is responsible for retention. The present investigation was
undertaken to test this hypothesis. Con A has the ability to interact with both the
ion-exchange group and dextran. Hence the adsorption and elution behaviour of this
protein on DEAE-Sephadex and CM-Sephadex under different conditions was
studied.

EXPERIMENTAL

Concanavalin A (CSIR Centre for Biochemicals, New Delhi, India), CM
Sephadex C-50 and DEAE-Sephadex A-50 (Pharmacia, Uppsala, Sweden) were
used. All other chemicals were of analytical-reagent grade. The purity of Con A
was ascertained by polyacrylamide gel electrophoresis (PAGE) under native and
denaturing conditions [3]. The bands were revealed by staining the gels after
electrophoresis with Coomasie Brilliant Blue G-250.

The influent protein solution was prepared by dissolving Con A in 50 mM
Tris-HCI buffer (pH 8.3) or 50 mM acetate buffer (pH 5.0), depending on the pH
required for the binding. The adsorption of protein on DEAE-Sephadex was carried

a NCL Communication No. 4798.
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out under different conditions, viz., low salt (0.01 MNaCl), low salt with glucose (0.01
M NaCl, 0.1 M glucose) and high salt (1 M NaCl).

The resin was washed with the loading buffer until the absorbance of the effluent
at 280 nm was negligible (< 0.1). Elution of the protein was carried out with different
eluting agents such as low salt with glucose, high salt and high salt with glucose (1
M NaCl, 0.1 M glucose). The solutions were prepared in 50 mMTris-HCl buffer (pH
8.3) or 50 mM acetate buffer (pH 5.0). The retention and elution of Con A (in 5-ml
fractions) were determined by measuring the absorbance at 280 nm.

RESULTS AND DISCUSSION

The Con A preparation showed a single band in native PAGE and multiple
bands in sodium dodecyl sulphate PAGE, as reported by Wang et at. [3]. The protein
was therefore considered to be electrophoretically pure. Retention of Con A on
DEAE-Sephadex was almost identical under conditions of low salt and low salt with
glucose. However, 1MNaCl could elute 50% of the protein retained in the presence of
low salt and only 20% in low salt with glucose (Table I). The results further show that
elution with 1MNaCl-O.l M glucose leads to a better and faster desorption of protein
(Fig. I). Moreover, no protein was seen in the effluent when the elution was effected
with low salt with glucose. It was also observed that Con A was retained on
DEAE-Sephadex under high-salt conditions, and the protein could not be eluted with
high salt with glucose.

Con A desorbed by a high salt concentration may bind to Sephadex and hence
elution is faster in the presence of glucose. In addition, as the sugar-Con A complex is
more basic than free Con A [4], it is not expected to be retained on anion exchangers.
The firm retention of Con A on DEAE-Sephadex under high-salt conditions may be
attributed to affinity interactions which are stronger, probably owing to the
dissociation of the tetrameric protein.

The results of experiments carried out using CM-Sephadex show that the
amount of protein retained per gram of resin was higher for CM-Sephadex than

TABLE I

ELUTION OF CONCANAVALIN A FROM DEAE-SEPHADEX AND CM-SEPHADEX WITH
DIFFERENT ELUENTS

Parameter DEAE-Sephadex (pH 8.3) CM-Sephadex (pH 5.0) CM-Sephadex (pH 8.3)

Low Low salt- High Low Low salt- High Low Low salt-
salt" glucose" salt" salt" glucose" salt" salt" glucose"

Protein retained 84 85 63 145 143 58 8.0 27.0
(mg/g resin)
Recovery (%)

Low salt-glucose" 0 13.0 - 0.0 5.0
High salt" 48.0 20 47.0 42.0 62.0
High salt-glucose" 63 9.0 58.0 - 24.0

, Low salt = 0.01 M sodium chloride; low salt-glucose = 0.01 M sodium chloride-O.l M glucose;
high salt = I M sodium chloride; high salt-glucose = I M sodium chloride-O.I M glucose.
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O.oJ M sodium chloride and 0.1 M glucose.

DEAE-Sephadex (Table I). However, as with DEAE-Sephadex, the amount ofprotein
retained on the matrix under low-salt binding conditions was the same in the presence
or absence of glucose. About 12% of the protein retained could be eluted by low salt
with glucose. Similarly, Con A was desorbed faster when high salt with glucose was the
eluent. The protein could also be retained on CM-Sephadex under high-salt
conditions, and an appreciable amount of Con A thus retained could be eluted using
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high salt with glucose. At pH 5.0, Con A exists in its dimeric form [5], which would
explain the adsorption-elution behaviour observed above.

These results indicate that Sephadex may participate in the retention of Con
A on CM-Sephadex. It is evident that as the protein can be eluted with glucose alone,
the sugar-binding sites are not involved in the ionic coupling. The fraction of Con
A eluted by low salt with glucose is bound only to the dextran moiety ofthe matrix. The
protein so eluted is also not due to the microheterogeneity of Con A, if any. It can
therefore be concluded that the retention of Con A on CM-Sephadex is due to both
charge- and sugar-specific interactions. However, the protein seems to bind preferen
tially to the ion-exchange group, which may be due to the capacity of the ion
exchanger.

Further experiments with CM-Sephadex showed that Con A was retained on the
matrix at pH 8.3, although the retention was relatively less (Table I). This retention
could be improved by the presence of glucose, probably owing to the increased basicity
of the protein. We expected that at pH lU Con A would be retained mainly by affinity
interactions. However, it was found that low salt with glucose was unable to bring
about significant elution of the protein, whereas high salt provided a better eluent. This
may be a result of the weaker affinity interactions and ionic forces at pH 8.3 in
comparison with those existing at pH 5.0. The observation that the protein loaded in
the presence of glucose could not be desorbed by high salt cannot be explained
satisfactorily. It should also be mentioned that in all the experiments 100% recovery of
the protein was not observed, which may be due to the poor sensitivity of the method
used.

In the above study, Con A was used as a model representing those proteins which
bind to dextran. It can be concluded that in such cases glucose-sodium chloride would
be a good eluting agent.
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Plasma high-density lipoprotein (HDL) is a complex of lipids (largely phos
phatidylcholine and cholesteryl esters) and proteins. The major proteins associated
with HDL are designated apo A-I and apo A-II [I]. Isolation ofapo A-I and apo A-II
generally includes ultracentrifugation to isolate HDL, delipidation to obtain apo HDL
proteins free of lipids and chromatographic separation of apo A-I and apo A-II from
other HDL proteins [2]. An alternative approach for isolation of apo A-I and apo A-II
with scale-up potential far beyond the practical application of ultracentrifugation
became available when a chromatographic procedure utilizing phenyl-Sepharose to
adsorb lipoproteins from plasma was described [3,4]. Immunological and electro
phoretic characterization in addition to amino acid determination appeared sufficient
to determine the quality of these proteins.

Purified apo A-I and apo A-II proteins are most often used as tracers, standards
and immunogens in conjunction with apo A-I and apo A-II immunoassays.

This paper describes a modified large-scale method for the isolation of purified
apo A-I and apo A-II from human serum.

EXPERIMENTAL

Materials and standards
Ammonium hydrogencarbonate, sodium chloride, urea, Coomassie Brilliant

Blue R-250, sodium dodecyl sulphate (SDS), ammonium peroxodisulphate, N,N
methylenebisacrylamide, acrylamide and N,N,N' ,N'-tetramethylethylenediamine
were obtained from Serva (Heidelberg, F.R.G.). Protein molecular mass standards
were purchased from Pharmacia (Uppsala, Sweden).

a Presented at the llth International Symposium on Biomedical Applications 0/ Chromatography and
Electrophoresis, Tallin, April 24-28th, 1990.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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Isolation and delipidation of HDL from human serum
HDL of density 1.063-1.210 g/ml was isolated from fasting serum of normo

lipidaemic donors by sequential ultracentrifugation [5] in a Beckman (Berkeley, CA,
U.S.A.) Model L8-70 ultracentrifuge using a 45.Ti rotor. The isolated HDL fraction
was extensively dialysed against 50 mM ammonium hydrogencarbonate buffer (pH
8.2), lyophilized and delipidated by an original procedure using a chloroform
methanol~diethylether solvent system [6].

Gel permeation and anion-exchange chromatography
The proteins were solubilized in 10 mM Tris-HCl buffer (pH 8.6) containing

8 M urea (Tris-urea buffer) and applied to a Toyopearl HW-55F (Toyo Soda, Tokyo,
Japan) column (90.0 x 3.5 em I.D.). Elution was carried out with the same buffer at
a flow-rate of 40 ml/h and 8-ml fractions were collected. Following analysis by
polyacrylamide gel electrophoresis (PAGE) [7], fractions containing apo A-I and apo
A-II were pooled. The apolipoprotein pool was applied to a DEAE-Toyopearl 650M
(Toyo Soda) column (40.0 x 3.2 em I.D.), equilibrated with Tris-urea buffer. Elution
was effected with a linear gradient of sodium chloride from 0.02 to 0.15 Min Tris-urea
buffer (1000 ml total gradient volume) at a flow-rate of60 ml/h. Fractions of6 ml each
were collected. Those containing apo A-I and apo A-II were pooled separately and
extensively dialysed against 50 mM ammonium hydrogencarbonate buffer (pH 8.2).
After dialysis, the samples were desalted by gel permeation chromatography using
a Toyopearl HW-40F (Toyo Soda) column (70.0 x 2.2 em I.D.) with the same buffer
at a flow-rate of 80 ml/h and finally lyophilized.

Characterization of proteins
Proteins were quantified according to Lowry et al. [8] and spectrophoto

metrically at 280 nm using extinction coefficients of 1.22 and 1.82 AUImg protein' ml
for apo A-I and apo A-II, respectively [9]. Lipid phosphorus analysis was performed
utilizing the method of Bartlett [10]. Homogeneity was confirmed by SDS-PAGE on
15% polyacrylamide gels under both reducing and non-reducing conditions [7] and by
urea-PAGE [11]. Identification of apo A-I and apo A-II was confirmed by
electrophoretic mobility and immunoelectrophoresis [12]. Amino acid analyses of
purified apo A-I and apo A-II were made in a Beckman 6300 amino acid analyser after
72 h of acid hydrolysis.

RESULTS AND DISCUSSION

A modified scheme for the preparative isolation and purification of apolipo
proteins A-I and A-II, the major HDL proteins [1], from the 1.063-1.210 g/ml HDL
material has been developed. The main aim of this work was to increase the efficiency
of the method and to obtain apo A-I and apo A-II with the highest degree of purity.
For this reason, we modified the conditions of the HDL delipidation (the total time of
the modified procedure was I h) [6] and, as reported here, used Toyopearl HW-55F
and DEAE-Toyopearl 650M for gel permeation and anion-exchange chromato
graphy, respectively. The use of these packings allowed increased speed of elution
without worsening the separation. Typical elution profiles are shown in Fig. 1. After
the anion-exchange chromatography and dialysis steps, apo A-I and apo A-II proteins
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Fig. I. (A) Toyopearl HW-55F chromatography of delipidated 1.063-1.210 g/ml HDL. Elution buffer, 10
mM Tris-HCI (pH 8.6)-8 M urea; (B) DEAE-Toyopearl 650M chromatography of pooled A-I
+ A-II-containing fractions. Starting buffer, 10 mM Tris-HCl (pH 8.6)-8 M urea-0.02 M sodium chloride;
linear gradient ofNaCI from 0.02 to 0.15 M in the same buffer, total gradient volume 1000 ml; flow-rate, 60
ml/h.

proved to be homogeneous according to the SDS-PAGE and urea-PAGE data (not
shown).

The apo A-I and apo A-II proteins were desalted using a Toyopearl HW-40F
column (both proteins were eluted with the void volume) for the complete removal of
urea and inorganic salts.

The homogeneity apo A-I and apo A-II proteins purified by this procedure was
confirmed by SDS-PAGE (see Fig. 2, lanes 2, 4,5 and 7) and urea-PAGE (not shown).
Densitometric scanning of these gels gave a single symmetrical peak as an indication of
homogeneity. The molecular mass ofapo A-I was determined electrophoretically to be
near 28 000 andwas unaffected by reduction (see Fig. 2, lane 3). The molecular mass of
apoA-II was estimated in the same way to be near 17000, but after reduction gave an
estimated molecular mass of about 8600 (see Fig. 2, lanes 5 and 6). These
characteristics were appropriate for apo A-I [13] and for apo A-II [14]. No phosholipid
was detected in either the isolated apo A-lor apo A-II.

The identity of the isolated proteins with apo A-I and apo A-II was confirmed by
immunoelectrophoresis with monospecific antitlodies to human apo A-I and apo A-II,
respectively [12]. Furthermore, amino acid analyses of the purified apo A-I and apo
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Fig. 2. SDS-PAGE in 15% polyacrylamide gel of purified apo A-I and apo A-II. Lanes: I = low
molecular-mass standards from Pharmacia (molecular masses of the standards are those provided by
Pharmacia (x 10-3

); 2, 3,4 = 10 Jlg, 10 Jlg (with 2% of 2-mercaptoethanol) and 30 Jlg of purified apo A-I,
respectively; 5, 6, 7 = 10 Jlg, 10 Jlg (with 2% of 2-mercaptoethanol) and 30 Jlg of purified apo A-II,
respectively. Apo A-I and apo A-II were identified by comparison with known standards.

A-II proteins were compatible with the compositions derived from published
sequences (data not shown) [14,15].

Isolated apo A-I and apo A-II proteins were successfully used as immunogens
and as standards for assigning values to sera for use as secondary standards.

The efficiency of the described procedure was determined by the real yield of the
lyophilized apo A-I and apo A-II proteins. A full cycle of isolation of these proteins
from human serum lasted 10-14 days, including the preparation of 1.063-1.210 g/ml
HDL. The average amount of the recovered lyophilized protein was about 300 mg per
cycle for apo A-I and 60 mg per cycle for apo A-II. The average concentrations of apo
A-I and apo A-II in pooled unextracted human serum were 1.5 and 0.4 mg/ml,
respectively, according an immunoturbidimetric assay. Hence, the real yields of
purified proteins were about 50% and 40% for apo A-I and apo A-II, respectively,
taking into account the volume of the initial human serum (about 400 ml).

Unfortunately, in many papers [2,16-18] no data are given that allow the
calculation of the real yield of purified apo A-I and apo A-II proteins, which is
particularly important when procedures alternative to ultracentrifugation are used
[3,4]. The lack of such data makes it impossible to compare these methods with our
technique with respect to efficiency.

In conclusion, we have described a method suitable for the large-scale
preparation oflyophilized apo A-I and apo A-II from human serum with real yields of
purified proteins ofabout 50% and 40%, respectively. The high degree ofpurity makes
it possible to use the recovered proteins as primary standards for apo A-I and apo A-II
immunoassays.
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Octadecylsilylated porous glass (MPG-ODS) has been demonstrated to be
a useful packing material for reversed-phase high-performance liquid chromato
graphy (HPLC) [1]. It is especially suitable for the determination of saponins of
ginseng and bupleum root [2-5]. We recently reported a successful application of
a large-scale column of MPG-ODS for the preparative high-performance liquid
chromatography (HPLC) of ginsenoside-Rb b -Rc, -Rbz, -Rd, -Rg 1 and -Re [6].

Kitagawa et al. [7] found that white ginseng contained a considerable amount of
acidic malonate of the dammarane saponins malonyl ginsenoside-Rb b -Rbz, -Rc and
-Rd (Fig. 1). The malonyl ginsenosides are reported to be unstable and readily
demalonylated on heating and hence are not present in red ginseng. We have shown
that the malonyl ginsenosides could also be determined rapidly and accurately by
HPLC on MPG-ODS [4]. These results prompted us to investigate the preparative
HPLC of the malonyl ginsenosides, and the results are presented in this paper.

EXPERIMENTAL

Materials
Octadecylsilylated porous glass (MPG-ODS) was supplied by Ise Chemical

Industries [packed columns of MPG-ODS are now commercially available from
Wako (IPG-55-0DS-lOH) and Hitachi (Hitachi Gel 3161)]. The particle size of the
packing material was 10 pm for the analytical and 20 pm for the preparative columns.
Acetonitrile used as the mobile phase in analytical HPLC was ofHPLC grade (Wako,
Tokyo, Japan). Water was deionized and distilled. Other chemicals were of analytical
reagent grade.

0021-9673/91/$03.50 © 1991 E[sevier Science Publishers B.V.
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Fig. I. Structure of malonyl ginsenosides.

NOTES

Analytical HPLC
The analytical HPLC system was composed of a Tosoh Model CCPM

multi-pump, a Rheodyne Model 7125 valve, a Tosoh Model UV-8000 monitor and
a Hitachi Model 833A data processor. The system was operated at room temperature.
A stainless-steel column (150 x 4 mm J.D.) packed with MPG-ODS was used. The
mobile phases were mixtures of acetonitrile and 50 mM KH zP04 solution at
a flow-rate of I mljmin. The peaks were monitored at 203 nm unless stated otherwise.
A Hitachi Model L-3000 system was used for multi-channel spectrophotometric
detection.

Preparative HPLC
The preparative HPLC system consisted of a Tosoh Model CCPM prep pump,

a Model UV-8010 monitor, a Model SC-8010 system controller and data processor,
a Model FC-8000 fraction collector and a Model PP-8010 recorder. MPG-ODS was
packed into stainless-steel tubing of 500 x 20 mm J.D. and 500 x 50 mm J.D. The
peaks were monitored at 203 nm and the system was operated at room temperature.
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Sample preparation from the crude drug
Roots of Panax ginseng were pulverized and extracted with 70% methanol at

room temperature. The extract was evaporated and dissolved in water. The aqueous
solution was passed through a solid phase, Mega Bond Elute (Analytichem
International), pretreated with water and methanol. After the solid phase had been
washed with water and 30% methanol, the sample was eluted with methanol and the
eluate was evaporated to dryness under reduced pressure. The residue was dissolved in
the eluent and injected into the preparative HPLC system.

Purification procedure
The chromatographic fractions were evaporated in vacuo to remove acetonitrile

or in some instances diluted with water. The aqueous solutions were passed through
a Sep-Pak C I8 cartridge (Waters Assoc., Milford, MA, U.S.A.) pretreated with
methanol and the cartridge was washed with water and 30% methanol. The saponins
were eluted with methanol and the eluate was evaporatd to dryness under reduced
pressure. The residue was dissolved in water and freeze-dried.

RESULTS

The determination of neutral ginsenosides by HPLC on an MPG-ODS column
was successful with the use of mixtures of acetonitrile and water as the mobile phase
[2,3,5]. For the determination of acidic saponins of ginseng, bupleum root and
glycyrrhiza by the method, addition of inorganic phosphate to the mobile phases was
required [4]. The mobile phases used in preparative HPLC were mixtures of
acetonitrile and 50 mM KHzP04 solution. A mobile phase containing 25%
acetonitrile was used for the separation of the malonyl ginsenosides on the 500 x 20
mm J.D. column. The flow-rate was 15 ml/min and the pressure was 55 kg/cmz. In
a run, an extract from 0.5 g of ginseng root was injected in the HPLC system. The
chromatogram is shown in Fig. 2.

The three malonyl ginsenosides were separated within 45 min and the average
yields were 2.0 mg of purified malonyl ginsenoside-Rb j , 1.1 mg of malonyl
ginsenoside-Rc and 0.9 mg of malonyl ginsenoside-Rbz per gram of ginseng root.

4

o 20

2

3

40 60

5

80 min

Fig. 2. Preparative chromatogram of a ginseng extract. Peaks: I = malonyl ginsenoside-Rb,; 2 = malonyl
ginsenoside-Rc; 3 = malonyl ginsenoside-Rb2 ; 4 = ginsenoside-Rb,; 5 = ginsenoside-Rc. Column,
MPG-ODS (500 x 20 mm I.D., particle size 20 lIm); an extract from 0.5 g of ginseng was injected; eluent,
acetonitrile-50 mM KH 2P04 (25:75); flow-rate, 15.0 ml/min; detection, 203 nm.
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Fig. 3. Preparative chromatogram of a ginseng extract. Peaks: I = malonyl ginsenoside-Rb t ; 2 = malonyl
ginsenoside-Rc; 3 = malonyl ginsenoside-Rb 2 ; 4 = ginsenoside-Rb t ; 5 = ginsenoside-Rc; 6 = ginse
noside-Rb 2 ; 7 = ginsenoside-Rd; 8 = ginsenoside-Rg,; 9 = ginsenoside-Re. Column, MPG-ODS (500
x 20 mm J.D., particle size 20 ,um); an extract from 0.4 g of ginseng was injected; eluent, acetonitrile-50 mM
KH 2 P04 with acetonitrile concentrations as plotted on the ordinate; flow-rate, 20.0 ml/min; detection,
203 nm.

The isolation of both the major acidic and neutral ginsenosides in a single run on
the 500 x 20 mm J.D. column was achieved by linear gradient elution from 15% to
50% acetonitrile in 180 min at a flow-rate of20 mljmin. As shown in Fig. 3, the peaks
of six neutral saponins (peaks 4-9) and three acidic saponins (peaks 1-3) were well
resolved. Under the conditions applied, ginsenoside-Rgl> -Re, -RbI> -Rc, -Rb2 and
-Rd and malonyl ginsenoside-RbJ, -Rb2 and -Rc were isolated within 180 min.

Preparative HPLC on the 500 x 50 mm J.D. column was carried out using step
gradient elution. The mobile phase compositions were acetonitrile 20% at 0-100 min
and 25% at 100-220 min with a flow-rate of39.9 mljmin and a pressure of 40 kgjcm2

.

The chromatogram is sh@wn Fig. 4. In a single run, 5.5 mg of pure malonyl
ginsenoside-RbJ, 3.5 mg of malonyl ginsenoside-Rb2 and 2.9 mg of malonyl
ginsenoside-Rc were separated from 8 g of ginseng roots.

The purity of the collected fractions was monitored by analytical HPLC.
A multi-channel spectrophotometer was also employed for the detection of UV
absorbing impurities. Each fraction gave a single chromatographic peak and did not
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Fig. 4. Preparative chromatogram of a ginseng extract. Peaks: I = malonyl ginsenoside-Rb,; 2 = malonyl
ginsenoside-Rc; 3 ~ malonyl ginsenoside-Rb 2 . Column, MPG-ODS (500 x 50 mm J.D., particle size 20
,um); an extract from 8.0 g of ginseng was injected; eluent, 0-100 min, acetonitrile-50 mM KH 2P04 (20:80),
and 100-220 min, acetonitrile-50 mM KH 2P04 (25:75); flow-rate, 39.9 ml/min; detection, 203 nm.
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contain any detectable UV- absorbing impurities. The retention times and UV spectra
were the same as those for authentic samples of the assigned peaks. The fractions were
also analysed by the thin-layer chromatography (TLC) with the lower layer of
chloroform-methanol-'--water (13:7:2) as the solvent. A single TLC spot with the same
RF value as that for an authentic sample was observed for each fraction. The fractions
were evaporated and freeze-dried as described under Experimental. White crystalline
products were obtained.

DISCUSSION

There have been several reports [8~12] on the preparative-scale HPLC of neutral
saponins from Panax ginseng. In a previous paper, we reported the preparative HPLC
of neutral ginsenosides on MPG-ODS columns [6].\However, no report on the
preparative HPLC of malonyl ginsenosides has appeared previously.

Malonyl ginsenosides were successfully separated by preparative HPLC on
a reversed-phase column ofMPG-ODS chemically modified porous glass as described
above. The MPG-ODS column achieved the rapid analysis of neutral and acidic
ginsenosides [2,4]. Retention times for the panaxatriol ginsenosides were almost half
those on silica-ODS columns [13]. The rapid separation renders savings of time and
solvent in the HPLC procedure. The proportion oforganic solvent in the mobile phase
was much smaller in HPLC with MPG-ODS than with silica-ODS columns. As we use
large volumes of solvents in the preparative-scale HPLC, the savings in organic solvent
are advantageous from both economical and environmental points of view.

A pore size of 550 Aseems to be favourable for the separations of ginsenosides
and related saponins. The sharp separation of the peaks may be due to the narrow
distribution range of the pore size [1,6]. The column was not suitable for the
compounds of smaller molecular size [14].

As the ginsenosides and malonyl ginsenosides were well resolved on the
preparative scale at room temperature, the method was suitable for the preparative
separation of heat-unstable acidic saponins. The mobile phase for preparative HPLC
contained inorganic phosphate, which must be removed from the separated fractions.
It was easily removed by the solid-phase extraction technique.

In conclusion, the method is simple, rapid and convenient and is suitable for the
purification of heat-unstable malonyl ginsenosides. It should be applicable to the
isolation of other saponins of crude drugs. The MPG-ODS column has a number of
advantages over conventional normal- and reversed-phase columns for the chromato
graphy of saponins.
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The advantages of high-performance liquid chromatography (HPLC) over
thin-layer chromatography (TLC) and column chromatography (CC) for the separa
tion and purification of organometallic compounds and metal clusters have been well
recognized [1]. These include better resolution, inert separation conditons, quanti
tative recovery and the relatively small sample sizes required. In paricular, as an
osmium carbonyl cluster reacion often yields a host of closely related products it has
become desirable to establish a HPLC method that offers not only quantitative
separation but also unequivocal identification of the chromatographic peaks. The
latter would be especially useful in instances of incompletely resolved chromato
graphic peaks. Efforts towards these ends have led to two recent reports [2,3] on the
HPLC study of various osmium carbonyl clusters.

In our laboratory, a systematic study is currently being carried out to elucidate
the retention mechanism and hence identify the relevant parameters that are crucial to
a satisfactory separation of substituted osmium carbonyl clusters. This paper presents
the findings of a study of the normal- and reversed-phase chromatographic behaviour
of several substituted phosphine clusters and compares them with those for the
acetonitrile complexes of osmium reported earlier.

EXPERIMENTAL

Preparation and stabilities of samples
The preparation of OS3(CO)11[P(C6 Fsh] (J) has been reported elsewhere [4].

OS3(COho[P(C6 Fs)z] (II) was prepared by heating the bisacetonitrile complex
OS3(COho(CH3CN)z and (C6 FshP (2 equiv.) in n-hexane at 70°C for I h, and purified
by TLC on silica using hexane-dichloromethane (90:10) as eluent. Its m.p. is
179-181°C. It was characterized by JR, NMR and elemental analyses. Elemental
analysis (calculated values in parentheses): OS3(CO)10[P(C6F s)z] (II), C 29.4 (28.8),
P 3,37 (3.24), P 30.0 (29.8)%. 19p NMR (CD3Cl): <5 - 51.4(s), - 69.3(q) and - 81.6(t)

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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ppm (reference: trifluoroacetic acid). 31 P NMR (CD3Cl): b - 90.7 ppm. IR (CH 2CI 2):

v (CO) 2107s, 2056vs, 2042vs, 2024vs, 1992s and 1983s. The clusters OS3(CO)12 (III).
OS3(CO)11(CH3CN) (IV) and OS3(COho(CH3CNh (V) were prepared according to
literature methods [5-7].

The chromatogram of each compound was determined in order to establish that
the sample contained only a single component in each instance. Further, the stabilities
of I-V in methanol, acetonitrile, n-hexane and dichloromethane were checked by
monitoring the solution UV spectra of these compounds in the respective solvents. No
apparent decomposition was detected up to 8 h. All chromatographic runs were made
using freshly prepared solutions, however.

Instrumental method
HPLC separations were done on a Hewlett-Packard HP 1090 liquid chromato

graph equipped with a Model 1040A diode-array detector, an HP 85B personal
computer and a Model 3392A integrator.

The columns used were HP-100, 10 f.1m (250 x 4.6 mm 1.0.) for normal-phase
analysis and LiChrospher 100 CH-18/2, 5 f.1m (250 x 4 mm 1.0.) for reversed-phase
analysis. The mobile phases were dichloromethane-n-hexane (5:95) at a flow-rate of
1.0 ml/min and acetonitrile-methanol (55:45) at a flow-rate of 0.5 ml/min for normal
and reversed-phase separations respectively. The temperature in all the runs was 35°C.

All solvents were ofHPLC grade and were filtered and degassed in helium prior
to use. Samples were dissolved in premixed mobile phases filtered through a 0.45-f.1m
pore filter and injected in 5-f.1l volumes with a Rheodyne Model 7010 injector.

The column dead volume was determined using n-hexane for the silica column
with dichloromethane as mobile phase. For the CIS column, this was determined with
reference to the first baseline peak which appeared on injection [8].

All retention times and volumes were corrected for dead volumes due to
connecting tubings.

RESULTS AND DISCUSSION

Figs. 1 and 2 show chromatograms of the osmium clusters. Good baseline

(v) (Iv)

ell)

(III)

(1)

1
Time (min '"-

Fig. I. Separation of OS3(CO),,[P(C6Fshl (1), OS3(CO) 1o[P(C6Fshh (II), OS3(CO)12 (III), Os(CO) 11

(CH 3CN) (IV) and OS3(CO)lo(CH3CNh (V) on a LiChrosorb 100 CH-18/2 column. Mobile phase,
acetonitrile-methanol (55:45); detection, UV (254 nm).
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Fig. 2. Separation ofOs3(CO),,[P(C6 F,hJ (I), OS3(CO)IO[P(C6 F shh (II), OS3(CO)12 (HI) and OS3(CO)W
(CH 3CNh (V) on an HP silica-lOa column. Mobile phase, dichloromethane-n-hexane (5:95); flow-rate, 1.0
cm3 min-I; detection, UV (230 nm).

separation was observed for all five compounds I-Von the C I8 column with the mobile
phase employed. For the normal-phase separation, chromatographic peaks due to I,
II, V, III (or IV) are well resolved. Over a range of mobile phases with various
proportions of dichloromethane in n-hexane, III and IV eluted at nearly the same time
in each instance.

The capacity factor k' and the theoretical plate number Nwere evaluated for all
chromatographic peaks in reversed- and normal-phase separations (Table I) [9]. The k'
values fall into the optimum range of 0.5 < k' < 5.

The N values of 58 000-76 000 in the reversed-phase separation are comparable
to the expected value of 80 000 for a column of the given specifications. Those in the
normal-phase separation, in the range 11000-13000 are low in comparison with the
values evaluated using standard equations for a well packed column of the given
specifications [9]. However, for most practical applications these values are acceptable
[10].

The elution order of I, II and IlIon the reversed-phase column is such that the
retention volumes increase with increasing number of phenyl groups resulting in III
being eluted first followed by I and then II. The retardation of clusters containing
triarylphosphine ligands has been reported for both reversed- and normal-phase
separations of a series of derivatives of the tetranuclear clusters (Cp)NiOs 3(1l
Hh(CO)gL [11-13] [Cp = cyclopentadienyl; L = CO, PPh 2H, Ph 3 and P(o-tolylh].
The differences in retention volumes of that series of compounds were correlated with
the different degrees of steric hindrance with the derivative containing the largest aryl
group (tris-tolyl) being eluted last. For the clusters III, IV and V, their relative
solubilities in the mobile phase appear to be the dominant factor. Thus V has the
highest solubility and is eluted first, followed by IV and finally III. Current theories on
the retention mechanism of chemically bonded phases [14-16] are in support of these
correlations.
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Polar interactions between the silica surface and the ligands apparently
determine the order of elution for the normal-phase separation. Thus the retention
volumes increase with the number of substituted phosphines [P(C6 FshJ for I, II and
III, and with the number ofcarbonyls for III and V. The larger differences in retention
volumes among I, II and III than between III and IV are consistent with the more polar
character of the P(C6 Fsh group relative to the carbonyl which, on the other hand, is
more similar to acetonitrile.

In most chromatographic studies, it has often been assumed that the relative
retention time of each compound remains unchanged on going from a pure sample to
a mixture. Moreover, two closely overlapped peaks may be mistaken as being due to
a single component. In an effort to establish unequivocally the identity and purity of
the observed chromatographic peaks, the absorption spectra of the eluates at the
specified time corresponding to the peak maxima were determined using a photo
diode-array detector and an evaluation program of the Data Evaluation Pack software

8
I i

05 min / tic 8 . 4
I I ,

10.1 .05 min,tic 10 .•

Cb)

I i I t I , i • I , • ii, Ii, I I , I , i , ,

7·9 0.05 min/i:ic 8.67 14.85 0.1 min/tic 16.-3

Fig. 3. Signal plots at 230 nm (SI), 254 nm (S2) and ratio plots (SI/S2) for OS3(CO)ldP(C6 FshJ (1) and
OS3(COho[P(C6 Fshh (Il)'under (a) reversed-phase and (b) normal-phase conditions.
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Fig. 4. Overlays of spectra at (I) upslope, (2) apex and (3) downslope for reversed-phase separation of
OS3(CO) 11 [P(C6 F shl (I) OS3(CO)1 o[P(C6 F5)3h (II) and OS3(CO)12 (III).

of the HP 858 computer. Comparisons of the spectra thus obtained with the individual
spectra of the five compounds which were determined separately on a Perkin-Elmer
Lambda-9 spectrophotometer established unequivocally the identities of the observed
chromatographic peaks as given in Figs. 1 and 2.

Further, the purity of each of the chromatographic peaks was verified through
determinations of (a) the ratios of the heights of a chromatographic peak monitored at
two or more wavelengths and (b) the overlay of the absorption spectra at three
different points (upslope, apex and downslope) of each peak. For a pure chromato
graphic peak, the ratio of two signals across a peak elution profile should remain fairly
constant. Some typical ratio plots and plots of spectral overlays of selected
chromatographic peaks are given in Figs. 3 and 4. Using these methods, each of the
chromatographic peaks in the reversed-phase separation was found to correspond to
a single osmium cluster. For the normal-phase separation, peaks corresponding to I, II
and V are pure whereas the peak due to the overlap of III and IV is characterized by
a varying ratio plot and also an ill-matched spectral overlay.
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Many of the insect sex pheromones that have been identified are linear aliphatic
alcohols, aldehydes or acetates, with a chain length of 12-18 carbon atoms and one or
two olefinic linkages. If synthetic pheromones are to be used in pest management,
a precise knowledge of their isomeric purity is required because their biological activity
depends on the stereochemistry of the product synthesized.

Various techniques may be used for the determination of the geometric isomers
of insect sex pheromones. The analytical and semi-preparative separations were
performed on silver nitrate-coated silica gel on thin-layer plates or in columns [1].
However, none of these methods was convenient or accurate enough for the detection
of isomeric impurity.

There have been several reports on the use of high-performance liquid
chromatographic (HPLC) columns with silver nitrate-coated silica. HPLC of the
olefinic pheromones on silver nitrate-coated silica gel with benzene as mobile phase has
been described [2]. Another approach was the use of silver nitrate-containing
isopropanol as the mobile phase and LiChrosorb RP-8 reversed stationary phase for
the HPLC separation ofaliphatic unsaturated pheromones [3]. Houx and Voerman [4]
reported the HPLC ofacetates ofolefinic long-chain alcohols at moderate pressures on
a silicagel-based, strongly acidic ion exchanger loaded with silver ions and using
methanol as mobile phase. A practical, reproducible procedure developed to prepare
analytical and preparative silver nitrate-coated silica columns for the separation of
geometric isomers of pheromones with one and two double bonds was described by
Heath et at. [5]. Heath and Sonnet [6] developed a method for the in situ coating of
silver nitrate onto silica gel in HPLC columns. and effectively separated a series of

a Presented at the 11th International Symposium on Biomedical Applications of Chromatography and
Electrophoresis, Tallin, April 24-28th 1990.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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geometric isomers. However, HPLC currently suffers from a lack of detection
sensitivity, which precludes its use to submicrogram levels for the identification of
natural pheromones.

The development of high-polarity stationary phases has made possible the
analysis of isomeric pheromones on packed gas chromatographic (GC) columns [7].
However, the resolution of the isomers of conjugated dienes on packed columns is not
good. Many investigators have made use of capillary columns with diethylene glycol
succinate [8-12], I,2,3-tris(fl-cyanethoxy)propane [13] or cyanopropylsiloxane [14] for
the determination of the geometric and positional isomers of mono- and diunsaturated
alcohols and their derivatives. However, it is difficult to obtain high-efficiency
capillary columns with polar stationary phases, which are necessary to obtain
satisfactory resolution of the geometric isomers of many known pheromones.

Recently many workers have used liquid crystals as GC stationary phases which
exhibit unique selectivity towards geometric isomers. A smectic liquid crystal, diethyl
4,4'-azoxydicinnamate, was reported [IS] as a GC stationary phase for the rapid and
efficient analysis of mono- and diunsaturated conjugated long-chain acetates and
aldehydes, which have previously only been separated on capillary GC columns, and
also some pheromone isomers which have not yet been separated even by this method.
A packed GC column was used. However, this liquid crystalline phase was unsuitable
for the direct determination of the corresponding alcohols. The nematic liquid crystal
4-(p-methoxycinnamyloxy)-4'-methoxyazobenzene has been found [16] to exhibit
similar chromatographic properties to the above smectic liquid crystal, but it allowed
the direct chromatography of alcohols.

Several reports have been published [12,17,18] concerning the use of cholesteric
liquid crystals that showed potential as stationary phases in the separation of aliphatic
insect pheromone geometric isomers by capillary Gc. The unique resolving power of
the liquid crystalline stationary phase was coupled with the high efficiency of the
capillary column.

Interest in liquid crystals is increasing because of their unique abilities in the
separation and analysis of many mixtures. In this work, an attempt was made to apply
liquid crystals containing benzene rings as stationary phases for the separation of trans
and cis isomers of aliphatic acetates with 10-13 carbon atoms and one and two
unsaturated bonds and to establish their chromatographic properties in detail.

EXPERIMENTAL

The liquid crystalline stationary phases tested have the following formulae:

I C4H 9COo-p-C6H4-N= N-P-C6H4-eHzCHz-p-C6H4-N=N-p-C6H4-eOOC4H9

165°C(S)-184°C(N)-303°C(I)

II C 7H lS-P-C6H4-P-C6HcCOO-P-C6HcP-C6HcCN
122°C(S)-143°C(N)-300°C (I)

III CzHSO-p-C6H4-CH = CHCOO-p-C6H c N = N-p-C6H c C4H 9

134°C(N)-285°C (I)
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IV C7H1S0-P-C6HcCOO-P-C6HcOOC-P-C6HcOC7H1S
120°CCN)-195°C (I)

The liquid crystals I, II and III were obtained from the Institute of Chemistry,
Military Technical Academy (Warsaw, Poland) and IV from Reakhim (U.S.S.R.).
Stationary phase I melts at 165°C and is converted into the smectic phase; the
transition to the nematic phase takes place at 184°C and to the isotropic liquid at
303°C. Liquid crystals III and IV have only a nematic mesophase, ranging from 134 to
285°C and from 120 to 195°C, respectively.

The liquid crystalline stationary phases I, II and III were deposited on
Chromosorb W AW DMCS (80-100 mesh) (Applied Science Labs., State Col1ege, PA,
U.S.A.) and IV on Chromaton N-Super (0.125-0.16 mm) (Chemapol, Prague,
Czechoslovakia) from chloroform solution by evaporation of the solvent in a rotary
vacuum evaporator. The packings were then dried and screened. Glass columns of
3 mm J.D. filled with packings prepared in this way were placed in the thermostat of
a Tswet Model 100 gas chromatograph (U.S.S.R.) equipped with a flame ionization
detector. The temperature of the column was increased at 2°C/min and the carrier gas
(nitrogen) flow-rate was 20 ml/min. The columns were conditioned at 200°C for 7 h.
The characteristics of the prepared columns are given in Table J.

The stationary phases were tested at temperatures ranging from 200 to 100°C
during cooling of the columns. The highest temperature was limited by the thermal
stability of the liquid crystals.

Efficiency, selectivity and retention data tests were carried out using a mixture of
trans,cis- and cis,cis-7,9-dodecadienyl acetate. The retention times of the n-alkanes
were used for calculating the dead time and the retention indices of the geometric
isomers. The Kovats retention indices and efficiencies were calculated from generally
known equations.

The selectivities (r) of the liquid crystal1ine stationary phases were determined
from the dependence of the relative retention time and the Kovats retention indices of
trans,cis- and cis,cis-7,9-dodecadienyl acetate on temperature. The selectivity is equal
to the ratio of the adjusted retention time of cis,cis-7,9-dodecadienyl acetate to that of
trans,cis-7,9-dodecadienyl acetate (r = t~z/ tId.

The efficiency of the column was expressed in terms of the height equivalent to
a real plate (HERP).

TABLE I

CHARACTERISTICS OF THE COLUMNS

Column

I
2
3
4

Stationary
phase

I
II
III
IV

Amount of phase
on the support (%)

10.0
7.5
7.5
7.5

Column length
(m)

3
3
2
3
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Fig. 1. shows the dependence of the efficiency on temperature for columns 1-4.
Higher efficiencies are obtained for columns containing stationary phases IV, II and
III (0.51, 1.1 and 1.6 mm, respectively). It can be seen that the efficiencies are greatest at
the crystallization points of the liquid crystals and in the range of their transitions from
the mesophase to the solid state. The lowest efficiency is shown by the column 1, and is
distinctly lower than those of the other columns. Its efficiency is optimum over the
temperature range 190-200°C, which corresponds to the nematic phase of the liquid
crystal I.

The dependence of the Kovats retention indices for trans,cis- and cis,cis-7,9
dodecadienyl acetate on temperature for stationary phases I-IV is shown in Fig. 2.
These dependences for stationary phases I and IV are linear, corresponding to the
equation I = at + b. In these instances all the phase transitions are seen distinctly and
affect the values of the coefficients in the equation. The Kovats retention indices of
trans,cis and cis,cis isomers increase with increasing temperature and the difference
between the retention indices reached a maximum value of 33 units at 200°C for liquid
crystal1. The Kovats retention indices of trans,cis- and cis,cis-7,9-dodecadienyl acetate
decrease with decreasing temperature in the nematic state of liquid crystal IV and rise
distinctly after its crystallization (I20°C). The difference between the retention indices
of isomers is 19 units on supercooling and transition of the stationary phase to the solid
state. The Kovats retention indices of the isomers decrease insignificantly with
a decrease in temperature from 200 to 120°C in the nematic and smectic ranges of
liquid crystal II and decrease distinctly when the stationary phase adopts the solid
state. The maximum difference between the Kovats retention indices of cis,cis- and
trans,cis-7,9-dodecadienyl acetate (38 units) is observed with stationary phase III. In
this instance the transition from the nematic phase to the solid state is not observed.
However, the greatest difference between the Kovats retention indices of the cis,cis and
trans,cis isomers (59 units) is achieved for this stationary phase at 200°C.

nun

14
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Q~
10

8 \6 c

4
~-a

2 Q-a-a~
A-A-
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Fig. 1. Temperature dependence of the real plate height for phases (0) I, (6) II, (D) III and (0) IV.
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Fig. 2. Temperature dependence of the Kovats retention indices of Irans,cis-(solid lines) and cis,cis-7,9
dodecadienyl acetate (dashed lines) on phases (0) I, (6) II, (0) III and (0) IV.
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Fig. 3. Temperature dependence of the relative retention times of cis,cis- and Irans,cis-7,9-dodecadienyl
acetate on phases (0)'1, (6) II, (0) III and (0) IV.
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Fig. 4. Separation of the geometric isomers of the European grape vine moth pheromone on the liquid
crystalline stationary phases: (1) cis,trans-, (2) trans,cis, (3) cis,cis- and (4) trans,trans-7,9-dodecadienyl
acetate. (A) Column III, temperature l30a C; (B) column IV, temperature 160aC.

Fig. 3. shows variation of selectivity expressed as the logarithm of the relative
retention times of cis,cis- and trans,cis-7,9-dodecadienyl acetate with temperature. The
highest selectivity is obtained for the liquid crystalline stationary phase III. Phases I, II
and IV have lower selectivities than III. The plots differ considerably. The transition is
not observed for the liquid crystals III and IV.

The knowledge of the temperature dependence of the selectivity and efficiency
gave the possibility of establishing the optimum temperature conditions where the
column has the best separating properties with respect to the geometric isomers of the
compounds studied. Fig. 4 shows examples of such separations.

CONCLUSIONS

The results of these investigations show that the phases tested may find practical
application for the separation of the geometric isomers of aliphatic diunsaturated
conjugated acetates. Liquid crystal IV exhibits the best separation properties because
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a column containing this stationary phase has the highest efficiency. Attempts to
separate the geometric isomers ofacetates with one olefinic bond and with two olefinic
bonds separated by methylene groups were made on all the columns, but they failed.
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In Purex-type nuclear fuel reprocessing plants, dibutyl phosphate (DBP) is
mainly formed as a degradation product resulting from the deterioration of the
extractant, tributyl phosphate (TBP), in radiolytic and chemical processes [1-4]. The
so-called "red-oil" is known to be formed during evaporation of the solution
containing TBP under certain conditions [3,5]. It has been reported, on the other hand,
that the concentration ofDBP in the aqueous phase is of concern in the reformation of
the organic phase [6]. The rapid and sensitive determination of TBP and DBP is
therefore required in order to establish their concentrations in the aqueous phase of
reprocessing streams.

Gas chromatography (GC) may be most suitable method to determine rapidly
trace amounts oforganic compounds. Brodda and Merz [7], Ladrielle et al. [8] and Lee
and Ting [9] have reported the application of GC to the determination of DBP. Their
methods, however, require derivatization ofDBP by reactions such as esterification or
silylation prior to the GC determination because of the poor volatility of DBP. These
operations are so tedious and time consuming that they may not be appropriate for
rapid determinations.

Recently, it was found that OV-17 stationary phase coated on Tenax GC was
suitable for the direct determination ofdicarboxylic acids and hydroxycarboxylic acids
in their underivatized forms [10,11]. In this work, GC condition including column
packing materials such as stationary phase-coated Tenax GC were investigated for the
simultaneous determination ofTBP and DBP without the derivatization ofDBP. The
recovery ofTBP and DBP from the aqueous phase in reprocessing streams containing
fission products (FPs) or plutonium was also examined.

0021-9673/9[/$03.50 © 1991 Elsevier Science Publishers B.Y.
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EXPERIMENTAL

NOTES

Reagents
Standard aqueous solutions of TBP (100 ppm) and DBP (1000 ppm) were

prepared by dissolving TBP (> 97%) and DBP (> 95%) (Tokyo Kasei) in water. Other
reagents were of analytical-reagent grade.

Extraction of TBP and DBP
A 3-ml volume of sodium hydroxide solution (10%) was added to 5 ml of the

aqueous solution containing the FP elements (ca. 50 g/I, 2 M nitric acid). After the
precipitate had been removed by filtration, the acidity of the supernatant was made
3 M in nitric acid. TBP and DBP contained in the supernatant were extracted by
vigorous shaking with chloroform (I: I, v/v) for a few minutes. For the solutions from
the aqueous product streams of plutonium, 2 ml of sodium hydroxide solution (30%)
were added to 5 ml of the sample solution containing 50-100 mg of plutonium (I
M nitric acid) in order to precipitate the plutonium. The other operations were as
already described. AIl operations were carried out in a glove-box or in a radioactively
shielded space (hot cave).

Gas chromatography
A Shimadzu Model GC-14A gas chromatograph equipped with a hydrogen

flame ionization detector and a flame photometric detector and a Chromatopac
C-R4A data procesor were used. A 1.0 m x 2.6 mm J.D. glass column was packed with
5% OV-IOI, 5% OV-l 7 or 5% OV-25, and 0.5 and 1.0 m x 2.6 mm J.D. columns with
I % PEG-20M. Tenax GC (80-100 mesh) was employed as a solid support. A solution
coating technique [10] was used for the preparation of the packing and column
conditioning was carried out for 10 h in a stream of nitrogen carrier gas at 260°C for
PEG-20M and at 270°C for the other packings. The operating conditions were as
foIlows: column temperature, 220°C, injection port and detector temperatures, 300°C;
and carrier gas flow-rate, 50 ml/min. Certain amounts of TBP and DBP dissolved in
n-hexane or chloroform were injected into the column with a l-,ul syringe.

RESULTS AND DISCUSSION

Comparison of columns
Table I gives the numbers of theoretical plates and the separation factors of

TBP/DBP in different columns. The separation factors obtained suggest that only
OV-17 and PEG-20M are suitable for the simultaneous determination of TBP and
DBP. Table I also indicates that the number of theoretical plates for TBP with OV-17
was greater than that with PEG-20M, whereas that for DBP with PEG-20M was
greater than that with OV-17. The retention times ofTBP and DBP with PEG-20M
were 3.61 and 13.44 min, respectively, whereas those with OV-17 were 5.27 and 2.47
min, respectively. This implies a reverse order of elution ofTBP and DBP in the two
columns. The sensitivities ofDBP relative to TBP were 0.035 and 0.128 with OV-17
and PEG-20M, respectively. It can be concluded that the PEG-20M column is the most
appropriate for the simultaneous determination of TBP and DBP.
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TABLE I

NUMBERS OF THEORETICAL PLATES AND SEPARATION FACTORS

a TBP and DBP were not separated.
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Determination oj' TBP and DBP
The limits of determination of TBP and OBP with flame ionization detection

(FlO) were 1 and 5 ng, respectively, while those with flame photometric detection
(FPO) were 0.2 and I ng, respectively. It was found that the FlO response was
consistently linear over a wide range up to 104 ng of both TBP and OBP, whereas the
FPO response showed linearity within narrower ranges, between 0.2 and 103 ng for
TBP and between I and 102 ng for OBP. The determination of OBP with FPO,
however, can give a reproducible quadratic curve with a range of 103

, which is
sufficient for the practical requirements for OBP determinations. The relative
standard deviations for seven replicate measurements of TBP and OBP were,
respectively, 4.1 % at 10 ng and 5.3% at 50 ng when FlO was employed, whereas those
with FPO were 3.2% at 10 ng and 5.2% at 50 ng. Fig. I shows a typical chromatogram
obtained with a I.O-m PEG-20M column.
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Fig. I. SeparationsofTBP and DBP. Column: 1% PEG-20M on Tenax GC (1.0 m x 2.6 mm 1.D.); column
temperature, 220°C; injection port temperature, 300°C; detector temperature, 300°C; carrier gas flow-rate,
nitrogen 50 ml/min; hydrogen, 0.6 kg/cm 2

; air, 0.5 kg/cm2 Peaks: 1 = TBP (10 ng); 2 = DBP (50 ng).
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TABLE II

DETERMINATION OF TBP AND DBP RECOVERED FROM PRACTICAL SAMPLES

NOTES

Sample TBP TBP DBP DBP
added (ppm) found (ppm)" added (ppm) found (ppm)"

HALWb
" (ca. 50 g FPsjl 100 94 ± 5 100 90 ± 5

2 M HN03)

Plutonium nitrate' (30 gjl, 100 93 ± 5 100 86 ± 7
2 M HN03)

a Mean ± average deviation for five results.
b HALW = highly active liquid waste.
, TBP and DBP levels originally present in the solutions were negligible.

Recovery of TBP and DBP from aqueous solutions
Previous studies suggested that the separation of DBP from TBP with

chloroform was satisfactory after DBP had been back-extracted into the aqueous
phase [9]. This implies that TBP and DBP dissolved in an aqueous phase may be
simultaneously extracted with chloroform with high recovery. The recoveries ofTBP
and DBP in nitric acid solutions with a wide range of concentrations (1-6 M) were
examined by the procedure given. The average recoveries for TBP and DBP within the
above range were 96 ± 3% and 92 ± 6%, respectively. It was observed in the solutions
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Fig. 2. Gas chromatograms of TBP and DBP recovered from practical samples. TBP and DBP were
recovered from standard TBP- and DBP-added samples ofHALW (I, II) and plutonium nitrate (III, IV). (I)
I = TBP(20 ppm), 2 = DBP 100(ppm); (II) I = TBP (10 ppm), 2 = DBP(50 ppm); (III) I = TBP (30 ppm),
2 = DBP (150 ppm); (IV) I = TBP (15 ppm), 2 = DBP (75 ppm). Column, I% PEG-20M on Tenax GC (1.0
m x 2.6 mm 1.0.). Conditions as in Fig. I.
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from the reprocessing streams that a large portion of DBP, mainly generated as
a radioactive degradation product or as a hydrolysis product of TBP, was converted
into a precipitate of DBP metal complexes. This type of precipitate could also be
a source of the third phase [6] during evaporation. Therefore, it is important to
determine DBP contained in both the supernatant and the precipitate. The recoveries
ofTBP and DBP were examined in solutions including FP elements. It was confirmed
that more than 95% and 86% of TBP (l00 ppm) and DBP (500 ppm), respectively,
were recovered from solutions including 500 ppm of Fe, Zr, Ru, Cr, Y, Se, Sr, Mo, Pd,
Ag, Cs, La, Ce, Sm, Eu, Gd, Ni, Cd, Rb, Nd and Ba. This implies that good recoveries
of not only TBP and DBP freely contained in aqueous solutions but also DBP
contained in the precipitate of DBP metal complexes from the solutions containing
various metal ions can be achieved using the proposed procedures. The results suggest
that DBP present in a precipitate as a complex may be converted into free DBP by
making the solutions alkaline.

Determination of TBP and DBP in practical samples
The accuracy of the method was examined by analysing practical samples to

which known amounts ofTBP and DBP had been added. The results are given in Table
II. The values found agreed well with the amounts added. Fig. 2 shows the
chromatograms of TBP and DBP including a precipitate recovered from a practical
samples. The times required for one determination of TBP and DBP in aqueous
solutions from highly radioactive liquid waste streams and plutonium streams were ca.
I hand 40 min, respectively. It is concluded that TBP and DBP in the aqueous phase of
reprocessing streams can be determined by GC without any interferences.

REFERENCES

General Electric Co., USAEC Report, HW-31000, Hanford Atomic Products Operation, Richland,
WA, 1955.

2 L. L. Burger and E. D. McClanahan, Jr., USAEC Report, HW-52943, Hanford Atomic Products
Operation. Richland. WA, [957.

3 M. Benedict, T. H. Pigford and H. W. Levi, Nuclear Chemical Engineering, McGraw-Hili, New York,
1981, Ch. 10, p. 511.

4 T. H. Siddall, in J. F. Flagg (Editor), Solvent Extraction Processes Based on TBP in Chemical Processing
of Reactor Fuels, Academic Press, New York, 1961, Ch. 5.

5 R. M. Wagner, USAEC Report, HW-27492, Hanford Atomic Products Operation, Richland, WA, 1953.
6 R. Becker, L. Stieglitz, H. Bautz and R. Will, KFK3983, Kernforschungszentrum. Karlsruhe, 1985.
7 B. G. Brodda and E. Merz, Fresenius' Z. Anal. Chem., 273 (1973) 113.
8 T. Ladrielle, P. Wannet and D. 1. Aspers, Radiochem. Radioanal. Lett., 59 (1983) 355.
9 Y. Lee and G. Ting, Anal. Chim. Acta, lO6 (1979) 373.

10 M. Matsui and T. Kitsuwa, Bunseki Kagaku, 37 (1988) 63.
II M. Matsui, J. Food Hyg. Soc. Jpn., 27 (1986) 212.



Journal of Chromatography, 537 (1991) 494-496
Elsevier Science Publishers B.V., Amsterdam

CHROM. 22788

Note

Localization of amino acids on thin-layer chromatograms
with acetylacetone-formaldehyde reagent
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Various reagents have been suggested for revealing amino acids on thin-layer
chromatogram [1]. Some of these are specific whereas others give coloured spots with
most amino acids.

Although ninhydrin comes closest to the ideal detection agent, showing reac
tivity and sensitivity towards most amino acids, the colour formed is unstable [2,3]. It
gives a faint yellow colour with proline and hydroxyproline [1,4]. Only under con
trolled conditions of pH and temperature and in the presence of organic solvents
having maximum water content does the colour intensity approach 100% [5,6]. It was
therefore, considered of interest to develop a new reagent for the localization of
amino acids on thin-layer chromatographic (TLC) plates.

It was reported earlier that primary amines react with acetylacetone-formalde
hyde reagent to produce yellow products in aqueous medium [7]. This observation
has been utilized to detect the amino acids on thin-layer chromatograms.

EXPERIMENTAL

Glass plates (lOx 20 cm) were coated with an aqueous slurry of silica gel [BDH,
Glaxo Laboratories (India)] using a Desaga spreader. The plates were dried in an
oven at 105 ± 2°C for 30 min.

Reagent
Formaldehyde [37% (w/v); 15.0 ml] was mixed with freshly distilled acetylace

tone (7.8 m!) and diluted to 100 ml with acetate buffer solution (pH 4.7) [8]. A freshly
prepared reagent solution was used.

Standard solution of amino acids
Amino acids (0.1 mmol) were weighed accurately and dissolved in and diluted

to 100 ml with water. A freshly prepared solution was used.

0021-9673(91($03.50 © 1991 Elsevier Science Publishers B.V.
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TABLE I

DETECTION OF AMINO ACIDS ON A TLC PLATE WITH ACETYLACETONE-FORMALDE
HYDE REAGENT

Amino acid

Glycine
L-Lysine.HCl
L-Arginine.HCI
L-Tyrosine
L-Leucine
DL-Isoleucine
DL-Valine
DL-Scrine
L-Cystine
L-Glutamic acid
DL-Methionine
L-Histidine.HCI
DL-Tryptophan
DL-Alanine
DL-Threonine
L-Ornithine·HCl
Hydroxyproline
L-Aspartic acid
L-Asparagine
L-Proline

Detection limit (10- 4 mmol)

Proposed reagent Ninhydrin reagent [I]

Visible UV
light light

1.3 0.26 0.13
1.6 0.27 0.27
2.3 0.47 0.47
5.5 0.55 1.6
2.2 0.60 0.76
6.0 0.68
6.8 0.76 0.85
4.7 0.95 0.76
2.0 1.2
2.7 1.3 2.7
3.3 1.3 0.67
3.1 I.5 2.6
9.7 1.9 2.4
6.7 2.2 1.0
4.1 2.5 4.1

17.0 2.9
7.6 3.0 3.8

15.0 6.0 7.5
22.0 6.0 7.5
26.0 6.9 8.6

Thin-layer chromatogram
Appropriately diluted standard amino acid solution (10.0 Ill) was spotted on the

plate. After evaporation of solvent, it was developed with n-butanol-acetic acid
water (40:5:7) [9] and dried at room temperature. The plate was sprayed evenly with
the reagent solution and heated in an oven at 100 ± 2°C for 10 min. The spots were
examined under both visible and UV light (UVK-125-254). The results are recorded
in Table I.

RESULTS AND DISCUSSION

The proposed reagent gives well defined, stable, yellow spots with all the amino
acids. The spots are more easily detected under UV than visible light. The limit of
detection of amino acids was found to be in the range 0.26 . 10- 4 - 6.9 . 10- 4 mmol
and 1.3 . 10- 4

- 26· 10- 4 mmol amino acid under UV and visible light, respectively.
The sensitivity of the reagent was compared with that of ninhydrin reagent [1]

(Table 1). The reactivity of the proposed reagent with tyrosine, leucine, valine, glu
tamic acid, histidine, tryptophan, threonine, proline, hydroxyproline, asparagine and
aspartic acid is distinctly superior to that of ninhydrin.
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A study of the effect of pH on reaction showed that the maximum colour yield
is obtained at pH 4.7.

The effect of temperature on rate of colour development was studied. The
colour intensity increased with increase in temperature. Heating of the TLC plate
(after spraying with the reagent) at 100 ± 2°C for 10 min was found to be most
suitable. The spot was remained stable for more than 24 h.

In the proposed procedure, amino acids seem to react with acetylacetone-for
maldehyde reagent to form N-substituted 3,5-diacetyl-I,4-dihydrolutidine, which
gives a yellow colour in visible light and fluorescence under UV light.

The reagent is also applicable to the detection of small peptides. The product is
suitable for their densitometric determination.
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Letter to the Editor

Pitfalls in the choice of isotherms for the calculation of band
profiles in preparative chromatography

Sir,

The last years have brought significant advances in the theory of non-linear
chromatography and, especially, in the prediction of the individual elution band
profiles in preparative liquid chromatography by computer simulation [1-9]. With the
increasing power of computers, accurate approximations have become possible. Some
of the various finite difference algorithms that can be used for the correct simulation of
chromatograms have been discussed recently [10]. These algorithms are procedures of
propagating the chromatographic signal through a grid of time and space coordinates.
Except at very low column efficiencies (number of theoretical plates, N < 1000) they
all give nearly identical band profiles. The central part of any of these simulation
methods is the calculation of the fraction of the sample molecules that has to be
propagated, using the proper distribution isotherm (mostly, competitive Langmuir
isotherms are chosen for lack of a better equation). Of these methods, the Craig model
appears as a particular case that requires that this equilibration be done by iterations at
each step along the grid [10]. For this reason, the implementation of a Craig model is
bound to consume much longer computing times than other methods that do not
require this iterative calculation [11-13].

Attempts have been made at eliminating the time consuming equilibration step
of the Craig model [2,14-16]. In a recent publication, an algorithm has been proposed
that replaces the two-component competitive Langmuir isotherm with a new
numerical approximation [17]. This algorithm is claimed to be "accurate to within
± 10% for a wide range of sample concentrations and sample k' values" (k' = capacity
factor) [17]. Indeed, many of the peak shapes shown in this work resemble those found
in experimental preparative chromatography [18,19] and those obtained in band
profile calculations by other groups [3,5-8,10]. Surprisingly, however, at high sample
loads, the formation of double peaks is predicted. According to the literature, this
should not be possible with a monotonically curved isotherm [20,21], such as the
Langmuir isotherm. So far, to the best of our knowledge, it has never been reported to
have occurred in any experiment.

Furthermore, the authors report [17,22] that the retention times predicted with
their method agree poorly with their experimental data or with the results of
calculations we have published [3,6,7,12]. They tried to circumvent this consistent
disagreement by using an empirical factor with which they multiply the sample size (or
the injection concentration). Agreement is then claimed between experimental results

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.
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and the results of the calculations performed with the "corrected" sample load. The
value of the correction factor is given as intermediate between 1.5 and 1.8 [17,22].

In our own work, we have always observed an excellent agreement between
experimental band profiles and the results of the simulations when they were carried
out using the equilibrium isotherms determined on the same column [23-26]. Thus, the
unexpected peak profiles presented in ref. 17 deserved some investigation. We have
also noticed that the individual elution band profiles are sensitive to minor changes in
the isotherms. As we report here, the exact nature of the isotherms used [17] is the cause
for the questionable results. Since the published procedure. (Appendix, ref. 17)
contains some inconsistencies and typographical errors, we give the version we used in
Appendix I, with the list ofchanges made to the published program [17]. Judging by the
excellent agreement between our results and those published, the program in Appendix
I is a very close match to what the authors of ref. 17 have used.

PROCEDURE AND EXPERIMENTAL CONFIGURATION

Langmuir isotherm
In Craig simulations, the total amount of a sample component in one column

plate must be distributed between the stationary and the mobile phases according to its
equilibrium isotherm. Then, the fraction in the mobile phase moves forward to the next
plate, whereas the fraction in the stationary phase stays behind and is equilibrated with
the mobile phase coming from the preceding plate. Thus, it is necessary to calculate
both equilibrium concentrations from the total amount of each component contained
in the plate.

For the lack of a better model, the most commonly used isotherm in liquid-solid
chromatography is the competitive Langmuir isotherm:

q; =---n--

+ I bjCj
j=l

(I)

where q; and Ci are the local equilibrium concentrations of the compound i in the
stationary and the mobile phases, respectively, and ai and b; are coefficients the
numerical values of which are characteristic of the compound i and the phase system
and determine the saturation capacity of the column.

The Langmuir competitive isotherm is a convenient first order approximation
the most serious inconvenient of which is not to satisfy the Gibbs-Duhem equation,
unless the column saturation capacities, aJb;, are the same for the two components.
There are some possibilities to correct for this drawback [27]. Experimental results
show reasonably good agreement with profiles calculated using a competitive
Langmuir isotherm model [25].

For the calculation of chromatographic profiles, it is necessary to keep track of
the amounts of each compound, rather than of concentrations. Thus, it is convenient
to report both amounts in the same units. The amount in the stationary phase is also
divided by the volume ofmobile phase in one plate. Instead oftI1e a;, parameter, we use
the limiting retention factor at infinite dilution, k'o.i:

I k'o,;Ci

q; = I + IbjCj
(2)
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This allows us the use of the same numerical values, whether we discuss compound
amounts as in ref. 17 (ws, wm) or their concentrations (q, C).

When there is only one component, eqn. 1can be rearranged and solved in closed
form for C. For a multi-component mixture, there are no closed form solutions giving
the mobile phase concentrations as functions of the total amount of each component.
Nevertheless, it is straightforward to calculate the numerical solution by an iterative
approximation such as the following one. If the above definition of the stationary
phase concentrations is followed, the amounts in either phase are proportional to the
quantities Cor q', respectively. The total amount of a component in one cell divided by
the volume of the mobile phase in this cell then corresponds to the sum of the amounts
of the component i in the two phases contained in this cell:

(3)

For the two components, X and Y, we have:

k'o.xCxq'x = Tx - Cx = ----------
1 + bxCx + byCy

and

k'o,yCy
q'y = T y - Cy - ----'-'-"---"----

1 + bxCx + byCy
(4)

The total amounts, Tx and Ty , of the two components in the cell considered are
known. Eqns. 4, then, have to be solved for the two mobile phase concentrations, Cx
and Cy . We can consider the denominator in eqn. 4 as a correction factor and solve for
C in the numerator (see Appendix II). After each iteration step, the value of the
denominator is updated, using the new values of the concentrations C. When the
difference between two successive values of the two concentrations drops below
1 . 10-10 , the approximation is considered as satisfactory and the resulting
concentrations are used in the propagation step. This procedure has proven to be very
robust and converges rapidly.

Isotherm parameters
According to the Appendix of ref. 17, "in a Langmuir type system [...J

a one-stage equilibrium is assumed, having a mobile phase volume of 1.0 ml and
a stationary phase capacity of 0.1 g of sample'': For a 400-plate system, the dead
volume is 400 ml and the saturation capacity is 40 g. In order to inject an amount of
20% of the column saturation capacity for one of the two components of the mixture,
we need a sample solution containing 8 g of each component for 1 ml of mobile phase
(the content of one plate). This is quite unrealistic, but the injection had to be carried
out during one cycle time in order to duplicate the published results. For a more
realistic simulation, the injection should last several cycle times and its profile should
mirror the experimental injection profile. In our computations, we have chosen a 10 em
long column and a mobile phase velocity of 0.1 cmls, which gives a cycle time of
LIt = 0.25 s. The space increment along the column is LIz = 0.025 em.
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The Langmuir parameters, bi, can be calculated from the relationship:

k~,i = 01
b· .

I

(5)

The values of the various input parameters used are presented in Table I. Note that the
values of bi are not used in the computation method described in ref. 17.

Computation times
The execution times for three simulation runs carried out with different loads are

given in Table II. They are reported as the times required for the completion of one
band propagation step, including the equilibration in one Craig plate. The equilibra
tion according to the procedure described in the previous section needs an average of
five iterations to converge to a concentration difference of l' 10-1°. This may take up
to 15 iterations in the vicinity of steep concentration gradients, i.e., for the band fronts.
The explicit isotherm from ref. 17 avoids these iterations but requires two expo
nentiations at low sample loads or one square root at high loads. On the machine
language level, both these operations require rather complex manipulations. The end
result is that there is no clear computational advantage in using the isotherm of ref. 17.
Depending on the computer used (VAX or PC with different processors), it may be
either somewhat slower or slightly faster than the iteration procedure.

RESULTS AND DISCUSSION

The most striking feature of the isotherm of ref. 17 is the concentration
discontinuity observed for a sample amount of 0.175 units (wmax for k x = 1). At low
concentrations, the isotherm agrees quite closely with the corresponding competitive
Langmuir isotherm (eqn. 1). When the cumulative load of both components in one
Craig stage exceeds this threshold amount, the algorithm follows a distribution law
that is completely different from the one used at lower total loads. The two branches of

TABLE I

PARAMETERS USED IN THE COMPUTER SIMULATIONS

Numerical simulation of band propagation in non-linear chromatography

(I) Input profiles (for a load of 2 x 20% of saturation):
Calculation I: concentration 8.00 during 0.25 s
Calculation 2: concentration 8.00 during 0.25 s

(2) Column: column length
linear velocity
height equivalent to a theoretical plate for k' = 00

(3) Retention at low load, isotherm data:
Calculation I: 200.0 s k' = 1.0 b = 10.00
Calculation 2: 270.0 s k' = 1.7 b = 17.00

(4) Craig simulation:
grid spacing [10] LIz = 0.025000 cm LIt = 0.250000 s

10 cm
0.10 cm/s
250 pm (400 plates)

The sample sizes are given as loading factors, i.e. fractional column saturations.
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TABLE II

EXECUTION TIMES ON DEC VAX 6000-440: TIME NEEDED FOR ONE EQUILIBRATION
FOLLOWED BY A PROPAGATION STEP. 400 CRAIG STAGES, k' = 1.0 and 1.7.

Load Ref. 17 Langmuir Difference

2 x 2.5% of capacity 60 JiS 42 JiS +30%
2 x 20% of capacity 60 JiS 59 Jis +2%
2 x 30% of capacity 57 liS 62 JiS -8%

the isotherm do not even link up at this point (Fig. I). As a result, the concentrations of
the two components in both phases change abruptly. As the concentration in one
phase increases, the concentration in the other phase decreases by the corresponding
amount. This property is illustrated in Fig. I which shows, for one component, the
amount adsorbed in the stationary phase of one stage versus the total amount in both
phases. This discontinuity is disconcerting and makes no physical sense.

The objective ofintroducing the upper part of the isotherm seems to have been to
force complete saturation of the stationary phase at all sample loads above the
threshold. When only one component is present, the concentration in the stationary
phase is set equal to the saturation limit. For a binary mixture (Fig. I), the numerical
value of a complicated function (Appendix I) determines the relative amount supplied
by each component to complete stationary phase loading. The amounts in the mobile
phase are calculated as the leftovers of this process.
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Fig. 1. Distribution isotherm of the first component ofa binary system calculated according to the procedure
described in ref. 17 and comparison with Langmuir isotherm. Plot of the amount of first component in the
stationary phase versus the total amount of component 1 in the system (solid line). Langmuir isotherm in
dotted lines. Amount of component 2 constant (Wy = 0.10 g/ml).
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This choice of a constant equilibrium concentration at all high mobile phase
concentrations is rather unfortunate. According to thermodynamics, when the
concentration in one phase is changed, the equilibrium is restored by a proper change
in the other phase. This would be impossible if the concentration in one phase were
fixed. Therefore a saturation concentration can be only an asymptotic limit.

The effects of the isotherm shape on calculated band profiles are shown by the
example in Fig. 2. It compares the chromatograms calculated with isotherms obtained
using the algorithms in either Appendix I (solid lines) or Appendix II (true competitive
Langmuir isotherm, dotted lines). The "experimental conditions" for this simulation
are equivalent to those given in ref. 17 for Fig. 5e, to which the result must be
compared.

The chromatogram calculated following the iterative procedure (dotted Jines) is
in close qualitative agreement with experimental band profiles reported in earlier work
[23-26]. It exhibits the typical tag-along effect reported previously [3,6]. Due to the
strong blockage of the adsorbent surface by the molecules of the first component, the
front of the second component band moves much faster than its tail [28]. This
phenomenon leads to the formation of a plateau trailing behind the maximum of the
second band and often eroded into a shoulder by the finite kinetics of mass transfer
[6,28].

In contrast, the profiles produced by the discontinuous isotherm exhibit
a shoulder preceding the band maximum (Fig. 3e in ref. 17) or even a second peak (Fig.
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Fig. 2. Chromatograms calculated using the two isotherm calculation procedures described in the present
paper. Craig model program. Solid line: individual band profiles obtained with the discontinuous isotherm
calculated according to the procedure in ref. 17 (Appendix). Dotted line: individual band profiles obtained
with the Langmuir competitive isotherm calculated according to the procedure in Appendix II of this work.
Conditions: k'l = I, C( = 1.7, loading factors: L r•1 = L r.2

= 0.20,400 plates. Compare to Fig. 5e in ref. 17.
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Fig. 3. Chromatograms calculated using the two isotherm calculation procedures described in the present
paper. Craig model program. Solid line: individual band profiles obtained with the discontinuous isotherm,
calculated according to the procedure in ref. [7 (Appendix I). (a) Calculation made with the true sample
amount. (b) Calculation made with an adjusted sample size equal to 1.5 times the true sample amount.
Dotted line: individual band profiles obtained with the competitive Langmuir isotherm calculated according
to the iterative procedure in Appendix II, for the true sample amount (both in a and b). Conditions: k', = I,
()( = 1.7, L,.l = Lf.2 = O. [0, n, = 400 plates. Compare to Fig. 5d in ref. 17.

2, loading factor 20% for each component, separation factor, CI. = 1.7). The position of
the valley between the two peaks of the second band corresponds to the region at the
rear of the first band where the cumulative sample concentration drops suddenly below
the threshold level. Concurrently, the amount adsorbed falls from complete saturation
down to the values determined by the lower part of the isotherm (see Fig. 1). These
band shapes are not consistent with a monotonically curved isotherm.

Fig. 3a compares the chromatograms obtained with the two isotherms under the
same conditions as in Fig. 2 but with a lower sample size (loading factors = 10%).
Both chromatograms have band profiles that look quite reasonable, with almost
touching band separation. There is still a serious difference in the retention times
however. Both peaks calculated with the discontinuous isotherm (Fig. 3a, solid lines)
appear at higher retention times than expected (dotted lines). The explanation lies in
the shape of the isotherm. Whereas its lower part is virtually identical to the Langmuir
model, the higher part has a much higher fraction of the sample adsorbed.
Accordingly, the band fronts move more slowly than with asymptotic saturation
behavior and the retention times are too long.

The procedure selected to correct for this discrepancy tries to remedy the effects
of an incorrect isotherm by an adjustment of the sample size [17]. If the loading factor
for a given sample size is multiplied by an arbitrary factor, the bands elute faster [28].
Values between 1.5 and 1.8 are suggested for the correction factor [17,22]. As seen in
Fig. 3b, this approach is only moderately successful. Although the retention times of
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the first component band are about the same for the chromatogram calculated using
the true Langmuir isotherm (dotted lines same as in Fig. 3a) and the one calculated
with a correction factor of 1.5 using the discontinuous isotherm (solid lines), the band
profiles are markedly different. Of special importance is the fact that with the
Langmuir isotherm we come close to a touching band separation, whereas the
chromatogram simulated with the discontinuous isotherm and an adjusted sample size
(increased by 50%) exhibits a much poorer resolution. When a correction factor of 1.8
is used, the agreement between the two procedures is still worse. This shows that the
use of a fixed correction factor cannot permit the calculation of consistently correct
retention times or peak profiles. It cannot be trusted either in the derivation of the
correct sample size that would allow touching band separations (Fig. 3b), as is the aim
of the CRAIG4 subprogram and software packages built around it [29].

CONCLUSION

In this paper we have shown that it may be both unnecessary and risky to replace
an implicit function (the competitive Langmuir isotherm) by an explicit approxima
tion. The approximation proposed in a recent paper [17] does not help to save
computation time. Instead, it introduces a discontinuity in the equilibrium concen
trations, which renders the isotherm meaningless and leads to incorrect and rather
unusual peak shapes. If a Langmuir isotherm has been chosen to represent the
experimental results, an iterative solution is to be preferred.
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APPENDIX I

Procedure to calculate equilibrium concentrations

Isotherm of ref 17 ({or symbols see ref 17):
Calculate once, outside loop:

a = ky/k x --+ \/~
A = - (a - 1)
Dx = 0.5/kx + 0.7 k~·37

Dy = 0.5/ky + 0.7 k~·37

ex = 0.62 IODx k;0.4

Cy = 0.62 10Dy k; 0.4

Wmax = 0.175 - 0.013 log kx

Calculate inside loop for every plate at every time: (wx and w y are the amounts
of X and Y in that plate)
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Wtot = Wx + wy

if W tot > Wmax:
Q W tot - 0.1
B Wx (a - I) + 0.1 + a Q
C - Wx a Q
W xm [- B + (B2

- 4 AC)t]/2 A
wxs . W x - W xm

wys = 0.1 - Wxs

wym = wy - wys
(if only one compound is present, Wxs or wys = 0.1)

if Wtot ~ Wmax:
Jx W x + wy.Ja
Jy wy + wxl.Ja
Rx (Ilk.) + CJ~x

Ry (Ilk y) + CyJ~y

W ws wx/(l + Rx)
W xm W x - W xs
wys wy/(1 + Ry)
wym Wy - wys

505

(Note I)

(Note 2)

(Note 3)
(Note 3)

Changes versus the original version 01' ref 17
Note 1: original: B = [wx(a-I)] + O.laQ
Using the product O.laQ can lead the program to take the square root of

a negative value.
Note 2: original: for Wx = 0, wys = 0.1, wym = 0.1 - wy;

for wy = 0, W xs = 0.1, Wxm = 0.1 - Wx'
These instructions do not conserve mass.

Note 3: original: J x = Wx + (atwy)wy
Jy = wy + (a-twx)wx

The repetition of Wi is obviously an editing error.

APPENDIX II

Procedure to calculate equilibrium concentrations
Langmuir isotherm: for the purpose of this paper, the variables used below can

be equated with those from ref. 17 according to:

Tx = Wx

Cx = W xm

q~ = Wxs

The Langmuir parameter b is not used in ref. 17.
Calculate inside loop for every plate at every time:
iterative approximation:
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denominator = 1 + bx ex + by Cy
Cx Tx/(l + kx/denominator)
Cy = Ty/(l + ky/denominator)

repeat until convergence (typically five times)

Department of Chemistry, University of Tennessee,
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Letter to the Editor

Pitfalls in the choice of isotherms for the calculation of band
profiles in preparative chromatography

A reply

Sir,
Czok and Guiochon in the preceding paper [1] have called into question our

program (CRAIG4) [2] for the computer simulation of separations by preparative
high-performance liquid chromatography (HPLC). Since a substantial body of work
reported by us is directly [2-5] or indirectly [6,7]" based on these computer simulations,
the validity of conclusions derived from this work [2-7] is similarly brought into
question. Three major points have been raised by Czok and Guiochon:

(I) The approximate isotherm used in CRAIG4 is unnecessary; an exact
isotherm can be used with no sacrifice in computation time.

(2) The CRAIG4 isotherm is physically meaningless and yields incorrect
predictions of separation.

(3) Conclusions derived from the use of CRAIG4 " ... cannot be trusted ...",
specifically for the BIOPREP program described in ref. 8.

In the present paper we will respond to each of these issues.

DISCUSSION

(1) Approximate vs. exact isotherms for use in computer simulation
It is stated in ref. 1 that the Craig (or other) models of preparative HPLC require

comparable computation time, regardless of whether an exact or our approximate
isotherm is used. This was not obvious (to us) at the time our computer simulation
studies began in 1984, but the data of Table II of ref. 1 provides a convincing
demonstration that this is in fact true. The comparable computation times for
simulations based on either approximate or exact isotherms was recently confirmed by
Poppe [9], and we now have no reason to doubt that this is the case.

Therefore we agree with ref. 1 that (in view of our present knowledge) there was
no advantage to our past use of approximate Langmuir isotherms for the computer
simulation of preparative HPLC, in place of exact solutions.

a The algorithm used for computer simulation in refs. 6, 7 is similar to that criticized in ref. I and thus
is subject to the same questions.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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(2) Accuracy of computer simulations based on the isotherm of ref 2
The authors of ref. 1have speculated on the rationale for our use of the isotherm

of ref. 2, since the only justification" given in ref. 2 was that" ... our algorithm has been
found to be accurate to within about ± 10% ...". In order to better appreciate the
reason for the apparent discrepancy between Fig. 1 of ref. 1 and the latter claim, the
basis of our approximate isotherm requires a further discussion (which should have
been given in ref. 2).

Origin of the isotherm of ref 2. The original reason for the development of
CRAIG4 was to simulate preparative HPLC under gradient elution conditions [3-5]
(its later application to isocratic systems [2] was an afterthought). Since gradient
separations involve mobile phases with a broad range ofsmall-sample capacity factors,
k' (ko), a two-solute isotherm was needed that would be applicable for (roughly)
1 < k o < 1000 and a wide range ofsample compositions (varying amounts of solutes X
and Y). The isotherm of ref. 2 was developed empirically to meet these conditions (see
discussion of Appendix), and several hundred comparisons were carried out between
the predictions of this isotherm and those for the exact Langmuir isotherm for
a two-component system. These comparisons indicated that the isotherm of ref. 2 was
indeed accurate within "about ± 10%", but we also observed somewhat larger errors
for k o < 3.

Upon seeing ref. 1, we re-examined the agreement between the approximate and
exact isotherms and confirmed the observations of Czok and Guiochon. The accuracy
of our isotherm may be better appreciated by comparing single-solute isotherms for
different values of k o, as in Fig. I. The isotherm discontinuity which is the basis of the
criticism presented in ref. 1 is clearly seen in each of these examples. However, this
discontinuity becomes progressively smaller for larger values of k o. For simulations of
preparative HPLC based on gradient elution, it appears to us that the effects of this
discontinuity will be small for solutes that are initially well retained (ko > 10). This is
confirmed by the good agreement between experimental and simulated chromato
grams for single-solute gradient elution [3].

Accuracy of CRAIG4 simulations. We were aware that the isotherm of ref. 2 is
only an approximation of the exact Langmuir isothermb

. However our goal in the
various studies based on the CRAIG4 program has been described [2] as " ... to
uncover general (if approximate) relationships for application to preparative HPLC,
rather than to present equations for predicting preparative HPLC separations
exactly". In this connection it should be recalled that the requirementsC for Langmuir
adsorption in reversed-phase HPLC systems (especially for large samples) are unlikely
to be met exactly in practice. An apparent failure of the Langmuir model for
a representative two-component sample has also been reported by Katti and Guiochon
[12].

a A number ofinferential checks on the reliability of this isotherm were also reported; see Table III of
ref. 2 and Fig. 2 of ref. 3 as well as related discussion.

b Our earlier use of Craig simulations [10,11] employed polynomial equations which fit the
Langmuir isotherm more accurately than the isotherm of ref. 2, without any discontinuity.

, I.e., 1-for-1 replacement of sorbed solvent molecules by the adsorbing solute molecule, negligible
interactions between solute and solvent molecules in the mobile and stationary phases, etc.
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Fig. 1. Approximate (solid lines) vs. exact (dotted lines) Langmuir isotherms for a single solute. Conditions
of Fig. 1, ref. 1.

Czok and Guiochon [1] stress the erroneous peak shapes that can be obtained via
CRAIG4 simulations. Guiochon and co-workers continue to place considerable
emphasis on band shape ("displacement" and "tag-along" effects) [13], whereas our
recent studies deal solely with production rate as a function of separation condi
tions -or the relative overlap of two adjacent bands and their resulting purity. At
this stage in the development of the theory of preparative HPLC, we feel that band
shape per se should be ofless concern. In this connection we might cite (a) the comment
in ref. I that" ... individual elution band profiles are sensitive to minor changes in the
isotherms" (computer simulations), and (b) the diversity of band shapes encountered
in experimental preparative HPLC separations [14].
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Returning to the question of the accuracy (and use) of our predictions of band
overlap in preparative HPLC (based on an empirical adjustment of sample size by
a factor of 1.8), the data of ref. 1 fail to show that predictions based on CRAIG4 are
inadequate for our intentionally approximate treatment of preparative HPLC. The
only quantitative comparisons of overlap between CRAIG4 simulations and those of
Ghodbane and Guiochon [15] (that we are aware of) indicate agreement of ±2%
absolute, or ± 5% relative -which we judge to be adequate.

Ref. 1 also refers to inaccuracies in the prediction of retention by CRAIG4.
Apart from the effect of such retention errors on predictions of band overlap (which
from the above discussion appear not to be serious), such discrepancies would not
affect any of the conclusions reached by us on the basis of our use of CRAIG4.

Finally, Czok and Guiochon [1] suggest that the BIOPREP program described
in ref. 8 " ... cannot be trusted ... " because of possible deficiencies in the CRAIG4
program. In fact the BIOPREP program is based on a completely different approach
than that used in CRAIG4, as a careful reading of ref. 8 indicates.

(3) Conclusions derived from CRAIG4
It is worthwhile to examine some of the conclusions [2-5] reached on the basis of

CRAIG4 simulations, as a further check on their relative reliability and value. That is,
are our findings "reasonable" in terms of what was already known concerning
preparative HPLC? And, do these conclusions provide further insight into preparative
HPLC? The computer simulations of refs. 2-5 represent an extension of prior work
[16-19] dealing with lightly loaded preparative HPLC ("touching band" separations in
both isocratic and gradient modes) to the case of larger samples and overlapping
bands. The major aim of these studies was to define general conditions for the
maximum production rate (gjh) of the desired (purified) product, using the general
approach of Knox and Pyper [16] for "touching band" separation.

The main conclusions reached by us in refs. 2-5 are as follows.
First, there is a marked parallelism between lightly and heavily overloaded

preparative HPLC in the dependence of the maximum production rate on the sample
characteristics (k o and separation factor, C() and separation conditions (values of the
plate number No and the weight of sample). Relative to the case of an optimized
"touching band" separation, production rate can be increased by further increase in
sample size and decrease in column plate number -with a corresponding increase in
band overlap and decrease in the recovery of pure product.!

The optimum choice of the (small-sample) column plate number No can be
related to the resolution Rs observed for a small sample. This should be about Rs = 1.7"
for the touching band case (100% recovery of pure product), Rs = 1.2 for moderate
overlap of the two bands (95% recovery of pure product) and Rs = 0.9 for heavy
overlap (50% recovery). The production rate increases for these three cases in the ratio
of 1 (100% recovery):4 (95% recovery):20 (50% recovery), showing a marked
advantage to the use of heavier column loadings.

Finally, the required plate numbers for e.g., 95% recovery of pure product are

a Knox and Pyper suggest a value of R, = 2, but this ignores the displacement of one solute by the
other.
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relatively low: about No = 200 for rx = 2, and No = 3000 for rx = 1.25". In the latter
connection, it is probable that most preparative HPLC separations carried out at the
present time use columns and flow-rates that provide excessively large No values, in
turn yielding below-optimum production rates.

Second, earlier work has shown (for the case ofa small sample and closely eluting
solute bands) that an isocratic separation can always be duplicated by a gradient run
with "corresponding" conditions; i.e., a gradient steepness b which is equivalent to the
mobile phase composition (%B) used in the isocratic separation [21] (lIb ~ k'). This
conclusion was subsequently shown to be true of lightly loaded ("touching band")
separations as well [19]. Recent studies based on CRAIG4 simulations [3-5] have now
extended this generalization to heavily overloaded preparative HPLC. That is, the
various conclusions summarized above for overlapping-band isocratic separation
have been shown to apply also to gradient elution, for the case of "corresponding"
conditions. This further suggests that the more approximate computer simulations
used by us for isocratic elution are in fact adequate in terms of our "practical"
objectives.

We leave to the reader the question of whether the above conclusions based on
CRAIG4 simulations are (a) reasonable and (b) of practical value.

CONCLUSIONS

In summary, we agree with Czok and Guiochon that our use of an empirical
isotherm (in our CRAIG4 program) in place of the exact Langmuir isotherm
introduces some error into resulting simulations of preparative HPLC, and there is no
compensating advantage in terms of computation time. However this observation
must be qualified by several other facts.

First, our use of computer simulations based on CRAIG4 has been aimed at
deriving approximate, general guidelines that will be helpful to practical workers.
Since the Langmuir isotherm is only a crude approximation for most HPLC
separations of practical interest, any generalizations based on an isotherm of slightly
different shape are not likely to be much different.

Second, Czok and Guiochon [I] have emphasized certain differences in
separations predicted by CRAIG4 vs. the exact Langmuir isotherm; i.e., band shape
and retention. Our work has instead focused on separation as measured in terms of
band overlap and band purity. Such evidence as has so far been reported suggests that
band overlap as predicted by our approach (using CRAIG4) agrees within about
± 2% with band overlap predicted by the exact Langmuir isotherm.

Finally, our work based on CRAIG4 is an attempt to extend the conclusions of
previous workers on lightly loaded ("touching band") separations to the case of
heavily loaded (overlapping band) preparative HPLC. The CRAIG4 results suggest
that lightly and heavily overloaded separations are remarkably similar, despite striking
differences in the shapes of the solute bands in the two cases. Well documented
generalizations that apply to the "touching band" case can now be extended (with
minor modification) to overlapping band separations.

a Preparative HPLC on a production scale should in most cases involve values of ex > 1.5, as the
result of careful selection of separation conditions; see, e.g., ref. 20.
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Finally, in our OpInIOn, the Knox-Pyper model of preparative HPLC [16]
continues to provide the best available conceptual picture of these separations.
Computer simulations based on more detailed and "exact" models will no doubt
continue to add to our understanding of preparative HPLC. However such work
(including our own) has not yet significantly modified the elegant (if approximate)
guidelines set forth in ref. 16.

APPENDIX

The discontinuity in the isotherms of Fig. I (and Fig. I of ref. I) arise from our
use of a two-part function to represent the Langmuir isotherm. In an earlier study [10]
we showed that the one-solute isotherm can be used as the basis for a reasonable
approximation to the two-solute isotherm (thereby simplifying and shortening the
calculations needed in computer simulation), if different functions are used for light
and heavy loadings of the stationary phase (column). In earlier work (prior to our use
of CRAIG4) computer simulation was restricted to rather small samples, allowing use
of a single function for the iostherm, with no discontinuity as in Fig. 1. CRAIG4 was
intended for application to a wide range of sample sizes, leading to the use of the
two-part function illustrated in Fig. I.

The accuracy of the smaller-sample function that forms part of the CRAIG4
isotherm can be seen in the various comparisons of Fig. I and Fig. I of ref. I (first part
of the isotherm). Unfortunately, values of IX (which are of major importance in the
accurate description of preparative HPLC) begin to deviate from the chosen (correct)
values at higher loadings -just beyond the first segment of these isotherms. The
second (large-sample) function that comprises the CRAIG4 isotherm is designed to
maintain the value of IX at a constant (correct) value regardless of sample size.
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Letter to the Editor

Detection of choline and acetylcholine by high-performance
liquid chromatography

Limitations, pitfalls, sample preparation

Sir,

The determination of choline esters [1] has received a new impulse from the
introduction of a high-performance liquid chromatographic (HPLC) method with
electrochemical detection, first described by Potter and co-workers [2,3]. The two
enzymes acetylcholinesterase (AChE) and choline oxidase (ChO) used to generate
electrochemically detectable hydrogen peroxide were later immobilized in a short
post-column reactor [4--9]. The selectivity of this method is achieved in three ways: (1)
by the number of theoretical plates of the cation-exchange separation column, (2) by
the selectivity of the immobilized enzymes in the post-column reactor and (3) by the
low oxidation potential of the electrochemical detector (+500 mV using a platinum
electrode and an Ag/AgCl reference electrode) at which only few other substances are
also taken up that could possibly interfere.

A major drawback of the originally described methods was the very short
lifetime of the usually silica-based cation-exchange separation column under the assay
conditions [silica is dissolved at alkaline pH (> 7.2)] [7]. This paper compares the
performance of commercially available cation-exchange columns and describes some
experience in working with the HPLC method for the detection of choline and
acetylcholine.

HPLC SYSTEM

The HPLC system consisted of a constant-flow pump (Model 600/200;
Gynkotek, Munich, F.R.G.) and as an electrochemical detector either an ELDEC 102
(Chromatofield, Chateauneuf-les;Martiguez, France) or a model M 20 (Gynkotek).
The platinum electrode, the detection chamber and the enzyme reactor with the
immobilized enzymes were manufactured by Biometra (G6ttingen, F.R.G.) [9]. The
running buffer was 100 mmol/l phosphate buffer (pH 7.6) containing 7 mmol/l
tetramethylammonium perchlorate (TMA). The flow-rate was varied between 0.5 and
1.5 ml/min.

0021·9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.
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The cation-exchange separation columns tested are listed in Table I. In the first
few days of use the Nucleosil columns provided the highest number of theoretical
plates. Four Nucleosil columns were tested: three Nucleosil 5 SA (packed by
Macherey-Nagel, Duren, F.R.G.) and one Nucleosil5 SA (packed by Gynkotek). The
best results were obtained with the column packed by Gynkotek. However, the
performance of all the columns decreased after a few days, so that the assay became
inadequate at a very early stage after starting the system (Fig. IA). The lifetime never
exceeded 10 days, the columns suddenly becoming completely blocked owing to the
dissolution of the silica-based Nucleosil at pH 7.6 (see above). This pH of the running
buffer was a compromise: a more acidic pH would have prevented dissolution of the
silica, but would not have been tolerated by the enzymes in the enzyme reactor; on the
other hand, an even more alkaline pH range (8.0-8.5) would have been optimum for
the enzymatic reaction [10]. An acceptable retention time of < 10 min for acetylcholine
could only be obtained with high flow-rates of 1.2-1.5 mllmin (Table I) at an extremely
high back-pressure (> 150 bar). With such flow-rates, the lifetimes of the columns were
even shorter.

Excellent results were obtained with Hamilton PRP-X 200 columns [a macro
porous poly(styrene-divinylbenzene) copolymer; Hamilton, Reno, NV, U.S.A.]. Both
of the columns tested could still be used after 4 weeks. During that time the
performance of the columns did not decrease noticeably. The peaks were sharp and the
retention times on the short column (No.6, Table I) were 3.2 min for choline and 8.8
min for acetylcholine at a flow-rate of 0.7 mllmin (Fig. IB). Under these conditions
choline could still be distinguished from the solvent peak. With the long Hamilton PRP
X-200 column (No.5, Table I) the retention times were 3.1 min for choline and 11.3
min for acetylcholine at a flow-rate of 1.5 ml/min. Even under these conditions the
back-pressure was very low (33 bar).

No separation of choline and acetylcholine could be achieved with the Bio-Gel
TSK-SP-5PW column (No.7, Table I) or the Microanalyzer MA7C cartridge (No.8,
Table I) (both supplied by Bio-Rad Labs., Munich, F.R.G.). On the Bio-Gel
TSK-SP-5PW column only one peak with a retention time of7.3 min at a flow-rate of
0.5 mllmin appeared for both substances. This peak could be shifted by varying the
ionic strength of the running buffer between 10 and 100 mmolll phosphate or by
changing the flow-rate from 0.5 up to 1.5 ml/min. A separation of the two substances
could never be achieved, and the peak height and peak area depended on the amount of
choline andlor acetylcholine injected. This suggested that acetylcholine was cleaved on
the column and detected as choline. With the Microanalyzer MA7C cartridge the
choline esters appeared in the solvent peak, indicating that they were not retarded on
the column.

DETECTION LIMIT

The detection limit (three times the signal-to-noise ratio) depended on the
sample volume, on the cation separation column and on the age of the enzyme reactor.
Increasing the injection volume fivefold (from 10 to 50 pI) resulted in only a 3.5-fold
decrease in the relative detection limit owing to an increase in the peak width. The
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o 2 4
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6 8 10 12 14 16 18 min o 2 4 6 8 10 12 14 min

Fig. I. Separation of choline and acetylcholine on various cation-exchange columns. (A) Nucleosil 5 SA
column. 125 pmol of choline and [25 pmol of acetylcholine were injected in a sample volume of 10 pi onto
a Nucleosil 5 SA column (No. I, TableI). The column was used for 4 days continuously. Oxidation potential,
+500 mY; detector sensitivity, 0.5 nAN (full-scale); running buffer, 100 mmol phosphate buffer (pH 7.6)
containing 7 mmoljl tetramethylammonium perchlorate; flow-rate, 1.0 mljmin. (B) Hamilton PRP-X 200
column. 266 pmol of choline and 414 pmol of acetylcholine were injected in a sample volume of 20 III onto
a Hamilton PRP-X 200 column (No.7, Table I). The column was used for 6 days continuously. Oxidation
potential, + 500 mV; detector sensitivity, 0.02 nA per 10 mV (full-scale); running buffer, as in (A); flow-rate,
0.7 ml/min.

method was 4-8 times more sensitive for choline than for acetylcholine. With the
Nuc1eosil 5 SA column the absolute detection limit was 9 pmol of choline and 39 pmol
of acetylcholine in a 10-111 injection volume; with the Hamilton PRP-X200 column it
was 11 pmol of choline and 85 pmol of acetylcholine in a 20-111 injection volume.
Shortly before the enzyme reactor broke down the detection limit increased.

SAMPLE PREPARATION

Oeproteinization with perchloric acid is usually sufficient for sample prepara
tion [11]. However, an extraction procedure may be necessary to increase the sample
concentration of acetylcholine and/or to remove acetylcholine esterase inhibitors [12].
We modified the ion-pair extraction with dipicrylamine (OPA) as described by
Eksborg and Persson [13,14] to obtain free acetylcholine for HPLC with electro
chemical detection. The specimens were shaken twice for 8 min in a vertical shaker with
5 ml of 1.2' 10 - 3 mol/l OPA solution in dichloromethane followed by centrifugation
for 10 min at 4°C. The aqueous phase was discarded, the combined organic phases
were evaporated to dryness under a stream of nitrogen and the residue was
resuspended in 1 ml ofBio-Rex-9 (Bio-Rad Labs.) in methanol. After sedimentation of
the anion-exchange resin, the supernatant was transferred to a new tube, in which the
methanol was evaporated at 37°C under a stream of nitrogen. The residue was
resuspended in 25 III of HPLC running buffer.

Choline and/or acetylcholine dissolved in Krebs-Ringer hydrogencarbonate
solution (pH 7.4) used for perfusion of isolated guinea-pig hearts were thus treated.
Acetylcholine could be concentrated by factor of 4; with an injection volume of 20 III
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the acetylcholine concentration of a l.l/1moljl solution could still be detected. Under
the conditions described here, choline was extracted to only a very limited extent,
resulting in its almost complete loss. The procedure is fast and simple to perform (ten
samples within 2 h).

CONCLUSIONS

The HPLC method with electrochemical detection for the detection of choline
esters is a very suitable quantitative method for routine analyses. It provides the
highest selectivity ofall currently available methods. The total amount ofacetylcholine
necessary for detection is in the range of that in other methods, e.g., the radio-enzyme
assay of Goldberg and McCaman [15] and McCaman and Stetzler [16] or the
isotachophoretic method ofHaen et al. [17], with the advantage ofeasier handling and
possible automation. Not all cation-exchange separation columns are suitable.
Silica-based columns yield optimum separations of choline esters within the first 3--4
days of use, but deteriorate under the assay conditions (pH 7.6), having a lifetime of
less than 10 days. Reports in the literature recommend repacking these columns every
week [10]. This situation is very unfortunate, as the sensitivity of the electrochemical
detector and the stability of its baseline increase over 3--4 days. The detection limit
depends on the sample volume, on the age of the enzyme reactor and on the cation
separation column. The best results were obtained with Hamilton PRP-X 200
columns. With an HPLC injection volume of 20 /11, the absolute detection limit for
acetylcholine is 85 pmol. The method is about 4-8 times more sensitive for choline than
for acetylcholine. Enrichment of the acetylcholine concentration is possible by
ion-pair extraction using dipicrylamine, with an enrichment by a factor of 4.
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NEW CHAIRMAN

NEW PRESIDENT FOR THE CHROMATOGRAPHIC SOCIETY

At its meeting of 13 June 1990 the Executive
Committee of the Chromatographic Society elected
Professor Michael Evans as the first President of the
Society on the retirement of Dr. Ian Wilson, previ
ously Chairman. Mike Evans has been a member of
the Society for 30 years, joining the then Gas Chro
matography Discussion Group in 1960.

Professor Evans left school at 16 having com
pleted his School Certificate at the King's School,
Macclesfield. His first job was a technician in the an
alytical laboratories of the Dunlop Rubber Com
pany in Manchester. There he was encouraged to
continue his studies as a part-time student on the
ONC/HNC courses at the Royal Technical College,
Salford. Following the award of a Technical State
Scholarship he transferred to the full-time BSc/ARIC
course at Salford and graduated in 1954. After a year
with the Calico Printer's Association he joined the
British (now Malaysian) Rubber Producers' Re
search Association in Welwyn Garden City. There he
was introduced to gas-liquid chromatography by Dr.
John Smith who guided him to an External London
University PhD degree. In 1966 Professor Evans

joined the staff of Hatfield Polytechnic, where he had been a part-time teacher since 1957. Since that
time he has worked up the ranks to become a Principal Lecturer in 1972 and Head of Department in
1982.

Professor Evans' research, apart from brief encounters with infra-red spectroscopy and polarogra
phy, has concentrated on gas and liquid chromatography, for which he has gained an international
reputation. In particular he is noted for his collaborative studies with scientists in industry. In 1984
his contributions to chromatographic science was recognised when he received the prestigious Royal
Society of Chemistry Award in Analytical Separations Methods.



CALL FOR NOMINATIONS

VERN BARRY INTERNATIONAL GRADUATE STUDENT PRIZE

The Vern Berry Memorial Foundation will award the first annual international graduate student
prize at the HPLC '91 meeting in Basel. The prize will be awarded to the nominee, full time graduate
student, who has demonstrated outstanding achievement in the field of separations science as deter
mined by an independent award jury. The prize winner will receive a cash award of US$ 1500 and
travel expenses to attend the meeting. In addition, the research group will receive a cash award ofUS$
1000.

The Vern Berry Memorial Foundation was established in August of 1990. Austin N. Wentworth, is
Trustee. Barry L. Karger (Barnet Institute, Northeastern University), Phyllis R. Brown (University
of Rhode Island) and Brian Bidlingmeyer (Waters Associates) are the Advisory Board. Fritz Erni
(Sandoz), John Kirkland (E.!. duPont) and Lloyd Snyder (LC Resources) are the Award Jury.

For further information and nomination forms please contact The Vern Berry Memorial Founda
tion, 326 Reservoir Road, Boston, MA 02167, U.S.A. Nominations must be post marked no later
than February 28. 1991 to be considered for the 1991 prize.

ANNOUNCEMENTS OF MEETINGS

2nd INTERLAKEN CONFERENCE ON ADVANCES IN PURIFICATION OF RECOMBINANT
PROTEINS, INTERLAKEN, SWITZERLAND, MARCH 19-22, 1991

The scientific program consists of plenary lectures, contributed papers and poster sessions. The
following plenary lectures are planned: strategies in downstream processing; new developments in
preparative separation techniques using cross-filtration, with special reference to rotative filtration
systems; GMP production: the lessons from biosynthetic human insulin; large scale chromatography:
GMP, hygiene and registration of chromatographic materials; GMP production and in-process con
trol; folding of recombinant proteins; glycoconjugates and biotechnology; structural characterization
of proteins and glycoproteins by mass spectrometry.

Contributed papers will be accepted for oral presentations (20 min) in any of the mentioned or
related areas of the main topics. Poster sessions are organized to complement the oral presentations.

The registration and accommodation fee is: for participants SFr. 1600.00; for students (presenting
a paper/poster) SFr. 800.00.

For further details contact: Scientific Secretariat, H.P. Walliser, Ph.D., c/o CIBA-GEIGY,
K.693.1.23, CH-4002 Basel, Switzerland, Tel.: (61) 696 5020; Fax: (61) 6964069.

BIOPOLYMER SEPARATIONS 91, MONTELIBRETTI (ROME), MARCH 19-22, 1991

Biopolymer Separations 91 is a seminar on chromatographic and electrophoretic separation tech
niques for peptides, proteins, nucleic acids and complex carbohydrates. Fundamentals, applications
and instrumentation concerning the various techniques are covered and both analytical and prepara
tive process scale separations are treated. Internationally recognised scientists will be formally invited
to report on trends and future developments over the above reported subjects.

The registration fee will be Lit. 400 000 (US$ 325) plus Value Added Tax and will include the
seminar folder with scientific documents, lunches, refreshments, and daily transportation Rome
Montelibretti-Rome.



A select number of scholarships covering the registration fee and lodging at the guest house of the
Area della Ricerca di Roma will be available.

For further details contact: Dr. Danilo Corradini, Institute of Chromatography, CN.R., Area della
Ricerca di Roma, P.O. Box 10, 00016 Monterotondo Stazione, Italy. Tel.: (0039) 6-9005328/
90020254; Fax: (0039) 6-9005849; Telex 624809 CNR ML I.

6th INTERNATIONAL SYMPOSIUM ON INSTRUMENTAL PLANAR CHROMATOGRAPHY,
INTERLAKEN, SWITZERLAND, APRIL 23-26, 1991

Instrumental planar chromatography (high performance thin layer chromatography) is ever-in
creasingly being recognized as an important analytical technique possessing the virtues of reliability
and simplicity, and these bi-ennial symposia serve to emphasize the rapid growth in understanding,
application and practise.

Among the topics to be covered are: biomedical analysis, electro-planar chromatography, environ
mental analysis, forensic analysis, hyphenated techniques, instrumentation, quantitation, radio-chro
matography, sample preparation, toxicology, and trace analysis.

The meeting is designed to bring together scientists from a broad spectrum of disciplines and back
grounds in order to take best advantage of the exchange of ideas and encourage cross-fertilization.

An associated exhibition will allow producers and suppliers of instruments, ancillary equipment
and consumables to display and discuss their wares with existing and potential customers.

The anticipated registration fee of sFr. 550 will include entry to both the symposium and the exhi
bition, tickets for the welcome cocktail party and symposium banquet and a free copy of the confer
ence book.

For further details contact: Dr. H. Traitler, Nestle Research Centre, Nestec Ltd., CH-IOOO Lau
sanne 26, Switzerland.

13th INTERNATIONAL SYMPOSIUM ON CAPILLARY CHROMATOGRAPHY, RIVA DEL
GARDA, ITALY, MAY 13-16, 1991

The scientific program will feature the latest developments in:
Micro separation techniques: capillary gas chromatography (CGC), capillary GC-MS, capillary GC

FTIR, and capillary GC-AES, micro-HPLC, supercritical fluid chromatography (SFC), capillary zone
electrophoresis (CZE), and micellar electrokinetic chromatography (MEKC)

New methods and applications in: environmental analysis, organic chemicals, pharmaceutical anal
ysis, drug testing, petroleum and petrochemicals, flavors and fragrances, food and beverages, proteins
and peptides, biochemical separations, trace analysis, sample preparation techniques, and new col
umns and instrumentation.

The symposium will consist of: review papers by leading scientists in the field on the latest devel
opments in column technology, sampling, applications, instrumentation, etc.; invited papers by young
scientists; submitted papers presented in poster sessions in order to achieve intensive discussion. Plenary
and parallel discussion sessions on special topics will serve to augment the formal presentation. In
workshop type seminars scientists of the instrument manufacturers will present and discuss the latest
developments in capillary instrumentation.

In conjuction with the Symposium there will be an exhibition of capillary chromatography instru
ments and accessories.

The registration fee (including the symposium proceedings and the social program) will be: prior
to April 15, 1991, delegates (from outside Italy), SFr. 440, OM 525; Italian delegates, Lir. 300.000;
after April 15, 1991, delegates (from outside Italy), SFr. 480, OM 580; Italian delegates, Lir. 330.000.
Students: 50% reduction of above fees.

For further details contact: Prof. Dr. P. Sandra, Laboratory for Organic Chemistry, University of
Ghent, Krijgslan 281, S4, B-9000 Ghent, Belgium. Tel.: (32-91) 225715, ext. 2279; Fax.: (32-91)
228321.



NATIONAL SYMPOSIUM ON PLANAR CHROMATOGRAPHY: MODERN THIN-LAYER
CHROMATOGRAPHY, SOMERSET, NJ, U.S.A., SEPTEMBER 23-25,1991

The National Symposium on Planar Chromatography: Modern Thin-Layer Chromatography will
be held September 23-25, 1991 at the Hilton in Somerset, New Jersey. The Symposium will provide
a forum for the exchange of ideas on all aspects of modern thin-layer chromatography. During the last
decade the most dramatic change in the practice of thin-layer chromatography has been the change
from a qualitative, inexpensive separation method to a fully instrumentalized, partially automated
quantitative technology. These aspects and their application to a wide range of industrial, environ
mental and life science problems will form the focus of the meeting.

The Symposium will be designed for the most effective communication between participants with
a formal program of lectures, poster presentations, discussion sessions, practical workshop, instru
mentation exhibit, and proceedings. In addition, all registrants are invited to participate in the social
program.

Abstracts are invited describing original research in areas including: hyphenated techniques, instru
mentation, quantitation, radio-chromatography, TLC in biomedical, environmental, forensic and
toxicological analysis. Suggestions for additional topics to be covered in the symposium are wel
comed. The scientific committee will be happy to informallY discuss with potential contributors any
aspects related to their contribution. The deadline for submission of abstracts is March I, 1991. It is
foreseen that the registration fee will be $275. One-day and student registration fees will also be
available.

For further details contact: Symposium Manager, Ms. Janet Cunningham, Barr Enterprises, P.O.
Box 279, Walkersville, MD 21793 U.S.A. Tel.: (301) 898-3772; Fax (30 I) 898-5596.

SHORT COURSES

ANALYTICAL CHEMISTRY SHORT COURSES, LOUGHBOROUGH, U.K.

The following short courses will be held by the Department of Chemistry at Loughborough Univer-
sity of Technology, Loughborough, U.K. in the spring of 1991:

Separations for Biotechnology and Biochemistry, March 18-22, 1991, fee residential/non-resi
dential: £630/530.
Gas-Liquid Chromatography, April 15-19, 1991, fee residential/non-residential: £630/530.
Basic Microbiological Methods for the Analytical Chemist, April 15-19, 199/, fee residential/
non-residential: £650/570.

For further details contact: Mrs. S. Naddison, Department of Chemistry, Loughborough University
of Technology, Loughborough, Leics. LEI I 3TU, U.K. Tel.: (0509) 2225; Fax: (0509) 233163.

Announcements are included free of charge. Information on planned events should be sent well in advance
(preferably 6 months or more) to: Journal of Chromatography, News Section, P.O. Box 330, 1000 AH
Amsterdam, The Netherlands, Fax: (31) 20-5862845.



CALENDAR OF FORTHCOMING EVENTS

Feb. 2-6, 1991
Salt Lake City,
UT, U.S.A.

Feb. 3-6, 1991
San Diego, CA
U.S.A.

Feb. 10-15, 1991
Melbourne, Australia

March 1,1991
Cardiff, U.K.

March 4-7, 1991
Les Diablerets,
Switzerland

March 4-8, 1991
Chicago, IL, U.S.A.

March 11-13, 1991
Lausanne. Switzerland

March 18-19,1991
Newcastle upon
Tyne, U.K.

2nd International Symposium on Field-Flow Fractionation
Contact: Julie Westwood, FFF Research Center, Department of Chem
istry, University of Utah, Salt Lake City, UT 84112, U.S.A. Tel.: (801)
581-5419. (Further details published in Vol. 513.)

HPCE '91, 3rd International Symposium on High Performance Capil
lary Electrophoresis
Contact: HPCE '91, Ms. Shirley E. Schlessinger, Symposium Manager,
400 East Randolph Drive, Suite 1015, Chicago, IL 6060 I', U.S.A. (Fur
ther details published in Vol. 504, No.2.)

POLYMER '91, Polymer Materials: Preparation, Characterization and
Properties
Contact: POLYMER '91 Secretary, P.O. Box 224, Belmont, Vic. 3216,
Australia.

Symposium on Gas Headspace Vapour Analyzers and Monitors
Contact: Dr. J.D.R. Thomas, School of Chemistry and Applied Chem
istry, University of Wales College of Cardiff, P.O. Box 912, CardiffCFI
3TB, U.K. Tel.: (0222) 87400, ext. 5853; Fax: (0222) 371921.

4th Hans Wolfgang Niirnberg Memorial Workshop on Toxic Metal
Compounds (Interrelation Between Chemistry and Biology)
Contact: Dr. Ernest Merian, 1m Kirsgarten 22, CH-4106 Therwil,
Switzerland.

42nd Pittsburgh Conference and Exposition on Analytical Chemistry and
Applied Spectroscopy
Contact: Mrs. Alma Johnson, Program Secretary, The Pittsburgh Con
ference, 300 Penn Center Blvd., Suite 332, Pittsburgh, PA 15235, U.S.A.
(Further details published in Vol. 513.)

2nd Soil Residue Analysis Workshop
Contact: Professor J. Tarradellas, IGE-EPFL, 1015 Lausanne,
Switzerland.

·Short Course on Experimental Design and Optimization in
Chromatography
Contact: Dr. John R. Dean, Department of Chemical and Life Sci
ences, Newcastle upon Tyne Polytechnic, Ellison Building, Newcastle
upon Tyne, NE I 8ST, U.K. Tel.: (091) 232-6002, ext. 3517/3505; Fax:
(091)2358561.



March 19-21, 1991
Washington, DC,
U.S.A.

March 19-22, 1991
Interlaken, Switzerland

March 19-22, 1991
Montelibretti,
Italy

March 21-22, 1991
Newcastle upon
Tyne, U.K.

March 26, 1991
Maarssen, The
Netherlands

April 23-26, 1991
Interlaken, Switzerland

April 28-May I,
1991
Boston, MA, U.S.A.

May 13-15, 1991
Arlington, VA,
U.S.A.

International Electrophoresis Society Meeting
Contact: Mrs. Janet Cunningham, IES Symposium Manager, Barr En
terprises, P.O. Box 279, Walkersville, MD 21793, U.S.A. Tel.: (301)
898-3772; Fax: (301) 898-5596. (Further details published in Vol. 513.)

'2nd Interlaken Conference on Advances in Purification of Recombinant
Proteins
Contact: H.P. Walliser, Ph.D., Scientific Secretariat, c/o CIBA-GEIGY,
K. 693.1.23, CH-4002 Basel, Switzerland. Tel.: (61) 691-5111; Fax:
(61) 691-8189.

'Biopolymers Separations 91
Contact: Dr. Danilo Corradini, Institute of Chromatography, C.N.R.,
Area della Ricerca di Roma, P.O. Box 10,00016 Monterotondo Sta
zione, Italy. Tel. (0039) 6-9005328/90020254; Fax: (0039) 6-9005849;
Telex: 624809 CNR ML I.

'Short Course on Supercritical Fluid Chromatography
Contact: Dr. John R. Dean, Department of Chemical and Life Sci
ences, Newcastle upon Tyne Polytechnic, Ellison Building, Newcastle
upon Tyne, NEI 8ST, U.K. Tel.: (091) 232-6002, Fax: (091) 2358561.

4th Symposium on Fast Protein Liquid Chromatography
Contact: Marianne Wobma, Pharmacia Nederland BV, Houttuinlaan
4,3447 GM Woerden, The Netherlands. Tel.: (03480) 77631. (Fur
ther details published in Vol. 513.)

'6th International Symposium on Instrumental Planar Chromatography
Contact: Dr. H. Traitler, Nestle Research Center, Nestec Ltd., CH-1000
Lausanne 26, Switzerland.

3rd International Symposium on Pharmaceutical and Biomedical Analysis
Contact: Ms. Shirley E. Schlessinger, Symposium Manager PBA '91,
400 East Randolph Drive, Suite 1015, Chicago, IL 6060 I, U.S.A. Tel.:
(312) 527-20 II. (Further details published in Vol. 513.)

8th International Symposium on Preparative Chromatography
Contact: Janet E. Cunningham, Barr Enterprises, P.O. Box 279, Walk
ersville, MD 21793, U.S.A. Tel.: (301) 898-3772; Fax: (301) 898-5596.
(Further details published in Vol. 513.)



May 13-16, 1991
Riva del Garda, Italy

May 19-21, 1991
Boston, MA, U.S.A.

May 21,1991
Washington, DC,
U.S.A.

May 27-31, 1991
Rome, Italy

May, 27-31, 1991
Ghent, Belgium

May 29-31,1991
Baltimore, MD,
U.S.A.

June3-7,1991
Basel, Switzerland

June 4-6, 1991
Egham, U.K.

June 9-14,1991
Bergen, Norway

-13th International Symposium on Capillary Chromatography
Contact: Dr. Pat Sandra, Laboratory for Organic Chemistry, Univer
sity of Ghent, Krijgs1aan 281 (S4), B-9000 Ghent, Belgium. Tel.: (32
91) 225715, ext. 2279; Fax: (3291) 228321.

2nd International Symposium on Supercirtical Fluids
Contact: Mark A. McHugh, Department of Chemical Engineering, The
John Hopkins University, Baltimore, MD 21218, U.S.A. Tel.: (301)
338-8752; Fax: (301) 338-5508 or (508) 794-9580. (Further details
published in Vol. 523.)

CHROMEXPO-91 (Chromatography Exhibition, Poster Session, Edu
cational Seminars)
Contact: Janet E. Cunningham, Barr Enterprises, P.O. Box 279, Walk
ersville, MD 21793, U.S.A. Tel.: (301) 898-3772; Fax: (301) 898-5596.

2nd International Symposium on Chiral Discrimination
Contact: Professor D. Misiti or Professor F. Gasparrini, Laboratori di
Chimica Organica, Facolta di Farmicia, Universita "La Sapienza",
Piazzale Aldo Moro 5,00185 Rome, Italy. Tel.: (06) 4452900; fax: (06)
49912780. (Further details published in Vol. 477, No.2.)

IVth International Symposium on Quantitative Luminescence Spectrom
etry in Biomedical Sciences
Contact: Dr. Willy R.G. Baeyens, Symposium chairman, State Univer
sity of Ghent, Pharmaceutical Institute, Harelbekestraat 72, B-9000
Ghent, Belgium. (Further details published in Vol. 483.)

-4th International Symposium on Polymer Analysis and Characterization
Contact: Judith A. Watson, Professional Association Management, 750
Audubon, East Lansing, MI 48823, U.S.A. Tel.: (517) 332-3667.

HPLC '91, 15th International Symposium on Column Liquid
Chromatography
Contact: Secretariat HPLC '91, Convention Center Basel, Congress
Department, P.O. Box, CH-4021 Basel, Switzerland. (Further details
published in Vol. 477, No.2.)

5th International LIMS Conference
Contact: The Conference Registrar, 5th International LIMS Confer
ence, P.O. Box 341, High Wycombe, Buckinghamshire HPII 2QG, U.K.
Tel.: (0494) 24769.

XXVII Colloquium Spectroscopicum Internationale
Contact: Secretariat XXVII CSI, HSD Congress-Conference, P.O. Box
1721 Nordnes, N-5024 Bergen, Norway. Tel.: (475) 318414; Telex:
42607 hsd n, Fax: (475) 324555. (Further details published in Vol.
508, No.2.)



June 10-13,1991
San Francisco,
CA, U.S.A.

July 8-12,1991
Amsterdam, The
Netherlands

July 16-18, 1991
London, U.K.

Aug. 17-22, 1991
Budapest, Hungary

Aug. 18-21, 1991
York, U.K.

Aug. 21-24,1991
Kumamoto, Japan

Aug. 25-31,1991
Makuhari, Japan

Sept. 1-6, 1991
Heslington, U.K.

Sept. 1-6,1991
Lubeck-Travemunde,
F.R.G.

5th Annual Seminar on Analytical Biotechnology
Contact: Janet E. Cunningham, Barr Enterprises, P.O. Box 279, Walk
ersville, MD 21793, U.S.A. Tel.: (301) 898-3772; Fax: (301) 898-5596.

·4th Amsterdam HPLC Summercourse
Contact: Dr. J.e. Kraak, Laboratory of Analytical Chemistry, Univer
sity of Amsterdam, Nieuwe Achtergracht 166, 1018 WV Amsterdam,
The Netherlands. Tel.: (31 20) 5256515; Fax: (31 20) 5255698.

Two-Dimensional Polyacrylamide Gel Electrophoresis
Contact: Conference Secretariat 2-D PAGE 1991, Department of Car
diothoracic Surgery, National Heart & Lung Institute, Dovehouse Street,
London SW3 6LY, U.K. (Further details published in Vol. 504, No.2.)

33rd IUPAC Congress
Contact: 33rd IUPAC Congress, E. Pungor, c/o Hungarian Academy
of Sciences, Gellert ter 4, H-IIII Budapest, Hungary.

·Capillary Electrophoresis Training Course
Contact: Dr. Carys Calvert, Short Course Coordinator, Department of
Chemistry, University of York, YOI 5DD, U.K. Tel. (0904) 432576/
432511; Fax: (0904) 432516/433433.

5th International Conference on Flow Analysis
Contact: Professor Ishibashi, Department of Applied Analytical Chem
istry, Faculty of Engineering 36, Kyushu University, Hokazaki, Higa
,shiku, Fukuoka 812, Japan. (Further details published in Vol. 475.)

ICAS '91, IUPAC International Congress on Analytical Sciences
Contact: ICAS '91 Secretariat, The Japan Society for Analytical Chem
istry, 1-26-2 Nishigotande, Shinagawa, Tokyo 141, Japan. Tel.: (813)
490-3351; fax: (813) 490-3572. (Further details published in Vol. 483.)

4th European Conference on the Spectroscopy of Biological Molecules
Contact: Prof. R.E. Hester, ECSBM '91 Chairman, Department of
Chemistry, University of York, Heslington, York YOI 5DD, U.K.
(Further details published in Vol. 523.)

8th International Conference on Fourier Transform Spectroscopy
Contact: Gesellschaft Deutscher Chemiker, Abt. Tagungen, P.O. Box
900440, D-6000 Frankfurt 90, F.R.G. Tel.: 17-366/360; Fax: (79)
17475; Telex: 4170497 gdch d.



Sept. 2-6, 1991
Warsaw, Poland

Sept. 4-6, 1991
Bilthoven, The
Netherlands

Sept. 23-25, 1991
Somerset, NJ,
U.S.A.

Sept. 24-25, 1991
Baden Baden,
F.R.G.

Sept. 24-28, 1991
Yokohama, Japan

Sept. 26-27, 1991
Baden Baden, F.R.G.

Oct. 14-18, 1991
Budapest, Hungary

Oct. 20-23, 1991
Washington, DC,
U.S.A.

8th Danube Symposium on Chromatography
Contact: 8th Danube Symposium on Chromatography, Janusz Lip
kowski, Institute of Physical Chemistry of the Polish Academy of Sci
ences, Kasprzaka 44/52, 01-224 Warsaw, Poland. (Further details
published in Vol. 502, No.2.)

3rd Workshop on Chemistry and Fate of Modern Pesticides
Contact: Pesticides Workshop Office, Dr. P. van Zoonen, RIVM, P.O.
Box 1,3720 Bilthoven, The Netherlands. (Further details published in
Vol. 472, No.2.)

*National Symposium on Planar Chromatography: Modern Thin-Layer
Chromatography
Contact: Ms. Janet Cunningham, Symposium Manager, Barr Enter
prises, P.O. Box 279, Walkersville, MD 21793, U.S.A. Tel.: (301) 898
3772; Fax: (301) 898-5596.

Short Course on Sample Handling in Liquid Chromatography
Contact: Workshop Office, IAEAC, M. Frei-Hausler, Postfach 46, CH
4123 Allschwil 2, Switzerland. TeL: (004161) 632789 and (004161)
732950.

9th International Symposium on Affinity Chromatography and Biologi
cal Recognition
Contact: Professor Ken-ichi Kasai, Faculty of Pharmaceutical Sci
ences, Teikyo University, Sagamiko, Tsukui, Kanagawa 199-0 I, Japan.

5th Symposium on Handling of Environmental and Biological Samples
in Chromatography
Contact: Workshop Office, IAEAC, M. Frei-Hausler, Postfach 46, CH
4123 Allschwil 2, Switzerland. Tel.: (004161) 632789 and (004161)
732950. (Further details published in Vol. 513.)

ECASIA 91, 4th European Conference on Applications of Surface and
Interface Analysis
Contact: ECASIA 91, MTAATOMKI, Pf. 51, H-4001 Debrecen, Hun
gary. Tel.: (36) 52-16181;Telex: 72210 (atomh);Fax: (36) 52-16181.

I lth International Symposium on High-Performance Liquid Chromato
graphy of Proteins, Peptides and Polynucieotides
Contact: Janet E. Cunningham, Barr Enterprises, P.O. Box 279, Walk
ersville, MD 21793, U.S.A. Tel.: (301) 898-3772; Fax: (301) 898-5596.
(Further details published in Vol. 513.)



Jan. 6-11,1992
California, U.S.A.

Feb. 18-21, 1992
Antwerp, Belgium

May 17-22, 1992
Kyoto, Japan

1992 Winter Conference on Plasma Spectrochemistry
Contact: 1992 Conference on Plasma Spectrochemistry, Attn.: R.
Barnes, c/o lCP Information Newsletter, Department of Chemistry,
GRC Towers, University of Massachusetts, Amherst, MA 01003-0035,
U.S.A. Tel.: (413) 545-2294; Fax: (413) 545-4490; BITNET:
RBARNES@UMASS. (Further details published in Vol. 513.)

2nd International Symposium on Hyphenated Techniques in
Chromatography
Contact: Dr. R. Smits, p.a. BASF Antwerpen N.V., Scheldelaan B-2040
Antwerp, Belgium. Tel.: (32) 5682831; Fax: (323) 5683355; Telex:
31047 basant b. (Further details published in Vol. 508, No.2.)

4th International Conference on Fundamentals of Adsorption
Contact: Prof. M. Suzuki, Conference Chairman, Instituteoflndustrial
Science, University ofTokyo, 7-22-1 Roppongi, Minatoku, Tokyo 106,
Japan. (Further details published in Vol. 508, No.2.)
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instructions or ideas contained in the material herein.
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Types of Contributions. The following types of papers are published in the Journal of Chromatography
and the section on Biomedical Applications: Regular research papers (Full-length papers), Review articles
and Short Communications. Short Communmications are usually descriptions of short investigations, or
they can report minor technical improvements of previously published procedures; they reflect the same
quality of research as Full-length papers, but should preferably not exceed six printed pages. For Review'
articles, see inside front cover under Submission of Papers.
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by S. Ohe, Department ofAppiied
Chemistry, Tokai University,

K..nagawa. Japan

(physical Sciences Data, 37)

Vapor-liquid equilibrium (VLE) data are necessary for
'the design and operation of d·~tillationprocesses. It is
absolutely impossihlc to determine a distillation pro
• .:.ss without VLE data.
The author of this book has had much experience de
signing and construcimg distillation processes and to
· ...ers and knows that ·~1...E data ,ffi'Jst be easily
retrievable, readily comprehensible, and precise. This
volume contai:.s the most important VLE data for
1,446 binary systems with Wilson parameters deter
mined by computer processing. The data are also
presented graphically.
The Wilson equation, which is known as one of the
most app,1icable t·) mlllticomponenl systems, is em
ployed for computer-aided detennination of the opti
mum parameters using the non-linear least squares
method. T:,e data foreach system include the'sub
stance names and the chemical fonnulae for the l)inary
componenti;, literature references, the Antoine vapor
pressl.,·e constants or -"apor pressures of the compo
l,ent1, optimized values of the parameters for the Wil
son equation. the errors, tables with smoothed values
of vapor and liquid compositions and temperatures or
pressures nnd phase diagrams for visual comparison
of the experimental data and calcuiated values. The
systems are arranged according to the Chemical Ab
stracts system. An alphabetical index of systems is
given at the end of the book for convenient retrieval.
Thus the VLE of binary or multicomponent systems
can be computed frum the Wilson parameters shown in
the tables of this book. The book also presents a multi
componeni VLE computer program writtenin BASIC
and examples obtained using the program. With the
program and parameters provided, VLE can be directly
computed on a personal computer. Furthennore, when
the Wilson parameters are used as input data for a dis"
tillation computer program, the number of theoretical

,plates (NTP) of distillation columns can be obtained.

Contents: Part I. Equationsfor Calculation of the
Vapor..Uquid Equilibrium. 1. Fundamentals Equa
tions for the Vapor-Liquid Equilibrium Relation.
2. Excess Free Energy of Non-Ideal Solutions. 3. Equ
ations for Calculatio'l. 4. Accuracy of Calculation by
Wilson's Equation. 5. Examples Executed by :-:om
puter Program. References. Part H. Data Sh'~ts.

Guide to Graphs and Tables. Data Sheets 1-1446.
Index.

1989 xxx +742 pages ISBN 0-444-98876-9
Price: US$ 253.75 / 00.495.00
Exclusive sales rights in Japan: Kodansha Ltd" Tokyo

hy S. Ohe, Department ofApplied
Chemistry. Tokai University,

Kanagawa. Japan

(physical Sciences Data, 42)
High pressure vapor-liquid equilibrium data are
important when very pure compounds are· to be
prepared, and they are also needed for high press
ure liquid or supercritical chromatography.
This volume is a compilation of high pressure
vapor-liquid equilibrium data for 700 binary sys
teni., processed and plotted by computer for ready
inspection of the whole spectrum. The infonna
tion given for each system comprises: the compp
nents' names, chemical fonnulae, cited liferature,
and critical temperature, critical pressures, acen
tric factors of the components, optimized values
of the paranleters for the Peng-Robinson equa
tions, the errors, and phase diagrams for visual
comparison of the experimental data and calcu
lated values.
An alphabetical index by system name is included
in the book which will be a useful reference for
chemical engineers, research chemists, and grad
uate students who are interested in the chemical
procesS industry.

Contents: Part I. Equations for Calculation of
the Vapor-Liquid Equilibrium at High
Pressure. 1. Method for Predicting Vapor-Liquid
Equilibrium at High Pre~3ure. 2. Prediction
Ex(!mples for Binary and Mul ticomponent Vapor
Liquid Equilibria at High Pressure. 3. Prediction
Program for Multicomponent Vapor-Liquid
Equilibrium at High Pressure. References. Part
II. Data Sheets. Guide to Graphs and Tables.
Data Sheets 1-700. Index.

1990 xxviii + 356 pages ISBN 0-444-98797-5
Price: US$ 202.50/ Dfl. 395.00
Exclusive sales rights in Japan: Kodansha Ltd., Tokyo
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