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Capillary Electrophoresis
(CE) has had a very signifi-
cant impact on the field of
analytical chemistry in re-
cent years as the technique
is capable of very high resol-
ution separations, requiring
only small amounts of sam-
ples and reagents. Further-
more, it can be readily
adapted to automatic
sample handling and real
time data processing. Many
new methodologies based
on CE have been reported.
Rapid, reproducible separ-
ations of extremely small
amounts of chemicals and
biochemicals, including pep-
tides, proteins, nucleotides,
DNA, enantiomers, carbohy-
drates, vitamins, inorganic
ions, pharmaceuticals and
environmental pollutants
have been demonstrated. A
wide range of applications
have been developed in
greatly diverse fields, such
as chemical, biotechnologi-
cal, environmental and phar-
maceutical analysis.

This book covers all aspects
of CE, from the principles
and technical aspects to the
most important applications.
Itis intended to meet the
growing need for a thorough
and balanced treatment of
CE. The book will serve as a
comprehensive reference
work and can also be used
as a textbook for advanced
undergraduate and graduate
courses. Both the experi-
enced analyst and the new-
comer will find the text
useful.
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Development of an enzyme-linked immunosorbent assay
for C.I. Reactive Blue 2 and its application to a
comparison of the stability and performance of a
perfluorocarbon support with other immobilised C.I.
Reactive Blue 2 affinity adsorbents
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ABSTRACT

An indirect competitive enzyme-linked immunosorbent assay capable of detecting the reactive triazine dye C.1. Reactive Blue 2 at
concentrations down to 300 pA was developed, and representing a 3000-fold higher sensitivity over direct spectrophotometric analysis.
An investigation of the cross-reactivity of the polyclonal antibody against various compounds structurally related to C.1. Reactive Blue
2 revealed that the immunoassay appeared to be specific for anthraquinone-containing dyes and was largely unaffected by substitutions
at the triazine ring. These characteristics suggest that the immunoassay may be exploited to analyse the leaching of the ligand C.I.
Reactive Blue 2 from dye-affinity adsorbents. The performance of a novel perfluoropolymer affinity support containing C.1. Reactive
Blue 2 was compared with eight other commercially available dyed affinity adsorbents by three separate criteria: pressure—flow-rate
characteristics, protein binding capacities and dye leakage under selected conditions. All the affinity adsorbents were subjected to six
purification cycles of albumin from human plasma prior to comparison. In the pressure-flow-rate comparison, the perfluoropolymer
support, in contrast to the other adsorbents, showed a non-linear relationship between pressure and flow-rate. Human serum albumin
dynamic load capacities were determined by frontal analysis and were found to be in the range 10.1-48.5 mg/ml. The perfluoropolymer
support displayed the lowest capacity, probably because of its lack of porosity and, consequently, low surface area. In the dye leakage
analysis, the perfluoropolymer support exhibited the lowest leakage of immobilised dye under all conditions tested including exposure
to sodium isothiocyanate (5 M), hydrochloric acid (1 M) and sodium hydroxide (1 M). This study suggests that although the novel C.1.
Reactive Blue 2—perfluoropolymer support displays low protein binding capacity, it otherwise compares very favourably with a range of
commercially available dye-affinity adsorbents.

INTRODUCTION to proteins at sites where natural substrates, inhib-

itors, cofactors and nucleotides interact. The reac-
Immobilised textile dyes are being used increasingly ~ tive chlorotriazine ring enables facile coupling of
as affinity adsorbents for the purification of biolog- the dye to hydroxyl-containing chromatographic
ical macromolecules [1-7]. The triazine dyes are ro-  matrices, thereby allowing the preparation of versa-
bust molecules possessing a mixture of aromatic tile affinity adsorbents. Thus, not suprisingly, im-
and charged moieties that bind relatively selectively mobilised triazine dyes are increasingly replacing

natural biological ligands as adsorbents for affinity
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tion is particularly advantageous at process scale
[7,8]. However, the wider acceptance of triazine
dyes as affinity ligands, particularly for the puri-
fication of high value therapeutic proteins, has been
beset by concerns over dye leakage and resultant
product contamination either through matrix
breakdown or solvolysis of the matrix-ligand bond
[1]. There still remains a requirement for the devel-
opment of novel chromatographic matrices and
coupling chemistries that are able to withstand not
only the high pressures used in high performance
affinity chromatography, but also treatment with
extremes of acid and alkali used for in situ column
clean-up, chemical sanitisation and depyrogenation
[91.

Perfluorocarbons are chemically and biologically
inert, high density (1.8-2.1 g/ml), thermally stable
synthetic materials that are totally insoluble in
aqueous and organic solvents. They are extremely
hydrophobic and do not immediately appear to be
materials suitable for biochromatography. How-
ever, effective affinity adsorbents can be synthesised
by wetting the surfaces of solid or liquid perfluoro-
polymers with perfluoroalkylated dyes. Thus, the
preparation of several bis-perfluoroalkylated di-
chlorotriazinyl dyes and their subsequent adsorp-
tion to a perfluoropolymer matrix and application
to the purification of lactate dehydrogenase from a
crude rabbit muscle extract by affinity chromatog-
raphy has been reported [10]. These materials, how-
ever, were still prone to ligand leakage on exposure
to organic solvents or harsh aqueous conditions.
Since the extent of leakage appeared to depend on
the number and length of perfluorocarbon anchor-
ing groups, attachment of the triazine dye to an in-
ert hydrophilic polymer containing a number of
pendant perfluorinated anchoring groups should
provide a highly stable adsorbed polymeric coating
on the perfluoropolymer matrix. The synthesis of
perfluoroalkylated polyvinyl alcohol, its immobil-
isation onto a perfluoropolymer matrix and sub-
sequent derivatisation with C.I. Reactive Blue 2 and
its application to the purification of rabbit muscle
lactate dehydrogenase and human serum albumin
by affinity chromatography has recently been re-
ported [11]. The adsorbent exhibited negligible non-
specific adsorption and similar capacities and de-
grees of purification as previously reported for dyed
silica [12). Furthermore, a long-term study lasting
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more than nine months was unable to detect dye
leakage spectrophotometrically on exposure of the
perfluoropolymer adsorbents to water, sodium hy-
droxide (1 M), hydrochloric acid (1 M), urea (1 M)
or acetone, suggesting that this novel affinity ad-
sorbent might compare very favourably with com-
mercially available dyed affinity adsorbents.

Although the textile dyes are intensely coloured,
spectrophotometric analysis is limited to a detec-
tion limit of 10~ % M if no prior concentration of the
leachate is carried out; in practice, sample turbidity
may reduce the sensitivity even further. Conse-
quently, the development of a sensitive assay to de-
tect the leakage of ligands, particularly the widely -
used triazine dye C.I. Reactive Blue 2, from affinity
adsorbents, is now long overdue. The development
of an enzyme-linked immunosorbent assay (ELI-
SA) [13] for C.I. Reactive Blue 2 would not only
greatly facilitate the assessment of adsorbent stabil-
ity under operational conditions, but also permit
the level of contamination of injectable therapeutic
products by leachates to be quantitatively deter-
mined.

This paper describes the development and appli-
cation of an enzyme-linked immunoassay for C.L
Reactive Blue 2 to compare the leakage of dye from
the perfluoropolymer support with a number of
commercially available C.I. Reactive Blue 2-con-
taining affinity adsorbents. Adsorbent stability was
analysed under a variety of conditions and care was
taken to treat the materials identically by pre-treat-
ing all media with six human serum albumin puri-
fication cycles prior to the leakage study. In order to
offer a comprehensive assessment of the perform-
ance of the materials, two further comparisons were
undertaken: flow-rate was measured as a function
of pressure for all the materials, which included in-
organic, organic and several agarose-based materi-
als, together with the coated perfluoropolymer ad-
sorbent. In addition, the dynamic load capacity of
these adsorbents for human serum albumin was
measured by frontal analysis to evaluate the per-
formance of the perfluoropolymer support com-
pared to other adsorbents. A similar comparative
study of commercially available Protein A affinity
adsorbents has recently been reported [14].
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MATERIALS AND METHODS

Materials

C.I. Reactive Blue 2, ovalbumin, bovine serum
albumin (fraction V, 96-99%), goat anti-rabbit im-
munoglobulin G(IgG)—peroxidase conjugate were
all purchased from Sigma (Poole, UK). ortho-Phen-
ylenediamine was purchased from Dakopatts (High
Wycombe, UK) while Falcon 3912 Micro test III
flexible microtitre plates were obtained from Beck-
ton Dickinson Labware (Oxnard, CA, USA). Se-
phadex LH-20, Sephadex G-25 (disposable PD-10
columns) and Mono Q (HR5/5) were obtained from
Pharmacia (Milton Keynes, UK). Bromaminic acid
was from Sandoz (Basle, Switzerland) and other
compounds used in cross-reactivity studies were a
kind gift from Dr Steven Burton of the University
of Cambridge. The following affinity adsorbents
were purchased either from manufacturers or sup-
pliers: Mimetic Blue 1 A6XL [Affinity Chromatog-
raphy, (ACL), Isle of Man, UK], Affigel Blue gel
(Bio-Rad, UK), Blue-Trisacryl M (IBF, France),
Fractogel TSK AF-Blue (Merck, Germany), Blue
Sepharose CL-6B (Pharmacia, UK), immobilised
Cibacron Blue F3GA (Pierce, UK), Cibacron Blue
F3GA = Si500 (Serva, GDR) and C.I. Reactive
Blue 2 Sepharose CL-6B (Sigma, Poole, UK). The
particulate perfluoropolymer matrix (6-8m?/g) was
kindly provided by DuPont (Wilmington, DE,
USA). Polyvinyl alcohol (average M, 14 000, 100%
hydrolyzed) was purchased from Sigma, perfluo-
rooctanoyl chloride was bought from Fluorochem
(Old Glossop, UK) and the triazine dye C.I. Reac-
tive Blue 2 and acetone (SLR) were from BDH
(Poole, UK). Human plasma was obtained from a
known donor at the National Blood Transfusion
Centre (Nottingham, UK) and tested HIV III™,
HBS antigen™ and syphilis™. All other chemicals/
biochemicals were of analytical grade and were ob-
tained from Sigma. All chromatography was car-
ried out using a Pharmacia FPLC system fitted with
two P-500 pumps, twin MV-8 and single MV-7
valves, 50-ml superloop, UV-1 monitor and LCC
500 controller.

Preparation of dye-protein conjugates for immunoas-
say

Conjugates of C.I. Reactive Blue 2 with ovalbu-
min and bovine serum albumin were both prepared
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as follows. Crude C.I. Reactive Blue 2 was purified
on Sephadex LH-20 equilibrated with methanol-
water (50:50, v/v) according to the method of Pear-
son et al. [15]. Solid purified dye (200 mg) was add-
ed to a solution of protein (100 mg) in 0.2 M sodium
bicarbonate solution, pH 9.0, (5 ml) and the mix-
ture stirred for 15 h at 36°C, after which unreacted
dye was removed by gel filtration on PD-10 col-
umns equilibrated with distilled water. The col-
oured fraction appearing in the void volume was
freeze-dried and stored at —20°C. The molar ratio
of dye to protein in the conjugate was calculated
from the absorbance at 620 nm of a solution con-
taining a known weight of conjugate, assuming a
molar extinction coefficient of 12700 M~ cm™!
for C.I. Reactive Blue 2 and molecular masses of
840, 44 000 and 68 800 for C.I. Reactive Blue 2,
ovalbumin and bovine serum albumin, respectively.

Preparation of rabbit anti-C.I. Reactive Blue 2 anti-
body

Rabbits (New Zealand White, 2.5 kg) were im-
munised with C.I. Reactive Blue 2-bovine serum
albumin conjugate (11.8 mol dye / mol protein). Pri-
mary immunisation was by subcutaneous injections
of conjugate made 2 mg/ml in sodium chloride
(0.85%, w/v) and emulsified in an equal volume of
Freund’s Complete adjuvant (100 ug conjugate, to-
tal of 2 injections per rabbit). Subcutaneous booster
injections of conjugate prepared as before in
Freund’s Incomplete adjuvant (200 ug conjugate, 2
injections per rabbit) were given six weeks later, fol-
lowed by subcutaneous booster injections of conju-
gate made 1 mg/ml in sodium chloride solution
(0.85%, w/v)(200 ug conjugate, 2 injections per rab-
bit) every six weeks. Blood was collected from the
marginal ear vein two weeks after booster injections
and prepared sera were kept frozen at —20°C.

Purification of rabbit IgG by ion-exchange chroma-
tography

Buffers A (20 mM Tris—=HCI, pH 9.0) and B (20
mM Tris—=HCI, 1 M NaCl, pH 7.7) were filtered
through 0.2-um filters and degassed. Rabbit sera
from two immunised rabbits were transferred into
buffer A using disposable PD-10 columns according
to the manufacturer’s instructions, filtered through
0.2-um filters and then samples (1 ml) loaded on to
a Mono Q anion-exchange column installed in a
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comprehensive Pharmacia fast protein liquid chro-
matography (FPLC) system. The salt gradient was
applied over a total volume of 18 ml and fractions
(1 ml) were collected, assayed for antibody titre us-
ing a standard ELISA, aliquotted where appropri-
ate and kept frozen at —20°C.

Determination of antibody titre and appropriate anti-
serum dilution for indirect competitive ELISA

Measurement of antibody titres and determina-
tion of appropriate antibody concentration for the
indirect competitive enzyme immunoassay were
carried out simultaneously. In summary, plates pre-
coated with dye—ovalbumin conjugate (4.5 mol dye/
mol protein: 10 ug/ml) were incubated with serial
dilutions of purified IgG fractions of rabbit anti-
serum to C.I. Reactive Blue 2, and following ex-
haustive washing, with excess anti-rabbit IgG-per-
oxidase conjugate. Maximal binding of anti-dye an-
tibody to the dye hapten was observed for dilutions
above 800-fold. The antibody dilution for use in the
competitive assay was chosen as the dilution at
which approximately 70% of maximal antibody
binding occurs, thereby providing non-saturated
conditions in which added dye competes directly
with bound dye for antibody binding.

To identify both the fraction containing the high-
est titre of specific antibody and the appropriate
dilution of this fraction for subsequent assays, anti-
gen-coated microtitre plates were prepared by in-
cubating wells with a solution of C.I. Reactive Blue
2—ovalbumin conjugate (10 ug/ml) in 50 mAM
carbonate, pH 9.6, overnight at 4°C (100 ul/well).
Plates were blocked with Marvel (3%, w/v) in phos-
phate-buffered saline (PBS) containing 0.1% (w/v)
Tween 20 (PBST) at 37°C for 2 h (blocking buffer,
BB)(200 pl/well) and then thoroughly washed six
times (with two 3-min soaks) with 0.9% (w/v) NaCl
containing 0.05% (w/v) Tween 20 (washing buffer,
WB). Dilutions (1/50) of crude sera and purified
fractions from both rabbits were prepared in PBST
containing 0.1% (w/v) gelatin (PBST/G) and serial-
ly diluted (1:2) across the microtitre plates. After 1 h
incubation at 37°C, plates were washed as before
with WB after which goat anti-rabbit IgG-horse
radish peroxidase conjugate diluted 1/1000 in
PBST/G was added to the plates (50 ul per well),
followed by a further incubation step of 1 h at 37°C.
ortho-Phenylenediamine was made 1 mM in 0.1 M
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citric acid—phosphate buffer, pH 5.0 (substrate buff-
er, SB) and the plates were washed three times with
WB followed by distilled water. Hydrogen peroxide
(30%)(5 ul) was added just prior to addition of the
freshly prepared substrate (50 ul/well). After 30 min
incubation in the dark at room temperature, 1 M
H,S0, (50 ul/well) was added to stop the reaction
and the absorbances of the wells read at 492 nm
using a Titertek ELISA plate reader.

Indirect competitive enzyme-linked immunoassay

An indirect competitive assay was used in order
to detect free dye. In this procedure, free antigen
was serially diluted (1:2) across the plate. Standard
curves were obtained using a series of C.1. Reactive
Blue 2 standards (10 uM to 1 nM) serially diluted
(50 ul/well) across the plate to which was added a
standard aliquot of appropriately diluted antibody
(50 pl/well) in 2 x PBST/G. Plates were agitated at
room temperature for 15 min and then incubated at
37°C for 1 h as before. Bound antibody was detect-
ed as previously described. Unknown samples were
similarly diluted and the curves generated com-
pared with standard curves to yield values of the
concentration of C.I. Reactive Blue 2 in the un-
known samples. Assays were typically carried out in
triplicate.

The effect on assay sensitivity of antigen coating
concentration was studied by incubating microtitre
plates with dilutions of antigen ranging from 0.01-
10 ug/ml using a lower-substituted dye-ovalbumin
conjugate (1.14 mol dye/mol protein). Standard dye
solutions were used to assess the sensitivity of the
assay depending on the extent of antigen coating.

Cross-reactivity of anti-C.I. Reactive Blue 2 anti-
body with various analogues and structural fragments
of C.I. Reactive Blue 2

All compounds were made 5 mM in water and
serial dilutions were prepared as for standard C.I.
Reactive Blue 2 after which the appropriate dilution
of antibody was added in 2 x PBST/G. The con-
centration of compound required to yield an absor-
bance of 1.0 at 492 nm was estimated from the line-
ar region of the antibody binding curves. Compari-
son with the C.I. Reactive Blue 2 concentration
yielded the relative cross-reactivity of the com-
pound for anti-C.I. Reactive Blue 2 antiserum. As-
says were performed in triplicate.
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Synthesis of C.I. Reactive Blue 2 polyvinyl alcohol-
coated perfluoropolymer support. Modification of the
perfluorocarbon matrix

C.I. Reactive Blue 2 was immobilised to the poly-
vinyl alcohol-coated perfluoropolymer support ac-
cording to the procedure described in ref. 11. Im-
mobilised ligand content was estimated according
to a previously described procedure [11].

Preparation of affinity adsorbents

Commercial adsorbents were initially prepared as
recommended by the manufacturers. Where no rec-
ommendations were available, gels were mixed/
swollen with approximately 50 volumes distilled
water, washed with 50 volumes 50 mM phosphate
buffer, pH 7.0 and then packed in Pharmacia HR5/
10 columns (2 ml). Thereafter, experiments were
conducted on each 2 ml packed sample in a sequen-
tial manner: (i) pretreatment; (ii) determination of
albumin capacity by frontal analysis; (iii) leakage of
dye in buffer; and (iv) leakage of dye in rigorous
conditions. Flow-rate versus pressure analyses were
carried out in packed Pharmacia HR5/10 columns
using prepared but untreated gels which were dis-
carded after use.

Flow-rate versus pressure analysis

Prior to adsorbent packing, all end-frits were
sonicated in 1 M hydrochloric acid. After packing,
adsorbent flow-rates were generated using Pharma-
cia’s FPLC system with a safety cut-off at 4.5 MPa.
Values for flow-rate ( ml/min) were made indepen-
dent of column geometry by dividing by the cross-
sectional area of the HR5/10 columns.

Pretreatment of affinity adsorbents

Adsorbents were pre-equilibrated in 20 mAM/ ace-
tate buffer, pH 5.5. Human plasma was diluted 1/4
in this buffer, filtered through 0.2-um filter, the pH
adjusted to 5.5 with 0.1 M hydrochloric acid and 1
ml samples (& 20 mg protein) loaded onto each col-
umn. Bound protein was eluted with 1 M potassium
chloride in 20 mM phosphate, pH 8.0 in a total
volume of 5 ml. Each column was then re-equili-
brated with 20 mM acetate buffer, pH 5.5 and dilut-
ed plasma loaded once more. In all, each column
underwent six plasma load—wash—elute-re-equili-
bration cycles. Columns were run at 1 ml/min, with
the exception of Bio-Rad’s Affi-Gel Blue matrix
which was run at 0.25 ml/min.

Dynamic load capacity for human serum albumin

Dynamic load capacities of the adsorbents were
determined according to the method described in
ref. 16. Human serum albumin-binding capacity
was measured by pumping 10 mg/ml pure albumin
in 20 mM acetate buffer, pH 5.5, until the absor-
bance at 280 nm of the output and input streams
were identical. Protein loading was halted, the col-
umn washed with buffer until the eluent contained
negligible protein by absorbance at 280 nm and
bound albumin was then eluted with potassium
chloride (1 M) in 20 mM phosphate buffer, pH 8.0;
the recovery of bound protein was determined by
absorbance at 280 nm. Protein concentrations were
determined by absorbance at 280 nm assuming an
extinction coefficient for pure human serum albu-
min of 0.53 ml mg~! cm™! [17].

Dye leakage: detection by enzyme immunoassay

In order to detect free dye, the indirect compet-
itive ELISA was used. A standard curve was ob-
tained using a known solution of C.I. Reactive Blue
2 (5 uM) serially diluted across the microtitre plate.
Unknown samples were serially diluted six-fold
across identically coated microtitre plates and
curves generated were fitted to the standard curve
to yield values of the concentration of C.I. Reactive
Blue 2 in each sample. For this study conditions
were adjusted to detect unknown dye concentra-
tions from the limits of spectrophotometric detec-
tion (1 uM) down to 3 nM in order to maximise the
possible range of detection. Where dye was visible
in the initial sample, the sample was diluted ten-fold
before being serially diluted across the microtitre
plate. Acidic and basic samples were neutralised
with small aliquots of strong base or acid. High
chaotrope concentrations which interfered with the
immunoassay could not be easily removed by tech-
niques such as gel filtration without affecting the
dye concentration. After thorough investigation, it
was concluded that antibody binding in serial dilu-
tions containing below 320 mM NaSCN was identi-
cal to controls in the absence of chaotrope. There-
fore, samples containing 5 M NaSCN were initially
diluted 1:1 with antibody in the first well, yielding a
chaotrope concentration of 2.5 M NaSCN, and
were then serially diluted six-fold across the plate;
only the final three wells, containing 313, 157 and
79 mM NaSCN, respectively, were used for the
analysis of those samples.
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Dye leakage in buffer

Packed gels (2 ml bed volume) were thoroughly
washed with 50 mM phosphate buffer, pH 7.0 (50
column volumes) and left to stand in this buffer at
room temperature (72 h). Buffer (10 ml) was run
through the columns, collected and assayed for
leakage of dye by competitive ELISA. Leakage data
were corrected to give values for the average daily
loss of dye from the affinity adsorbents.

Dye leakage in rigorous conditions

Affinity adsorbents were sequentially exposed to
three increasing concentrations of chaotrope
(NaSCN), acid and base; after each exposure, the
gel was immediately washed with an equal volume
of distilled water, and then left while the next ad-
sorbent was challenged. Each gel was thus exposed
to 10 ml volumes of 0.5 M NaSCN, 0.1 M HC], 0.1
M NaOH, 1.25 M NaSCN, 0.25 M HCl, 0.25 M
NaOH, 5 M NaSCN, 1 M HCl and 1 M NaOH,
each exposure followed immediately by a 10 ml wa-
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ter wash and a pause of 140 min before the next
challenge. All fractions were collected, neutralised
where necessary and assayed for C.I. Reactive Blue
2 by competitive ELISA.

RESULTS AND DISCUSSION

ELISA development

Purification and characterisation of rabbit 1gG to
C.I. Reactive Blue 2. The fraction containing the
highest antibody titre against C. 1. Reactive Blue 2
was purified from the crude antiserum of one New
Zealand White rabbit by anion-exchange chroma-
tography and assayed by standard ELISA. Fig. 1A
shows the standard dilution curve for this fraction
incubated with bound C.I. Reactive Blue 2-ovalbu-
min conjugate (10 ug/ml; 4.5 mol dye/mol protein)
and shows that a 1/3200 dilution gives approxi-
mately 70% maximal binding of antibody. There-
fore all competitive assays were carried out using a
1/3200 dilution of the highest titre fraction. Fig. 1B

144 B
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rabbit antiserum to C.I. Reactive Blue 2 incubated on plates pre-coated with dye-ovalbumin conjugate (4.5 mol dye/mol protein; 10
pg/ml). Values shown represent actual measurements. (B) Serial dilutions of C.I. Reactive Blue 2 incubated together with 1/3200
dilution of purified IgG fraction on identical plates to (A). Values shown represent means and standard deviations of triplicate samples.
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according to Lowe and Pearson [2].



shows the mean standard curve and deviation for
C.1. Reactive Blue 2 using the indirect competitive
assay across a broad range of dye concentrations
(2.4 nM-5 uM). The assay is linear between 5 and
300 nM C.I. Reactive Blue 2 under the conditions
used.

Sensitivity of the competitive ELISA for C.I. Re-
active Blue 2. Analysis of the potential sensitivity of
the indirect competitive ELISA was performed us-
ing a lighter substituted dye-protein conjugate (1.14
mol dye/mol protein) and a range of coating con-
centrations down to 10 ng conjugate/ml. The sensi-
tivity of the assay increased as the amount of bound
antigen decreased and under certain conditions the
assay could detect dye concentrations down to 300
pM. The amount of bound antibody did, however,
decrease with lower antigen coating concentrations,
producing a lower absorbance value against a fixed
background (the plate itself) and thereby more po-
tential for error. Amplification systems such as
those based on the biotin—avidin system [18] may be
expected to increase the sensitivity further. This as-
pect was not investigated since, for our purposes,
the assay was required to measure a broad range of
dye concentrations up to spectrophotometric detec-
tion limits (1 M) and this necessitated choosing a
higher concentration of coating antigen (10 ug/mi)

TABLE 1
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with concomitant loss of sensitivity (>3 nM; ~3
ng/ml).

Specificity of the competitive ELISA for C.I. Re-
active Blue 2. The specificity of the immunoassay
was studied by measuring the ability of structural
fragments and analogues of C.I. Reactive Blue 2
and other reactive dyes to block antibody binding
of C.I. Reactive Blue 2-coated microtitre plates.
Fig. 2 shows the structures of some compounds
tested for their cross-reactivity with antibody to the
parent dye . Structures I and II are intermediates in
the synthesis of C.I. Reactive Blue 2 (II), while IV
is an unsubstituted terminal ring isomer of the dye
{19]. Compound V represents the parent dye sub-
stituted at the triazine ring with 1,6-diaminohexane,
a bridging or spacer group commonly used in affin-
ity chromatography to separate the affinity ligand
from the matrix backbone. Compounds VI and VII
each possess substituted anthraquinone moieties,
though the latter retains the charged anthraquinone
sulphonate group. VIII is essentially an analogue of
C.I. Reactive Blue 2 possessing an 1,2-ethylenedia-
mine spacer group between the blue base moiety (IT)
and the triazine ring. Compounds IX and X repre-
sent two azo triazine dyes, Procion Red H-3B and
Procion Brown H-2G respectively, that do not con-
tain the anthraquinone group.

CROSS-REACTIVITY OF CERTAIN FRAGMENTS AND STRUCTURAL ANALOGUES OF C.I. REACTIVE BLUE 2 IN

ELISA

Microtitre plates were presented with dye-ovalbumin conjugate (4.5 ymol dye/umol protein; 10 pg/ml). Plates were incubated with
serial dilutions of 5 uM stocks of analogues together with a 1/3200th dilution of purified IgG factor of rabbit antiserum to C.1. Reactive

Blue 2. Values shown represent the means of triplicate samples.

Compound No. Concentration® Relative cross-
(nM) reactivity (%)

1,4-Diaminoanthraquinone I 360 3.6

Blue base IX 32 40.6

C.I. Reactive Blue 2 I 13 100
anilino-C.1. Reactive Blue 2 v 24 54.2
1,6-Diaminohexane-m-C.1. Reactive Blue A\ 14 92.9
1-Hydroxy-2-desulpho-m-C.1. Reactive Blue 2 VI 180 7.2
Acryloyl anthraquinone-methoxy-p-C.1. Reactive Blue 2 vii 180 7.2
m-Benzoic-s-triazino-1,2-ethylenediamine-blue base vl 17 76.5
Procion red H-3B X 5000 0.3
Procion brown H-2 X 3300 0.4

4 These values represent that concentration of each compound yielding an absorbance at 492 nm of 1.0 in the indirect competitive

ELISA.
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The extent of cross-reactivity of a compound
with C.I. Reactive Blue 2 was estimated by compar-
ing the concentration of competing dye analogue
necessary to produce an absorbance of 1.0 at 492
nm relative to the required concentration of parent
dye. The concentration was estimated from the line-
ar region of the mean antibody binding curve for
each compound. Table I shows that dye analogues
(I1, IV, V and VIII) containing the structural motif
comprising a 1,4-diaminoanthraquinone ring cou-
pled to a p-diaminobenzene sulphonate such as C.I.
Reactive Blue 2 itself (III) are potent inhibitors of
the immune binding reaction. Modification of this
structural motif either by removal of the p-diamino-
benzene sulphonate ring (I) or by alteration of the
anthraquinone ring itself (VI and VII) reduce the
potency of the competitive binding analogue by at
least an order of magnitude. Moreover, dyes alto-
gether lacking an anthraquinone group (IX and X)
showed reduced binding by over two orders of mag-
nitude. That these dyes cross-react to some extent
with antibodies raised to C.I. Reactive Blue 2 sug-
gests that some weak antigenic determinancy re-
sides in the triazine and terminal sulphonated rings.
This is supported by the lowered immune response
exhibited by compound IV that lacks a terminal sul-
phonate negatively-charged groups are thought to
play an important role in antigenic determinancy
[20].

The observation that the predominant antigenic
determinant of C.I. Reactive Blue 2 appears to be
the structural motif comprising anthraquinone and
p-diaminobenzene sulphonate rings may depend in
large part on the manner of synthesis of the dye—
protein conjugate used for immunisation. C.I. Re-
active Blue 2 is coupled to the carrier protein by
nucleophilic substitution, through, for example, the
g-amino group of a surface lysine residue of bovine
serum albumin, at the triazine ring and, therefore,
this region of the hapten is least accessible for rec-
ognition by the immune system. Availability of the
anthraquinone and p-diaminobenzene sulphonate
rings for interaction with antibody has thus confer-
red the desired specificity on the polyclonal anti-
body. Substitution at the triazine ring, whether by
1,6-diaminohexane or a larger molecule such as de-
graded fragments of the agarose matrix, should
thus have little effect on the recognition of C.I. Re-
active Blue 2 by the antibody. Therefore, the rabbit

antibody may be fruitfully used to detect low con-
centrations of both free C.I. Reactive Blue 2 and
derivatives in which the leached dye is attached to
matrix fragments via the triazine ring without con-
centration of the eluent or any other prior treat-
ment of the sample.

Evaluation of the adsorbents

Evaluation of the overall performance of an affin-
ity adsorbent for any particular application must
include parameters such as mechanical rigidity, ca-
pacity for protein binding, and stability under se-
lected conditions. These operational parameters de-
termine the maximum permissible flow-rate
through the adsorbent, the protein throughput and
the degradation of the adsorbent during use and
regeneration.

Flow-rate versus pressure analysis. The two im-
mobilised dye adsorbents based on silica and cross-
linked polyvinyl alcohol, Cibacron Blue F3GA Si
= 500 and Fractogel TSK AF-Blue, respectively,
display a linear relationship between flow-rate and

80 -

60
Flow-rate

(cm/min)

G,FI
[of

2 3 4 5
Pressure (MPa)

Fig. 3. Flow-rate versus pressure curves for C.1. Reactive Blue
2-containing affinity adsorbents. Adsorbents were packed in
Pharmacia HR 5/10 columns (2 ml) and flow-rates measured as a
function of applied pressure and divided by the column cross-
sectional area. Adsorbents are as follows: A = Mimetic Blue:
A6XL (ACL); B = Affi-Gel Blue (Bio-Rad); C = Blue Tris-
acryl-M (IBF); D = Fractogel TSK AF-Blue (Merck); E = C.I.
Reactive Blue 2 polyvinyl alcohol-coated perfluorocarbon ma-
trix; F = Blue Sepharose CL-6CB; G = Immobilized Cibacron
Blue F3GA (Pierce); H = Cibacron Blue F3GA = Si 500 (Ser-
va); and I = Reactive Blue 2-Sepharose CL-6B (Sigma).

=
1
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pressure that is characteristic of “hard” chromatog-
raphy gels and suggests that both materials are suit-
able for use as high performance media (Fig. 3). In
contrast, agarose-based and acrylate-based materi-
als only exhibit this proportionality at low pres-
sures, with further increases in pressure beyond a
characteristic point producing no further increase
in flow-rate; this observation suggests that compres-
sion of the gel is occurring, with flow through the
column actually decreasing in some cases if further
pressure is applied. Maximal flow-rates through the
agarose-based materials varied from less than 2 cm/
min for Affi-Gel Blue to almost 40 cm/min for MI-
METIC Blue 1 A6XL and appeared to depend on
the extent of cross-linking of the matrix. Affi-Gel
Blue probably represents native agarose, with Blue
Sepharose CL-6B, Immobilised Cibacron Blue
F3GA and Reactive Blue 2-Sepharose CL-6B being
examples of mildly cross-linked materials, while the
rigidity of MIMETIC Blue 1 A6XL must be attrib-
utable to a substantial degree of cross-linking. In
contradistinction to these affinity adsorbents, the
coated perfluoropolymer adsorbent exhibits a non-
linear relationship between flow-rate and pressure
with an extrapolated working maximum of approx-
imately 80 cm/min. This suggests that the perfluoro-
polymer matrix undergoes slow compression as the
pressure is increased. Furthermore, it has been ob-
served that the amount of adsorbed polymer coat-
ing per unit weight of base matrix also appears to
play a part in the pressure-flow-rate performance of
the perfluoropolymer adsorbent support. Thinner
polymeric coatings permit the application of higher
flow-rates, although there remains a requirement
for sufficient adsorbed polymer to enable immobil-
isation of the affinity ligand to the matrix and to
prevent nonspecific adsorption of protein.
Dynamic load capacity for human serum albumin.
Table II displays the suppliers’ figures, where avail-
able, for immobilised ligand concentrations per ml
of affinity adsorbent together with their measured
dynamic load capacities for human serum albumin
per ml of each affinity adsorbent. Dynamic load ca-
pacities do not appear to correlate with ligand den-
sities, since ligand usage ( umol albumin/umol dye)
ranging from 7.8% for the C.I. Reactive Blue 2 po-
lyviny! alcohol-coated perfluoropolymer to 31.1%
exhibited by Immobilised Cibacron Blue F3GA.
This difference may result from the fact that while
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both these gels have comparable ligand densities
per unit wet weight (1.9 and 2.0 umol/g, respective-
ly), the ligand density per unit surface area of the
perfluoropolymer adsorbent is much higher because
of its low total surface area, and consequently, less
protein may be bound per unit volume of adsor-
bent. Use of alternative perfluoropolymer matrices
with higher total surface areas would be expected to
offer greater protein binding capacities without a
requirement for increasing the ligand concentration
per unit wet weight of matrix.

A further point of interest arising from the capac-
ity data given in Table II is the considerable differ-
ence in albumin binding capacities exhibited by the
6% cross-linked agaroses, immobilised Cibacron
Blue F3GA, Blue Sepharose CL-6B and Reactive
Blue 2-Sepharose CL-6B; these gels exhibited near-
identical flow-pressure curves and contained equiv-
alent concentrations of immobilised C.I. Reactive
Blue 2. This observation may reflect the use of an
alternative coupling chemistry in the preparation of
immobilised Cibacron Blue F3GA. Similarly, the
substantial albumin-binding capacity of MIMETIC
Blue 1 A6XL even over the less cross-linked Affi-
Gel Blue may result from the manufacturer’s ac-
knowledged use of a spacer-arm to separate the li-
gand from the matrix and facilitate interaction with
the complementary protein [21].

Dye leakage in buffer. The dye leakage figures
(pmol/day) of the adsorbents shown in Table II
were determined after six successive human serum
albumin purification cycles, each of which included
equilibration, albumin challenge, buffer wash, elu-
tion with 1 M potassium chloride and re-equilibra-
tion. These conditions would be expected to dis-
place any unbound dye remaining after implemen-
tation of the manufacturers’ washing procedures.
Thus, the leakage of dye from Affi-Gel Blue, Blue
Trisacryl-M and Immobilised Cibacron Blue F3GA
must represent a realistic daily loss arising either
through hydrolysis of the dye-matrix bond or the
matrix itself. In context, however, this means that
even Affi-Gel Blue, the adsorbent displaying the
highest rate of ligand loss at 0.0009%/day, would
lose less than 0.33% of its immobilised dye per year
when standing at room temperature in 50 mM
phosphate buffer at pH 7.0. No leakage of dye was
detectable from the coated perfluoropolymer adsor-
bent under these conditions.
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TABLE 11

LIGAND CONCENTRATION, HUMAN SERUM ALBUMIN CAPACITY AND STABILITY IN BUFFER OF C.I. REACTIVE

BLUE 2-CONTAINING AFFINITY ADSORBENTS

Adsorbent” Manufacturer/supplier ~ Ligand content* Human serum Dye leakage Immobilised
(umol/ml) albumin capacity® (pmol/day) dye loss
(mg/ml) (%loss/day)

Mimetic Blue I A6XL ACL 25+02 48.9 U/ -
Affi-Gel Blue Bio-Rad >2.3¢ 45.5 43 <0.0009
Immobitised Cibacron Blue F3GA Pierce ~2.0 423 17 0.0004
Fractogel TSK AF-Blue Merck — 40.6 U -
Cibacron Blue F3GA-silica Serva —d 334 U -
Blue Trisacryl-M IBF ~4.0 29.7 27 0.0003
Blue Sepharose CL-6B Pharmacia ~2.0 254 U -
Reactive Blue 2-Sepharose CL-6B  Sigma ~2.0 23.2 8] -
Blue polyvinyl alcohol-coated

perfluorocarbon adsorbent - 19+ 02 10.1 U -

@ Packed adsorbents (2 ml) were washed with 50 mAM phosphate buffer, pH 7.0 (50 column volumes) and then allowed to stand for 72 h
in this buffer. Further buffer (10 ml) was then added, collected and assayed for C.I. Reactive Blue 2 by competitive ELISA.

® Manufacturer/suppliers’ figures.

¢ Calculated assuming formule weight for C.I. Reactive Blue 2 = 840.

¢ Figures not supplied.

¢ Albumin capacities were measured by frontal analysis of 10 mg/ml human serum albumin in 50 mM sodium acetate, pH 5.5.

I Undetectable (< pmol/day).

Dye leakage in rigorous conditions. Leakage of
immobilised ligand from affinity adsorbents may be
attributable to cleavage of the dye-matrix bond, hy-
drolysis or dissolution of the matrix backbone or
displacement of tightly adsorbed but non-covalent-
ly bound ligand remaining after adsorbent synthe-
sis. Fig. 4 displays the results of exposing a number
of affinity adsorbents to increasing concentrations
of chaotrope, acid and base. The effect of high
chaotrope concentrations on the immunoassay il-
lustrates how serial dilutions rather than single well
samples are required to analyse dye loss under these
conditions. Leakage of ligand was undetectable
from most adsorbents in 0.5 M NaSCN and, even in
1.25 M NaSCN, the coated perfluoropolymer and
MIMETIC Blue 1 A6XL displayed no leakage. Un-
der all other conditions, the immunoassay detected
loss of dye from all the adsorbents. However, the
extent of ligand loss varied widely for any given
condition: for example, in 1 M sodium hydroxide
solution, loss of only 0.1% of the total dye content
of the perfluoropolymer adsorbent was observed,
whilst under the same conditions, approximately
13.5% of total ligand content of the silica-based Ci-
bacron Blue F3GA = Si500, assuming an initial

dye content of 2 umol/ml silica, was lost. It is well
known that silica is labile in alkali and dissolution
occurs at pH values above 8.0 [22]. In contrast, sil-
ica is stable at low pH and, therefore, the leakage
exhibited in acidic conditions probably arises from
hydrolysis of the siloxane bonds between ligand and
the support. Pellicular coatings for silica comprising
polymers such as dextran have been developed
which coat the surface and facilitate ligand immo-
bilisation [23]. However, coating imperfections will
still allow solvent attack on the base matrix and will
inevitably lead to ligand loss.

The 1,4-ether bond between the D-galactose and
3,6-anhydro-L-galactose moieties of agarose is
known to hydrolyse in acidic conditions, resulting
in breakdown of the matrix [24]. Furthermore, un-
crosslinked polymer chains of agarose are aggregat-
ed by hydrogen bonds which may be disrupted by
chaotropic agents as well as by acid and base. The
stabilities of the agarose-based materials follow a
heirarchy: A >> F,G,I > B. This order mirrors the
results of the flow-rate versus pressure analysis and
is explicable in terms of the extent of chemical
cross-linking introduced within the agarose poly-
mer chains. The notable stability of A (MIMETIC
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Blue 1 A6XL) in basic, as well as acidic and chao-
tropic, conditions may also depend on the unique
spacer arm chemistry used to link the dye to the
matrix. In contrast, direct coupling of the triazine
dye to the matrix yields a triazinyl ether bond that
may be hydrolysed by extremes of pH [1]. The acryl-
ic polymer, Trisacryl Blue-M (C), offers superior
stability to the agaroses (F,G,]) in acidic and chao-
tropic conditions but is less able to withstand alkali.
Fractogel TSK AF-Blue (D) performs moderately
well under all conditions, but it is particularly no-
ticeable that this adsorbent does not withstand low-
er chaotropic, acidic or basic conditions well; this
material may benefit from a pre-treatment that in-
cludes exhaustive washing in these conditions prior
to use.

The C.I. Reactive Blue 2 polyvinyl alcohol-coat-
ed perfluoropolymer displays the lowest leakage un-
der all conditions although slight leakage in both
acidic and basic conditions is observed. This may be
attributable either to hydrolysis of the triazinyl
ether bond between the adsorbed polyvinyl alcohol
and the triazine dye or to desorption of the entire
perfluoroalkylated dyed polymer from the perfluo-
ropolymer surface. The use of cross-linking agents
to strengthen further the stability of the coating lay-
er may circumvent the latter problem.

CONCLUSIONS

The enzyme-linked immunoassay developed for
the detection of the triazine dye C.1. Reactive Blue 2
exhibits a considerable increase in the senstivity of
detection over spectrophotometric methods. The
assay appears to be specific for the anthraquinone
moiety of the dye and therefore offers the possibility
of monitoring the leakage of immobilised dye from
affinity adsorbents irrespective of whether frag-
ments of the matrix remain attached to the dye. In
applying this immunoassay to a comparison of
eight commercial affinity adsorbents and one novel
dyed perfluoropolymer support, leakage of ligand
from adsorbents in buffer at pH 7.0 was undetect-
able from most of the adsorbents, although, on ex-
posure to more rigorous conditions that might be
applied during the lifetime of a working column,
leakage was evident from all the dyed adsorbents.
The C.I. Reactive Blue 2 polyvinyl alcohol-coated
perfluoropolymer exhibited the lowest loss of ligand
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in both acidic and basic conditions by a substantial
margin, and offered reasonable pressure/flow-rate
characteristics with potential maximal flow-rates in
the region of 80 cm/min. Of the commercial ad-
sorbents, Fractogel TSK-AF Blue would appear to
offer advantages for high performance liquid affin-
ity chromatography although careful monitoring of
leakage is advisable. Overall, MIMETIC Blue 1 of-
fers the best capacity and stability of all commercial
adsorbents and its increased rigidity suggests that it
is suitable both for low and medium pressure appli-
cations. Unfortunately, the low binding capacity of
the perfluoropolymer for proteins, attributable to
its lack of porosity and low surface area, limits its
current usefulness. Nevertheless, work is underway

.to remedy these shortcomings by the use of more

porous perfluoropolymer matrices. The remarkable
stability of the perfluoropolymer adsorbents should
make them attractive propositions for the purifica-
tion of therapeutic proteins where harsh conditions
could be employed to effect in situ depyrogenation,
sterilisation and cleaning.
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Comparison of adsorption properties of Florisil and silica
in high-performance liquid chromatography

I1. Retention behaviour of bi- and trifunctional model
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ABSTRACT

The retention of several bi- and trifunctional model solutes using different adsorbents, Florisil and silica, and different binary eluent
systems containing isopropanol, dioxane or tetrahydrofuran as modifiers in n-heptane was investigated by high-performance liquid
chromatography. The retention parameters are presented as log k'-log k' relationships obtained for solutes in different chromato-
graphic systems. The selectivity of the systems investigated and the influence of modifiers on the adsorptive properties of the adsorbents

are discussed.

INTRODUCTION

In previous papers, the special properties of Flo-
risil in comparison with silica were demonstrated
using various model solutes such as aromatic hy-
drocarbons, phenols, anilines and nitroarenes [1]
and aromatic acids and aldehydes [2] using contin-
uous thin-layer chromatography (TLC) (quasi-col-
umn conditions). In a recent paper [3], the results
obtained for monofunctional aromatic model sol-
utes in high-performance liquid chromatography
(HPLC) were reported. Although some analogies
between adsorption on Florisil and silica for deriv-
atives of anilines and phenols (solutes of class AB
according to the Pimentel-McClellan classification
[4]) were found, a better capability for the separa-
tion of isomers on Florisil was observed.

Correspondence to: Dr. M. Waksmundzka-Hajnos, Department
of Inorganic and Analytical Chemistry, Medical Academy, Stas-
zica 6, 20-081, Lublin, Poland.
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The investigations revealed distinct differences in
the acidity of adsorption centres and their distribu-
tion on Florisil and silica surfaces. Quinoline bases
(class B) were more strongly adsorbed and better
separated on Florisil in all eluent systems investi-
gated [3].

The influence of modifiers on the adsorptive
properties of Florisil was also examined. It was
found that dioxane modified both Florisil and silica
surfaces [3,5,6] in such a way that solutes interacted
with the ether oxygens of the solvent film on the
surface (co-adsorption effect) or displaced the sol-
vent molecules from the adsorbent surface (dis-
placement effect). On the other hand, the molecules
of tetrahydrofuran deactivate and shield the surface
of Florisil. For this reason, separation on Florisil in
the latter system is poorer [3].

It was considered of interest to examine these ef-
fects using compounds with more complex molec-
ular structures. In this work, the retention beha-
viour of several bi- and trifunctional aromatic com-

1992 Elsevier Science Publishers B.V. All rights reserved
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pounds was examined by HPLC in chromatograph-
ic systems using Florisil as an adsorbent and isopro-
panol, dioxane or tetrahydrofuran in n-heptane as
mobile phases. The chromatographic data were
compared with those obtained earlier by HPLC on
silica {7,8].

The analysis of steric and mesomeric effects of
solutes also permits a better recognition of the dis-
tribution and chemical properties of active centres
on the Florisil surface.

EXPERIMENTAL

The chromatographic experiments with Florisil
were performed at 19 £ 1°C using a Type 302 liquid
chromatograph (Institute of Physical Chemistry,
Polish Academy of Sciences), equipped with a sy-
ringe pump (at a flow-rate of 1.2 ml/min) and a UV
detector (254 nm). Single solutes dissolved in the
eluent were injected with the help of a 5-ul injection
valve.

HPLC-grade 10-um Florisil was prepared in the
Institute of Inorganic Chemistry (Gliwice. Poland).

TABLE 1
COMPOUNDS INVESTIGATED
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Florisil (Fluka, Buchs, Switzerland) for TLC was
milled in a Model 100 AFG counterflow-fluid mill
produced by Alpine (Augsburg, Germany). Particle
segregation of ground Florisil was carried out in a
Model 100 MZR pneumatic separator (Alpine).
The column (150 X 4 mm 1.D.) was packed with
10-um Florisil [specific surface area (BET) 340
m?/g, total porosity 46.2%] by the slurry method.
The experimental results represent the averages of
three runs. As mobile phases n-heptane solutions of
isopropanol (for HPLC, E. Merck, Darmstadt,
Germany), 1,4-dioxane (for HPLC, Romil Chem-
icals, Shepshed, UK) or tetrahydrofuran (for chro-
matography, redistilled, International Enzymes,
Windsor, UK) were used. For further details, see
ref. 3.

The chromatographic experiments with silica
were performed using a Perkin-Elmer (Norwalk,
CT, USA) Model 1210 liquid chromatograph with
dual syringe pumps and UV detector. The column
(125 x 4 mm 1.D.) was packed with 10-um LiChro-
sorb Si 60 (E. Merck). For further details, see refs. 7
and 8.

Polar groups type

Solute Abbreviation
1,3-Dihydroxynaphthalene 13HN
1,3-Dihydroxy-5-methylbenzene (orcinol) 13H5MB
1,4-Dihydroxybenzene (hydroquinone) 14HB
4-Aminophenol 4AP
3-Aminophenol 3AP
4-Hydroxybenzaldehyde 4HBal
2,6-Dichloro-4-nitroaniline 26C4NtAn
2-Chloro-4-nitroaniline 2C4NtAn
4-Chloro-3-nitroaniline 4C3NtAn
4-Nitroaniline 4NtAn
3-Nitroaniline 3NtAn
2-Nitroaniline 2NtAn
2.4-Dinitroaniline 24NtAn
4-Nitrophenol 4NtP
5-Aminoacridine SAAcr
1,2-Dinitrobenzene 12NtB
1,4-Dinitrobenzene 14NtB
4-Nitrobenzaldehyde 4NtBal
6-Nitroquinoline 6NtQ
2-Chloro-3-nitropyridine 2C3NtPy
2-Chloro-5-nitropyridine 2C5NtPy

AB-AB
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Fig. 1. Correlation between log &k’ values of bi- and trifunctional aromatic compounds on Florisil and silica. Solutes: B = compounds
with B-B groups; O = compounds with AB-B groups; ® = compounds with AB-AB groups. For abbreviations of solutes, see Table
I. Mobile phases: (a) isopropanol-#-heptane [30:70 (v/v) for Florisil and 12.5:87.5 (v/v) for silica]; (b) dioxane—n-heptane [50:50 (v/v) for
Florisil and 40:60 (v/v) for silica]; (c) tetrahydrofuran-»-heptane [40:60 (v/v) for both adsorbents].

RESULTS AND DISCUSSION

The experimental results obtained for the bi- and
trifunctional model solutes listed in Table I are giv-
en in Fig. 1 as the relationships of log k' values

(k' = capacity factor) of the solutes adsorbed on
Florisil against log &’ values for the same solutes
adsorbed on silica in different eluent systems.

Fig. 1a shows log k' (Florisil) vs. log k' (silica)
relationships in the isopropanol-n-heptane system.
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Molecular interactions in the isopropanol system
are complex owing to its linear autoassociation
[9,10], which leads to an apparent decrease in their
solvent strength especially with respect to solutes
possessing functional groups of class B. Such a dif-
ference in the solvation mechanism of the solutes
belonging to class B or AB is a reason for the differ-
ent retentions of compounds. Hydroxyl groups on
the surface of either silica or Florisil interact com-
petitively with isopropanol and solute molecules
and adsorption of solutes can be considered as a
result of displacement and solvation effects. Hence,
it appears that solutes interact directly with active
centres of adsorbents and differences in retention
parameters depend largely on the adsorptive prop-
erties of the adsorbents. The analysis of chromato-
graphic data and the structures of the solutes shows
many dissimilarities in the type, distribution and
properties of active centres of both adsorbents, as
can be seen in Fig. 1a. The solutes with B-B groups
(6-nitroquinoline, 4-nitrobenzaldehyde, 2-chloro-3-
nitropyridine, 2-chloro-5-nitropyridine and 1,4-di-
nitrobenzene) are adsorbed more strongly on the
active acidic centres of Florisil than on the silica
surface. The solutes with AB-AB groups are ad-
sorbed less strongly on Florisil than on the silica
surface (e.g. 1,3-dihydroxy-5-methylbenzene, 1,3-
dihydroxynaphthalene, 1,4-dihydroxybenzene, 3-
aminophenol and 4-aminophenol); nevertheless,
they are better separated on Florisil (see Fig. 1a).
Bifunctional compounds with B- and AB-type
groups (e.g., nitro and amino or chloro, nitro and
amino substituents) are similarly adsorbed on both
adsorbents. Although the nitro group has a rela-
tively weak adsorption energy, the introduction of a
second nitro group into the solute molecule usually
increases the adsorption affinity (compare 2-nitroa-
niline and 2,4-dinitroaniline, Fig. 1a), especially of
ortho and para derivatives owing to the ability to
create resonance forms. The weaker adsorption of
2,6-dichloro-4-nitroaniline, 4-nitroaniline and 2-
chloro-4-nitroaniline is presumably due to the steric
shielding effects of the halogen substituents.

In the dioxane-heptane system the dispersion of
correlation points is less pronounced (Fig. 1b). For
example, solutes with B-B groups are adsorbed less
strongly than in the isopropanol-n-heptane system.
This indicates that the strongly acidic centres of the
Florisil surface are blocked with dioxane molecules
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[3], which consequently permits a co-adsorption ef-
fect comparable to that described for silica [5,6].
Nevertheless, compounds with B and AB groups,
such as 4-nitrophenol, 4-hydroxybenzaldehyde, 4-
nitroaniline and 2,4-dinitroaniline, are more strong-
ly adsorbed on Florisil than on the silica surface.
These compounds reveal a positive mesomeric effect
(+M) of AB groups intensified by the negative
mesomeric effect (—M) of the B groups (NO,,
CHO), so that the proton-donor effect of OH and
NH, AB groups is intensified. This causes stronger
adsorption on the Florisil surface covered with a
bonded dioxane film (see Fig. 1b).

Fig. 1c presents the log k' (Florisil) vs. log k" (sil-
ica) correlations in the system tetrahydrofuran-n-
heptane. The spread of points in this system is less
pronounced and the slope of the correlation line is
less than 1, indicating that silica in this instance is
generally a more selective adsorbent. Moreover, all
compounds except 1,4-dihydoxybenzene, 1,3-dihy-
droxynaphthalene, 1,3-dihydroxy-5-methylbenzene
and 4-hydroxybenzaldehyde are more strongly ad-
sorbed on the silica surface than on the Florisil sur-
face in this system, including compounds with elec-
tron-donor B-B groups (Fig. 1¢). Similarly to diox-
ane molecules, tetrahydrofuran modifier molecules
cover the Florisil surface, blocking the adsorption
centres. The oxygen atoms in tetrahydrofuran mol-
ecules interact strongly with the acidic centres of the
Florisil surface, forming a film that deactivates the
adsorbent surface.

To summarize these results, the spread of points
in the correlations indicates the accumulation of
several effects such as the chemical character of po-
lar groups and internal hydrogen bonding; ortho
and mesomeric effects also have an influence on the
adsorption energy of solutes. The interaction of sol-
utes with adsorbent sites also depends on the dis-
tance between two polar substituents, adjusting bet-
ter or worse to the arrangement of surface hydroxyl
groups on the adsorbent (localization and delocal-
ization effects) [11].

The correlation of log k' for two different sol-
vents is very useful in the search for optimum sys-
tems for the separation of the investigated com-
pounds (Fig. 2). It allows the selectivities of mod-
ifiers to be compared and the composition of the
mobile phase to be chosen for rechromatography of
complex fractions not separated in one system. For
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Fig. 2. (a) Correlation of log k' values for isopropanol-n-heptane [30:70 (v/v)] against log k’ values for dioxane—n-heptane [50:50 (v/v)].
Adsorbent: Florisil. (b) Correlation of log &’ values for isopropanol-n-heptane [30:70 (v/v)] against log k' values for tetrahydrofuran—n-
heptane [40:60 (v/v)]. Adsorbent: Florisil. (¢) Correlation of log k’values for dioxane-n-heptane [50:50 (v/v)] against log k' values for
tetrahydrofuran—n-heptane [40:60 (v/v)]. Adsorbent: Florisil. Solutes as in Fig. 1.
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example, 2,4-dinitroaniline and 4-nitroaniline, 4-
chloro-3-nitroaniline and 2-chloro-4-nitroaniline,
4-aminophenol and 3-aminophenol and 2-nitroani-
line and 2,6-dichloro-4-nitroaniline, which are not
separated in the dioxane-n-heptane system, have a
much greater resolution in the 2-propanol-n-hep-
tane system (Fig. 2a); on the other hand 2-chloro-3-
nitropyridine and 2-chloro-5-nitropyridine, 1,4-di-
hydroxybenzene and 1,3-dihydroxynaphthalene
and 1,4-dinitrobenzene and 1,2-dinitrobenzene,
which are not separated in the isopropanol-n-hep-
tane system, are better separated using the dioxane—
n-heptane system (Fig. 2a). Similarly, 1,4-dihydrox-
ybenzene, 1,3-dihydroxynaphthalene and 1,3-dihy-
droxy-5-methylbenzene or 4-aminophenol and 3-
aminophenol, 6-nitroquinoline and 2-chloro- 3-ni-
tropyridine eluted together with the tetrahydro-
furan-n-heptane system but can be separated when
2-propanol is used as a modifier (Fig. 2b). Some
solutes from each group of compounds investigated
have similar retentions in tetrahydrofuran—r-hep-
tane. Most of the investigated compounds are less
strongly retained in the tetrahydofuran—n-heptane
system (Figs. 2b and 2¢). This verifies the hypothe-
sis that the molecules of tetrahydrofuran form a
film that deactivates the surface of Florisil, so that
its specific properties decrease.

Another method for comparing the investigated
eluent systems is to plot the log &’ “spectrum” ob-
tained for a constant concentration of a modifier
(comparable solvent strength) for bi- and trifunc-
tional model solutes. This diagram (Fig. 3) gives a
possibility of observing selectivity and sequence
changes for the investigated solutes in three sys-
tems. The influence of the structural effects on the
retention of the chromatographed compounds can
be elucidated from this diagram.

Correlations of retention parameters (Figs. 1 and
2) are very useful in planning separations of com-
plex mixtures. A hypothetical correlation diagram
in two chromatographic systems is as follows:

log k" IT 1
cC F 1
B E H J K
A D G
log k' 1
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Fig. 3. Graphical comparison of log £’ values obtained for Flo-
risil. Mobile phases: tetrahydrofuran—n-heptane [40:60 (v/v)],
dioxane-#n-heptane [50:50 (v/v)] and isopropanol-n-heptane
[50:50 (v/v)].

The diagram indicates that in system I group
separation is possible (ABC) + (DEF) + (GHI) +
J + K . In system II isolation of individual solutes
from separated groups can be obtained:

(ABC)> A+B+C

(DEF) - D+ E+ F

(GHI) - G +H + 1
This makes application of correlations for planning
separations on the analytical and micropreparative
scales possible.

CONCLUSIONS

Differences in selectivity of most popular adsor-
bents (e.g., silica and Florisil) and eluent systems
can be utilized in difficult separation problems with
isomers or closely related compounds.

The specific properties of Florisil depend on
modifiers being used as polar components of binary
solvents. Dioxane molecules modify the surface of
both Florisil and silica so that especially proton-
donor solutes can interact with the oxygen atoms of
the solvent film. Tt changes the specific surface prop-
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erties of adsorbents. The film of tetrahydrofuran
shields and deactivates especially acidic centres on
the Florisil surface.
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Thermal treatment of supports for chiral stationary
phases and its influence on enantioselectivity
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ABSTRACT

Thermal treatment of silica at temperatures above 800°C leads to a significant decrease in the silanol surface concentration. Chiral
modification of such thermally treated silicas gives derived stationary phases with lower specific surface areas and lower surface
concentrations of ligands. The resolution of chiral amides was in some instances better with thermally treated n-donor chiral stationary
phases based on (R)-1-(1-naphthyl)ethylamine in comparison with the corresponding untreated phases. Correlation experiments with
two homologous series indicate that retention also depends on other hydrogen-bond acceptors such as secondary hydroxyl groups near

the chiral selector.

INTRODUCTION

Pirkle and co-workers [1-3] synthesized n-donor
chiral stationary phases (CSPs) for high-perform-
ance liquid chromatography (HPLC) with a lower
surface loading of chiral ligands by using smaller
amounts of reactants. These “diluted” CSPs were
developed and tested with a view to clarifying chiral
recognition mechanisms.

Dippen et al. [4] obtained CSPs with various sur-
face coverages depending on the order of connec-
tion of the spacer, 3-glycidoxypropyltrimethoxysi-
lane, with the chiral selector molecule and the sur-
face silanol groups. A decrease in the number of
active polar sites on the silica support can increase
the enantioselectivity of the CSP for polar solutes.

When using ordinary “diluted” chiral stationary
phases for the separation of enantiomers it is neces-
sary to consider that residual silanol groups can
cause disturbing polar adsorption (non-chiral inter-

Correspondence to: Professor Dr. H. Arm, Institute of Organic
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Switzerland.
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action with polar functional groups of the solute)
which lower the chiral recognition by peak broad-
ening. A thermal treatment prior to a chemical
modification deactivates these surfaces so much
that such polar adsorptions are mostly suppressed.
For this treatment, temperatures up to 1000°C for
several hours have been applied. Thermal treatment
reduces the surface area of the silica to an extent
dependent on the temperature applied and the puri-
ty of the silica [5-9].

The aim of the first part of this study was to in-
vestigate whether a thermal treatment of silica prior
to the chemical reaction decreases the surface densi-
ty of chiral ligands. We also compared these ther-
mally treated and lightly loaded chiral stationary
phases (TCSPs) with the CSPs previously described
[4,10,11]. The basic structure of the CSPs is given in
Fig. 1. The only differences between slightly and
heavily loaded CSPs are the surface density of the
chiral ligands, the number of remaining silanol
groups and the structure of the support.

EXPERIMENTAL

Two chiral stationary phases, one with an N-piv-
aloyl group, Ry, [CSP T (PIV)] and another with an

1992 Elsevier Science Publishers B.V. All rights reserved



24

I P
— Sli {—o—-— Sli—(CH2)3-—O—CH2—CH——CH2——

OCH,

R;=R;= —C(CHy);  CSPI(PIV)

TCSP 1 (PIV)

Ri= R2=

R. Straub and H. Arm | J. Chromatogr. 623 (1992} 23-31

O
Qo
R /NH_C_Ri
e

CSP I (CYH)
TCSP I (CYH)

Fig. 1. Chiral stationary phases (CSPs and TCSPs) I and II. N-Acyl derivatives of (R)-4-(N-1-alkyloylamino-1-ethyl)-1-naphthylamine.

N-cyclohexylcarbonyl group, R,, [CSP II (CYH)]
were synthesized starting from (R)-1-(1-naphthyl)
ethylamine according to a procedure described ear-
lier [4,10,11]. Similar phases, TCSP I (PIV) and
TCSP II (CYH), but from thermally treated sup-
ports were also made and are discussed below.

The elemental analyses were done with a routine
analyser in the microanalytical department of Ciba-
Geigy (Basle, Switzerland) and specific surface area
(Sger) measurements with a Carlo Erba Sorptomat-
ic Series 1800 instrument. All samples used were
synthesized according to common laboratory meth-
ods.

Materials

LiChrospher Si 100 (Merck, Darmstadt, Germa-
ny) with a particle size of 5 um and a specific surface
area Sgpr = 264.4 £ 5.4 m?/g was dried at 150°C
and 0.01 mbar for 6 h prior to the bonding proce-
dure. All chemicals were purchased from Merck or
Fluka (Buchs, Switzerland). All solvents used for
reactions or for washing were dried according to
general laboratory procedures. For liquid chroma-
tography, HPLC-grade solvents from Romil Chem-
icals (Shepshed, UK) were used.

Silylation of thermally treated silica

Thermal treatment. Three 0.55-g portions of silica
in covered porcelaine crucibles were heated at 600,
800 and 1000°C for 4 h in a muffie furnace. A fur-
ther portion of silica was heated for the same period
in a Biichi GKR-51 Kugelrohr oven at 150°C and
0.01 mbar. The differently thermally treated solids
were cooled in a desiccator containing phosphorus
pentoxide and then moved into a dry-box; further

preparations were carried out in a dry nitrogen at-
mosphere.

Silylation. Samples of 0.18-0.5 g of the thermally
treated silica were refluxed with 0.1 ml of dry pyri-
dine and 0.8 mmol of n-octadecyldimethylchlorosi-
lane (ODCS) per gram of silica in 6 ml of dry tolu-
ene for 137 h. The derived silicas were filtered and
washed successively with toluene, methanol, metha-
nol-water (1:1), water, methanol and diethyl ether
and dried for 6 h at 150°C and 0.01 mbar. No. 1
(150°C): weight increase 16.7%. Analysis: found, C
13.98, H 2.56, Cl <0.1%. No. 2 (600°C): weight
increase 9.5%. Analysis: found, C 13.83, H 2.70, Cl
<0.2%. No. 3 (800°C): weight increase 10.5%.
Analysis: found, C 13.76, H 2.83, Cl <0.2%. No. 4
(1000°C): weight increase 6.08%. Analysis: found,
C 10.42, H 1.89, Cl <0.1%. Data on surface cov-
erages calculated from elemental analysis are given
in Table I.

CSPs Iand Il

CSP I (PIV). Weight increase 9.0%. Analysis:
found, C 6.99, H 1.51, N 0.69%. Calculated: 0.25
mmol of (R)-ligand/g stationary phase (based on N)
and 0.23 mmol of (R)-ligand/g stationary phase
(based on C).

CSP II (CYH). Weight increase 7.8%. Analysis:
found, C 6.43, H 1.34, N 0.83%. Calculated: 0.22
mmol of (R)-ligand/g stationary phase (based on N)
and 0.20 mmol of (R)-ligand/g stationary phase
(based on C).

TCSPs I and IT
Thermal treatment. In a covered porcelain cruci-
ble, 2.3-2.4 g of silica were heated at 1000°C for 6 h
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in a muffle furnace, cooled in a desiccator over
phosphorus pentoxide and moved for further treat-
ment into a dry-box.

Coating. Samples of 1.9-2.0 g of thermally treat-
ed silica were reacted with 0.7 mmol of (R)-4-(N-1-
pivaloylamino-1-ethyl)-1-naphthylamine or (R)-4-
(N-1-cyclohexylcarboxamido-1-ethyl)-1-naphthyl-
amine and an equimolar amount of 3-glycidoxypro-
pyltrimethoxysilane in 15 ml of dry toluene accord-
ing to the procedure reported previously [4,10,11].

All calculations are based on the thermally treat-
ed silica gel.

TCSP I (PIV). Weight increase 5.1%. Analysis:
found, C 4.71, H 0.67, N 0.3%. Calculated: 0.11
mmol of (R)-ligand/g stationary phase (based on N)
and 0.16 mmol of (R)-ligand/g stationary phase
(based on C).

TCSP II (CYH). Weight increase 4.9%. Analy-
sis: found, C 4.91, H0.73, N 0.3%. Calculated: 0.11
mmol of (R)-ligand/g stationary phase (based on N)
and 0.15 mmol of (R)-ligand/g stationary phase
(based on C).

Liquid chromatography

To eliminate fines, the CSPs and the TCSPs were
sedimented five times in methanol. Stainless-steel
tubes (25 cm x 3.2 mm I.D.) were used as columns.
A slurry prepared from 1.9 g of the phase and 30 ml
of dibromomethane-n-hexane (8:2) was packed in-
to the columns with a Haskel (Burbank, CA, USA)
Model 27486-4 airdriven fluid pump at a pressure of
680 bar. The columns were conditioned with metha-
nol and n-hexane.

Chromatography was performed using an Altex
(Berkeley, CA, USA) Model 110 solvent metering
pump, a Hitachi Model 100-10 variable-wavelength
UV detector (Kontron, Ziirich, Switzerland) with
detection at 254 nm, a Rheodyne (Berkeley, CA,
USA) Model 7125 syringe-loading sample injector
with a 20-ul loop, and a Tarkan W & W Model 600
recorder (Kontron) and an HP 3396 A integrator
(Hewlett-Packard, Widen, Switzerland).

The mobile phases were n-hexane—tetrahydrofur-
an (3:1) and n-hexane—-2-propanol (78:22) at a flow-
rate of 1 ml/min. The columns and the mobile phase
container were held at 20°C (Assistant WTE var
3185 thermostat; R. C. Kuhn, Berne, Switzerland).
Toluene as a non-retained standard, dissolved in
the appropriate mobile phase, was used to deter-

25

mine the dead time, ¢y, and number of theoretical
plates, No. The results are given in Table II.

RESULTS AND DISCUSSION

Thermal treatment

The number of silanol groups per unit area of
porous glass or silica has been estimated or mea-
sured by numerous workers and values in the range
4-8/nm? were found [12-14]. The generally accept-
ed value is 4.6/nm? for surface silanol groups of a
properly dried silica. Davydov [15] has shown that
the surface concentration of silanol groups dropped
from 5.3/nm? at 100°C to 2.6/nm? at 400°C and
< 1.0/nm? at about 850°C or higher temperatures of
thermal treatment. The rehydration of the siloxane
groups formed is usually slow and often the ther-
mally treated silica or porous glass must be heated
in hot acids [16].

In preliminary experiments with bonded chiral
stationary phases we attempted to react thermally
treated silica, from the same batch as the support
used for chiral modification, with n-octadecyldi-
methylchlorosilane in dry toluene. Table I shows
the results of the elemental analyses. A measurable
decrease in the n-octadecyldimethylsilyl (ODS) sur-
face concentration was obtained only after thermal
treatment of the silica at above 800°C prior to
chemical reaction. In contrast, a 4-h treatment at
1000°C diminished the active silanol groups very ef-
fectively so that a significant decrease to 0.47 mmol
ODS/g was measured. The bulky ODS was used to
obtain almost comparable conditions to the bond-
ing procedure with chiral ligands.

TABLE I

SILYLATION OF THERMALLY TREATED SILICA: RE-
SULTS FROM ELEMENTAL ANALYSES

T = Temperature of thermal treatment; 0,,(C) = surface con-
centration of ODS, based on C, from elemental analysis data.

No. T 0,(C)
0 (mmol/g)

1 150 0.74

2 600 0.71

3 800 0.66

4 1000 0.47
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TABLE II
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COLUMN PARAMETERS OF STATIONARY PHASES I AND II

O\(C) = surface concentration based on C; O\(N) surface concentration based on N; Spe, = specific surface area; ¢, = dead time;
N, = number of theoretical plates; ¢ = total porosity; mobile phases, n-hexane-2-propanol (78:22) and a-hexane-tetrahydrofuran
(3:1); flow-rate, 1 ml/min; column, 25 ¢cm x 3.2 mm LD., 5 um. Mean results from ten measurements with each mobile phase.

Stationary 0,0 O,(N) SgeT t,’ N, g’
phase (mmol/g) (mmol/g) (m?/g) (min)

CSP1 0.23 0.25 290 1.72 4300 0.85
TCSP 1 0.16 0.11 60 1.51 7900 0.75
CSP II 0.20 0.22 290 1.71 2300 0.85
TCSP 11 0.15 0.11 20 1.46 7900 0.73

¢ Toluene as non-retained standard.

For the ‘“diluted” CSPs, silica was heated at
1000°C for 6 h in the muffle furnace, cooled and
reacted with 3-glycidoxypropyltrimethoxysilane
and one of the chiral selectors under dry atmo-
spheric conditions. Both elemental analyses and
weight difference measurements indicated a twofold
lower coverage with organic molecules than the
0.25 mmol/g for heavily loaded CSPs. Table II
shows relevant physical characteristics of the four
tested stationary phases.

Heavely loaded silicas have specific surface areas

TABLE III
PHENYL- AND NAPHTHYL-CONTAINING SAMPLES

DNB = 3,5-Dinitrobenzoyl.

(Sger) that differ only slightly from that of the un-
modified support. Thermal treatment of silica at
1000°C with a subsequent surface reaction causes a
severe decrease in Sgpy to below 60 m?/g [8,17,18].
Therefore, it can be assumed that at 1000°C signif-
icant changes in the structure of silica occur.

The chromatographic data (dead time, 7o, num-
ber of theoretical plates, Ny, and total porosity, ¢
[19]) in Table IT indicate a good packing quality of
the columns made from these “diluted” phases.

1-6 USED IN CHROMATOGRAPHIC EXPERIMENTS

O o/\(\N—oNa @
o 8-
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TABLE 1V

RESOLUTION OF SAMPLES 1-6 ON STATIONARY PHASES I AND II
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Conditions: mobile phase, n-hexane—tetrahydrofuran (3:1); flow-rate, I ml/min; column, 25 cm X 3:2 mm I.D., 5 um; detection, UV at

254 nm. k', = Capacity factor of the first-elute enantiomer; « = separation factor.

Stationary Sample

1 2 3 4 5 6

k' o K o kY o k' o k) o k' o
CSP1 4.92 217 2.82 1.01 6.66 1.05 2.86 1.10 10.30  1.05 0.50 1.06
TCSP 1 5.63 2.14 2.23 1.03 6.95 1.17 2.48 1.18 430 1.08 0.75 1.13
CSP1I 4.14 2.15 3.56 n.r.* 6.19 1.12 3.24 1.09 8.18 1.04 0.51 n.r?
TCSP 11 7.11 2.26 3.01 1.08 8.44 1.16 2.33 1.10 5.28 1.07 0.75 1.25

¢ No resolution.

Samples

The phases were tested with aromatic amides de-
rived with N-acyl groups of different n-acidity and
bulkiness. Table III shows the structures and Table
IV gives the chromatographic results for six sam-
ples.

The thermally treated chiral stationary phases
separate virtually all test enantiomers better than
the corresponding heavily loaded phases; the sep-
aration factors, a, are about 0.1 unit higher. The
capacity factors, k', follow no distinct tendency. In
fact, for the amides 1, 3 and 6 longer retention times
were measured on TCSPs I and I than on the corre-
sponding CSPs without thermal treatment of the
support. Mauss and Engelhardt [8] examined the
influence of thermal treatment on chromatographic
selectivity and reported similar effects for aromatic
molecules which can act as hydrogen-bond accept-
ors. They also claimed that the retention of solutes
with hydrogen-bond acceptors is not affected by the
removal of vicinal silanols.

Correlation methods

To compare the phases and to obtain more in-
formation on the recognition mechanisms involved,
two homologous series with different alkyl chain
lenghts were used for chromatographic correlation
experiments; the racemic 1-phenylalkyl amines 1a-1
and 1-phenylglycine derivatives 7a—j, both derived
as 3,5-dinitrobenzoyl (DNB) amides, were eluted
with n-hexane-2-propanol (78:22). Fig. 2 shows the
structures of the test homologues. The results are

listed in Tables V and VI and in Figs. 3-6.

For the separation of 1a-l, all four CSPs show
similar selectivity depending on the chain length
(Fig. 3). The separation factors, o, are without ex-
ception higher tor the type 11 phases. TCSP I (PIV)
has better separation properties than the heavily
loaded CSP I and the type II phases show just the
opposite behaviour. Apart from this difference in
selectivity, all the tested phases point to the same
chiral recognition mechanism. recently described
for correlation experiments with heavily loaded
phases [11].

The plots of k7 versus carbon number #n in the
Fig. 4 indicate differences in the retention beha-
viour. The thermally treated and lightly loaded
TCSPs I and II show a large decrease in capacity
factors with increasing hydrophobicity (solutes 1
with longer n-alkyl chains) than the CSPs I and II.
Only after n-propyl (TCSP I) or n-pentyl (TCSP 1)

NO, NO,
0 / )
A\ )_
H—nN H—y
* | NOZ * ‘ N02
CH— (CH,),—H CH\(O
O—(CHy;—H
1a 7a-j

Fig. 2. N-3,5-Dinitrobenzoyl (DNB)-derived homologous series
1a-1 and 7a—j. For carbon numbers # see Tables V and VI and
Figs. 3-6.
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TABLE V
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RESOLUTION OF N-3,5-DINITROBENZOYL-1-PHENYLALKYLAMINES 1a-1 ON STATIONARY PHASES 1 AND 11

HPLC conditions: mobile phase, n-hexane—2-propanol (78:22); flow-rate, | ml/min; column, 25cm x 3.2mm1.D., 5 ym; detection, UV
at 254 nm. n = Number of carbon atoms in the alkyl chain; k', = capacity factor of the first-eluted enantiomer; @ = separation factor;

Conf, = configuration of last-eluted enantiomer.

n CPS 1 TCSP 1 CSP I1 TCSP 11 Conf.
(P1V) (P1IV) (CYH) (CYH)
kY o K, a kY o k' o
1 9.48 2.08 11.65 2.04 8.54 2.19 11.23 2.21 R
2 9.94 2.50 12.58 2.55 8.76 2.61 12.28 2.62 R
3 9.69 2.52 12.77 2.53 9.08 2.67 12.49 2.62 R
4 10.27 2.38 12.08 2.40 10.22 2.55 12.72 2.52 R
5 10.29 2.50 11.75 2.45 10.69 2.64 12.87 2.66
7 9.29 2.47 10.49 2.57 9.62 2.77 11.62 2.72
8 8.77 2.52 9.44 2.59 8.77 2.85 10.92 2.78
9 843 2.57 9.17 2.62 8.61 2.94 8.98 2.86
10 8.14 2.59 8.20 2.64 8.56 2.99 8.98 2.87
13 7.57 2.67 5.52 2.73 7.75 3.08 7.97 293
15 7.00 2.68 4.81 2.77 7.16 3.14 7.34 2.98
3.19 6.96 3.01

17 5.53 2.70 4.42 2.79 6.96

was a decrease in retention with increasing chain
length of the DNB-amides 1d-1 observed.

For an interpretation of this behaviour it must
also be considered that in addition to the remaining

3.2

3.0

2.8

2.6

2.4

2.2

2.0 LR I R L IR B IR R L I
o 2 4 & 8 10 12 14 16 18

Fig. 3. Separation of phenylalkyl DNB derivatives 1a-1 on CSP
and TCSP I and II using 2-propanol-r-hexane (22:78) as mobile
phase. Separation factor « versus carbon number n. 3 = CSP
(PIV); m = TCSPI(IV); O = CSPII (CYH); ® = TCSP II
(CYH).

silanol groups on the silica surface, there are like-
wise polar secondary hydroxyl groups on the spacer
(Fig. 1) formed in the amination step of the epoxide
[4,11]. In the heavily loaded CSPs I and II the resid-

k;
14

Fig. 4. Separation of phenylatkyl DNB derivatives 1a-1 on CSP
and TCSP I and 11 using 2-propanol-»-hexane (22:78) as mobile
phase. Capacity factor k', versus carbon number n. O =CSP-1
(PIV); B = TCSP1(PIV); O = CSPII(CYH); ® = TCSP 1l
(CYH).
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1.08 —

1.04 L B L L
0 2 4 6 8 10 12
n

Fig. 5. Separation of phenylglycine DNB derivatives 7a—j on
CSP and TCSP I and 1II using 2-propanol-r-hexane (22:78) as
mobile phase. Separation factor a versus carbon number n. O =
CSP I (PIV); @ = TCSPI (PIV); O = CSPII (CYH); ® =
TCSP 1I (CYH).

val silanol groups are very effectively screened by
the bulky organic molecules. Hence, they excert a
smaller contribution to the retention of polar DNB-
amides. On the other hand, higher surface loadings

TABLE VI
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Fig. 6. Separation of phenylglycine DNB derivatives 7a—j on
CSP and TCSP I and 11 using 2-propanol-s#-hexane (22:78) as
mobile phase. Capacity factor k', versus carbon number n. O =
CSP1 (PIV); B = TCSP1I (PIV); O = CSPII (CYH); ® =
TCSP II (CYH).

with chiral ligands increase the number of second-
ary polar hydroxyl groups. The high k7 values of
samples 1a—h with TCSPs I and II support the as-
sumption that polar adsorptive effects take place

RESOLUTION OF nALKYL ESTERS 7a-j OF N-3,5-DINITROBENZOYL-1-PHENYLGLYCINE ON STATIONAY PHASES 1

AND II

HPLC conditions: mobile phase, n-hexane-2-propanol (78:22); flow-rate, 1 ml/min; column, 25cm x 3.2mm 1.D., 5 um; detection, UV
at 254 nm. n = Number of carbon atoms in the alkoxy chain; k', = capacity factor of the first-eluted enantiomer; o = separation factor;

Conf. = configuration of last-eluted enantiomer.

n CPS 1 TCSP I CSPII TCSP II Conf.
(PIV) (P1V) (CYH) (CYH)
K, « K, « K, % K, «
0 12.05 1.21 12.99 111 10.06 1.16 12.48 111
1 10.16 1.20 11.06 1.11 8.02 1.17 11.61 112 R
2 7.29 1.20 8.69 1.09 6.13 115 9.06 1.10 R
3 7.13 1.22 7.70 112 5.53 1.16 8.01 1.10 R
4 6.67 1.22 6.94 1.1 5.23 1.15 7.61 1.10
5 6.25 1.23 6.54 111 4.99 1.16 7.14 1.10 R
6 5.63 1.24 6.16 1.1 475 1.16 6.60 111
8 5.21 1.23 5.56 1.12 4.68 1.16 6.07 111
10 4.63 1.23 5.03 1.11 431 1.15 5.55 1.10
12 4.34 1.23 475 111 401 1.15 5.11 1.10




0 2 4 6 8 10 12 14 16 18 min

0 2 4 6 8 10 12

Fig. 7. Separation of DNB amide of (R/S)-pindolol (3) on (A)
CSP I (PIV) and (B) TCSP II (PIV). Mobile phase, #-hexane—
tetrahydrofuran (3:1); flow-rate, 1 ml/min; temperature, 20°C.

14 min

from residual silanol groups and also from second-
ary hydroxyl groups. For samples with long n-alkyl
chains, where an intercalation between the strands
of the chiral ligands is excluded for steric reasons,
the role of the secondary hydroxyl group on the
spacer 1s predominant. Remaining silanols on the
silica matrix may not act as strong adsorption sites
for such solutes. This leads to similar or even lower
k% values in comparison with CSPs I and II.
Samples with dominant hydrogen bonding such
as the homologous 1-phenylglycine derivatives 7a—j
whose n-alkoxy chain does not intercalate between
the strands are less resolved on TCSPs I and II than
on the appropriate CSPs I and II, as shown in Fig.
5. The lower enantioselectivity of these phases is
due to a smaller number of available chiral select-
ors. The retention times of the 1-phenylglycine de-
rivatives 7a-j are higher for both diluted phases
than for the more highly loaded phases (Fig. 6).
Examples of the DNB-amide of (R/S)-pindolol
(3) (Table III) separated on CSP I (PIV) and TCSP
I (PIV) are given in Fig. 7. The diluted phase has a
higher resolution for the racemate, shown in the
Dbaseline-separated peaks in chromatogram B. Simi-
lar observations with thermally treated silica were
reported for various aromatic solutes by Mauss and
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Fig. 8. Separation of (R/S)-1-(N-1-pivaloylamino-1-ethyl)naph-
thalene (6) on (A) TCSP I (PIV) and (B) TCSP II (CYH). Mobile
phase, n-hexane—tetrahydrofuran (3:1); flow-rate, I ml/min; tem-
perature, 20°C.

Engelhardt [8]. The CSPs I and Il resolved the
naphthyl-containing sample 6 (Table III) only very
incompletely (1.0 < o < 1.06). In comparison with
this lack of selectivity, TCSPs I and II resolved this
sample better (1.13 < o < 1.25), as can be seen in
the chromatograms in Fig. 8.

CONCLUSIONS

Chromatographic selectivity with chiral station-
ary phases is not only a function of the chiral select-
or used to form diastereomeric solute-CSP com-
plexes but also depends on non-enantioselective in-
teractions of surface silano! groups or other polar
sites on the phase.

The retention of solutes which are able to inter-
fere directly by hydrogen bonding is strongly affect-
ed by thermal treatment of silica.

The observed retention of various samples sug-
gests a more polar silica surface than would be ex-
pected after thermal treatment at 1000°C. This
treatment lowers te specific surface area severely
but in some instances increases the selectivity of the
chiral stationary phase owing to the lower surface
concentration of silanols. The reason is fewer polar
interaction sites, which leads to additional peak
broadening. In the tested phases, the polar second-
ary hydroxyl group near the chiral selector part can
influence the retention of samples.
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ABSTRACT

An R-(—)-1-(1-naphthyl)ethyl carbamoylated-f-cyclodextrin bonded phase in conjunction with a nonaqueous polar mobile phase
was used for the highly selective enantioseparation of a number of secondary amino acids after their pre-column derivatization with
9-fluorenylmethyl chloroformate (FMOC). Under the conditions employed, the FMOC reagent served to “lock” the imino acid into
their existing conformation thereby preventing the possibility of racemization. Furthermore, it served to increase the sensitivity to the
point that trace level enantiomeric impurities were easily detected. Compared with separations that use traditional reversed-phase
solvents, this method showed several advantages: higher selectivity towards the imino acid enantiomers investigated, shorter analysis
times, faster equilibration of the column, more stable baseline and more sensitive fluorescence detection. The detection limits for FMOC
derivatives of proline, frans-4-hydroxyproline, cis-4-hydroxyproline, pyroglutamic acid, 3,4-dehydroproline, thiaproline, penicillamine
acetone adduct and pipecolic acid are in the low femtomole range. The method was used for evaluation of enantioselectivity of a
number of “optically pure” commercial imino acid standards. Enantiomeric impurities as low as 0.0001% (1 ppm) can be determined in
some cases. High precision determination of trace levels of D-imino acids in the presence of large amounts of corresponding (opposite) L

enantiomer at 1, 0.1, 0.01% and below are demonstrated.

INTRODUCTION

Amino acids form a large group of compounds
of pharmaceutical and biochemical interest. The
stereoisomers of amino acids differ in biological
activity, hence their configuration and optical purity
are very important in many fields of peptide and
polypeptide chemistry. Because p-amino acids are
rare in nature compared with the L enantiomers,
their determination in complex biological samples
requires selective, efficient and highly sensitive
screening techniques. As has been shown in recent
years, the method of choice often is high-perfor-

Correspondence to: Dr. D. W. Armstrong, Department of
Chemistry, University of Missouri-Rolla, Rolla, MO 65401,
USA.

mance liquid chromatography (HPLC) with fluori-
metric detection.

In the past two decades, a number of different
HPLC procedures have been developed for enan-
tiomeric separation of amino acids using both direct
and indirect methods. The progress made in the field
can be found in many original research papers and
review articles and will not be discussed in detail here
{1-3].

HPLC methods are often combined with pre- or
post-column derivatization in order to achieve high-
sensitivity fluorimetric or photometric detection.
Many chromatographic procedures use derivatiza-
tion reagents such as: 7-chloro-4-nitrobenzo-2-
oxa-1,3-diazole (NBD-Cl) [4-6], dansyl chloride
(DNS-CJ) [7-12], phenylisothiocyanate (PITC) [13-
15], ortho-phthalaldehyde—mercaptoethanol (OPA-
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ME) [16-20], 9-fluorenylmethyl chloroformate
(FMOC-Cl) [21-25] and naphthalenedialdehyde
and analogues [26,27].

The above methods have been successfully used
for chiral and achiral separation of a number of
amino acids. However, each method has distinct
advantages and disadvantages. It is especially diffi-
cult to conduct the DNS-CI derivatization reaction
adequately when the amino acids are present in low
concentration in complex mixtures [28]. The OPA-
ME derivatization is more rapid and sensitive, but
its use is limited to primary amino acids. The PITC
reagent requires an evaporation of the sample to
remove excess of reagent prior to HPLC. In addi-
tion, all of these derivatives show only limited
stability. The labeling with FMOC-CI avoids the
problems mentioned above and combines high
sensitivity in fluorescence detection with favorable
chromatographic properties and ease of derivatiza-
tion for both primary and secondary amino acids.

This paper presents the results of enantiosepara-
tion of a number of secondary amino acids (imino
acids) including naturally occurring proline, hy-
droxyprolines, pipecolic acid and pyroglutamic
acid. Their physiological and pathological roles
have received attention from numerous workers
[29-31]. Several different HPLC techniques have
been used for quantitative achiral determination of
secondary amino acids in biological samples [5,22,
25,32-38], however a precise, accurate and sensitive
method for chiral determination is still needed.

The enantiomeric separation of the FMOC-imino
acids was obtained on a R-(—)-1-(-naphthyl)ethyl
carbamoylated-f-cyclodextrin (RN-§-CD) column
which has been previously used for successful resolu-
tion of a large variety of enantiomers in the normal-
phase and reversed-phase mode [22,39,40]. In the
present study the RN-$-CD column, operated with
a nonaqueous polar mobile phase, was used for
separation of secondary amino acids after their
pre-column derivatization with FMOC-CI. To our
knowledge, it is the first enantioseparation of highly
fluorescent FMOC derivatives of proline [22], pipe-
colic acid and their analogues. The method was used
for determination of enantiomeric contamination of
anumber of “optically pure” commercial imino acid
standards.
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Apparatus

The HPLC system consisted of three pumps
(LC-6A, Shimadzu, Kyoto, Japan), a system con-
troller (SCL-6B, Shimadzu), UV detector (SPD-6A,
Shimadzu), fluorescence detector (RF-535, Shi-
madzu), switching valve (Rheodyne, Cotati, CA,
USA) and 0.2-ul injector valve (Valco, Houston,
TX, USA). The columns were 100 x 4.6 mm C,g,
250 x 4.6 mm acetylated-f-cyclodextrin (AC-$-CD)
and RN--CD (Astec, Whippany, NJ, USA).

Chemicals

Amino acids were purchased from different
sources listed in Table II. Acetonitrile, water, acetic
acid and triethylamine were of HPLC grade and
supplied from EM Science (Gibbstown, NJ, USA).

Procedure

Derivatizing agent FMOC-Cl was purchased from
Sigma (St. Louis, MO, USA). Derivatization was
performed according to ref. 21. p-Thiaproline was
obtained by racemization of L-thiaproline in boiling
6 M HCI solution. trans-4-Hydroxy-D-proline was
obtained by epimerization of cis-4-hydroxy-L-pro-
line according to ref. 41. Isomerization degree of
both racemization and epimerization reactions was
checked using a C;3/RN-f-CD column switching
method. After derivatization of post reaction mix-
tures with FMOC-CI, 5 ul of the sample was injected
onto the C;g column and chromatographed using
acetonitrile-water—acetic acid (200:800:2, v/v/v) at
0.5ml/min. A UV wavelength of 266 nm was used to
monitor the effluent. The switching valve was turned
for 2 s after the signal reached the maximum of the
standard retention time. In this way a small portion
of the eluting peak of trans-4-hydroxyproline or
thiaproline was introduced into the chiral column.

RESULTS AND DISCUSSION

Optimization of mobile phase composition

Most FMOC-functionalized imino acids can be
resolved in either a conventional reversed-phase
mode (hydro-organic solvents) or with a mobile
phase consisting almost entirely of acetonitrile (con-
taining small amount of glacial acetic acid and
triethylamine modifiers). The latter of these will be
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Fig. I. Influence of water concentration in the mobile phase on (A) the retention and (B) enantioselectivity obtained on AC-f-CD (M)
and RN-$-CD (A) column for p, L-proline. Eluent: acetonitrile—water-0.6% triethylamine—0.4% acetic acid. Flow-rate: 1 ml/min.

referred to as the “polar organic mobile phase”.
As can be seen in Figs. 1 and 2, for proline,
separations done with polar organic mobile phase
are generally preferable to those done with a hydro-
organic mobile phase. This is because the enantio-
selectivity (a) is significantly greater with a polar
organic mobile phase, while retention times are less.
Fig. 1 also shows that the R-(—)-1-(1-naphthyl)-

CY]

(B)

1] 20 40 min

Fig. 2. Enantioseparation of D, L-proline obtained on RN-3-CD
column in: (A) nonaqueous system, eluent: acetonitrile-triethyl-
amine-acetic acid (1000:6:4); (B) under optimal conditions in
aqueous system. Eluent: water—acetonitrile-triethylamine-acetic
acid (850:150:6:4). Flow-rate: 1 ml/min. The time scale at the
bottom of the figure applies to both chromatograms (A) and (B).

ethyl carbamoylated-fS-cyclodextrin column is gen-
erally more selective for the FMOC—imino acids
than is the acetylated-f-CD column. It is also
interesting to note that in the reversed-phase mode,
the large increases in retention with mobile phases
containing more than 50% buffer did not produce
corresponding improvements in the separation or
the enantioselectivity (Fig. 1).

In the case of the acetylated-p-CD stationary
phase, the addition of as little as 4% (v/v) water to
the mobile phase negated the enantioselectivity
(Fig. 1B). These results indicate that the chiral
recognition mechanism may bSe dependent on the
mobile phase composition. In the case of 1-(1-naph-
thyl)ethyl carbamoylated-f-cyclodextrin columns,
this phenomenon has been previously reported and
discussed in detail [12,39,40]. The aforementioned
conclusion is also supported by the results shown in
Fig. 3. The addition of water into an acetonitrile
mobile phase influences not only the selectivity, but
also efficiency of the column. The plots shown in
Fig. 3 can give some information on the molecular
recognition mechanism. Following the general non-
equilibrium theory developed by Giddings [42], the
overall plate height (H) for liquid—solid chromatog-
raphy (LSC) can be expressed as:

B
H=A+;+szz+Ckﬁ €Y

Zone spreading is due to three independent
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Fig. 3. Influence of water concentration in the mobile phase on
efficiency of RN-8-CD column, A = L-proline, @ = D-proline.
Chromatographic conditions as in Fig. 1.

sources: flow pattern effects (4), longitudinal diffu-
sion (B) and mass transfer effects (C). Flow pattern
effects depend on the structure of the porous
support material and are independent of the eluent
velocity (#). Ordinary molecular diffusion in the
flow direction contributes most at low velocities and
in LC the term B/u is small. Mass transfer effects
contribute most in high-speed runs. In adsorption
chromatography they are controlled by two basical-
ly different mechanisms or some combination there-
of: diffusion-controlled sorption and desorption
rates originating in the mobile phase (C,) and
adsorption—desorption kinetics (Cy).

For the same chromatographic system, the contri-
bution of the first three terms to H is the same for
both enantiomers.

According to:

2q '

R (e

@

where: g is the geometrical parameter, k4 is the
desorption rate and k' is the capacity factor; the
significant differences in column efficiency observed
for proline enantiomers in the non-aqueous system
indicates that there is a considerable difference in
adsorption—desorption kinetics for both enantio-
mers. Indeed, for the stronger retarded L-enantiomer,
the rate of the adsorption-desorption process is
about 2 times lower than for the D enantiomer.
The change in the eluent composition influences
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the mass-transfer effects controlled by diffusion in
the mobile phase.
Since:

2
_ wd,

C=pr 3

where: w is a dimensionless constant, d, is the
particle size and Dy, is the diffusion coefficient in the
mobile phase. The change in the eluent composition
also influences the diffusion velocity because of
changes in the solvent viscosity (D, =~ 1/4, where
n = viscosity). However, the dramatic decrease of
the height equivalent to a theoretical plate (HETP)
values for both proline enantiomers cannot be
attributed to the mass transfer effects in the mobile
phase. The effect observed is just opposite to that
which should be expected from theory: the addition
of water induces a large increase in the solvent
viscosity which should also increase the contribution
of C,, term of the plate height. Moreover, the
addition of water significantly decreases capacity
factors in the discussed region [0-4% (v/v) water].
Because k'/(1 + k')? (eqn. 2) is an increasing func-
tion with decreasing &k’ values (k' > 1), the reduction
in the HETP values also cannot be due to changes in
the capacity factors. Despite a large increase in
solvent viscosity [ (water) = 1 cP, n (acetonitrile) =
0.34 cP] in the true reversed-phase mode, the plate
heights for both enantiomers are similar, and only
slightly dependent on eluent composition in the
range studied.

Interpretation of the data leads to the assumption
that the addition of water to the eluent changes the
chiral recognition mechanism and influences the
kinetic process of sorption—desorption in the sta-
tionary phase which results in narrower peaks. The
HETP values obtained in aqueous systems are lower
(for the similar capacity factor as indicated in Fig. 3)
compared with HETP found in the nonaqueous
system. The results suggest the existence of at least
two types of recognition mechanisms which differ in
the rate of adsorption—desorption process.

Tt should be mentioned that in contrast to tradi-
tional aqueous systems, the recognition mechanism
in nonaqueous systems is still not clear. It has been
postulated that an inclusion complexation may not
be occurring in these conditions [43]. Rather, a more
external adsorption at the mouth of the cyclodextrin
cavity could account for the observed separations.
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Fig. 4. Dependence of (A) the retention and (B) enantioselectivity on total amount of triethylamine and acetic acid and their relative ratio
added to neat acetonitrile. Test compound: D, L-proline. Column: RN-B-CD. Eluent: acetonitrile~triethylamine-acetic acid.

Triethylamine: acetic acid: B = 2:1, ® = 2:3, A = 1.2,

including the apparent size selectivity between «, f8
and y-cyclodextrin [43].

Fig. 2 shows the enantioseparation of a proline
racemate obtained on RN-f-CD column in the
nonaqueous mode and under optimal conditions in
a water-rich system. The preliminary investigations
have shown that the water-free system has several
advantages over the aqueous one including: greater
resolution, faster equilibration of the column, more
stable base-line and lower detection limits.

Thus, the RN-f-CD column which exhibited high
selectivity toward FMOC-D, L-proline, and a non-
aqueous eluent was chosen for the detailed study on
the optimization of enantioseparation of secondary
amino acids.

As indicated in Fig. 4, retention and selectivity of
nonaqueous systems can be effectively regulated by
changes in two parameters of the mobile phase: the
total amount of triethylamine and acetic acid added
and their relative ratios. Fig. 4 presents the typical
dependence for all imino acids investigated. This
behavior may be used for an optimization of separa-
tion factors for any analogous separation problem.
Fig. 5 shows the influence of triethylamine and
acetic acid concentration on the enantioseparation
of pipecolic acid racemate.

Selectivity and sensitivity of the method
The chromatographic data for all racemic mix-

tures investigated are summarized in Table 1. The
selectivity of the system was regulated by adjusting
the mobile phase composition to achieve base-line
resolution with a reasonable retention time. The
combination of good selectivity (~1.15-1.50) and
high efficiency results in high resolution factors for
FMOC proline enantiomers and its analogues.
The enantioseparation of pipecolic acid was
achieved with an eluent containing lower concentra-
tions of triethylamine and acetic acid, which resulted
in a longer analysis time. The separation of nipecotic
acid (an analogue of pipecolic acid) was not possible.
It should be mentioned that high selectivities and
resolutions listed in Table I are more than adequate

w D o® L © b

L

0 100 15 1

25 min

Fig. 5. Effect of total amount of triethylamine and acetic acid per
1000.m! of acetonitrile in the mobile phase on the resolution of D,
L-pipecolic acid obtained on RN-B-CD column. Flow-rate:
1 ml/min. Eluent: (A) acetonitrile—0.6% triethylamine~0.9%
acetic acid; (B) acetonitrile-0.3% triethylamine-0.45% acetic
acid; (C) acetonitrile~0.12% triethylamine-0.18% acetic acid.
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TABLE 1

SEPARATION DATA FOR RACEMIC MIXTURES OF SECONDARY AMINO ACIDS ON RN-4-CD COLUMN OPERATED
WITH A NONAQUEOUS MOBILE PHASE

Name Structure Eluent” k;

Proline O\ 6:4:1000 29 4.4 1.5 4.1
'i‘ COOH
H

trans-4-Hydroxyproline 6:4:1000 73 9.6 13 23
r\_ j “"COOH

cis-4-Hydroxyproline 6:4:1000 1.8 22 1.2 1.7
n 3:2:1000 3.2 41 1.3 27
COOH
Pyroglutamic acid® D\ 6:4:1000 1.9 24 1.3 33
COOH

3,4-Dehydroproline <—_—_>\ 6:4:1000 2.6 3.6 1.4 3.5
N~ ~COOH
[
H

Thiaproline $ 6:4:1000 19 22 12 26
( )\coou

\
H
Penicillamine acetone adduct CH3 6:4:1000 1.2 1.4 1.2 1.5
8 CHj 3:2:1000 19 23 12 20
CH3
COOH
CHj 'Iq

H
Pipecolic acid 6:4:1000 22 2.3
3:2:1000 35 3.8
N COOH

1.5:1:1000 6.2 6.9

——
—_——
S

|
H

% Triethylamine—acetic acid-acetonitrile.

b Although this is an amide it is known to react with a variety of acid chlorides [49,50]. In this work, we found that it reacts with FMOC-CI
as well.

¢ R, = Resolution.
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Fig. 6. Change of enantiomeric ratio of thiaproline during the
racemization reaction (see Experimental). Eluent: acetonitrile-
triethylamine-acetic acid (1000:6:4). Flow-rate: 1 ml/min.

for determinations of racemic mixtures. However, as
has recently been reported [44], the requirement for
trace analysis are more rigorous. Resolution factors
greater than 2 for the racemic mixture is an appro-
priate criterion for quantitative trace analysis appli-
cations.

The elution order was checked by the injection of
pure enantiomers or mixtures with different enan-
tiomeric ratios. Since for thiaproline and trans-4-
hydroxyproline, only L. enantiomers were available,
the enantiomers were prepared via racemization and
epimerization reactions, respectively, according to
the procedure described in the Experimental section.
The degree of racemization was checked by HPLC.
Fig. 6 shows the change of ratio of thiaproline
enantiomers during the racemization reaction.

The D enantiomer was eluted prior to the L
enantiomer for all the FMOC-imino acids exam-
ined, which is an advantage because the L enantio-
mer is the dominant component in most biological
samples. It has been shown that when traces are
eluted before the major enantiomer the quantitative
determination of chiral composition becomes more
accurate and precise [45,46], and trace detectability
can be improved tremendously [47].

The detection limits were calculated using a
signal-to-noise ratio of 2. The detection limits for all
enantiomers investigated are in the low femtomole
range. It was found that the sensitivity of the method
depends on eluent composition. The detection limit
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Fig. 7. Comparison of detectability of L-proline in (A) aque-
ous eluent: [water-acetonitrile-tricthylamine-acetic  acid
(530:470:6:4)] and (B, C) nonaqueous eluent: [acetonitrile-tri-
ethylamine—acetic acid (1000:6:4)]. Column: RN-8-CD. Flow-
rate: 1 ml/min. Injected amount: (A) 7.4 fmol, (B) 7.4 fmol and
(C) 1.4 fmol.

for FMOC L-proline, estimated in the nonaqueous
system, was 5 times lower than was found for the
system with a mobile phase containing 53% of water
(see Fig. 7). This is probably due to the fact that for
many aromatic and/or heteroaromatic compounds
water has a quenching effect on the fluorescence [48].
In addition, as shown in Fig. 7, the noise and base-
line shifting is more prevalent in a water-rich system.

Practical applications

This method was used for determination of enan-
tiomeric contamination in a number of commercial
imino acid standards. The results are collected in
Table II. The chromatographic conditions are given
in Table I. Some level of enantiomeric contamina-
tion was found in all commercial amino acid sam-
ples. As can be seen from the results in Table II the
method enables trace and ultra-trace determination
of optical purity for both L and D enantiomers.

Quantitative analysis of contaminating D enan-
tiomers in L-amino acids at 1, 0.1 and 0.01% gave
very high precision (R.S.D. for 4 measurements) of
0.3% (pyroglutamic acid), 2.6% (cis-4-hydroxy-
proline) and 4.5% (FMOC-L-proline), respectively.

For the L enantiomer, as the trace component, the
situation is more complicated. The problem associ-
ated with tailing from the enantiomerically rich
component results in quantitative determinations
with lower precision. This is shown in Fig. 8B. The
precision in quantitative analysis for optical purity
of proline enantiomers at the 0.1% levelis 1.2% and
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TABLE 11
OPTICAL PURITY OF COMMERCIAL SAMPLES OF - AND p-AMINO ACIDS

Chromatographic conditions as in Table L

Name Source Concentration Eluent* Standard
of opposite deviation?
enantiomer (%)

p-Proline ICN 0.7 A 0.08
L-Proline Aldrich 0.5 0.006
FMOC-L-proline Fluka 0.02 A 0.0008
trans-4-Hydroxy-L-proline® Sigma 0 A

0.09® 0.008
cis-4-Hydroxy-p-proline Sigma 0.4 B 0.009
cis-4-Hydroxy-L-proline Sigma 1.5 B 0.007
D-Pyroglutamic acid® Sigma 2.5 A 0.04
L-Pyroglutamic acid® Sigma 1.3 A 0.004
L-Thiaproline Sigma 0.3 A 0.009
L-Penicillamine acetone adduct  Sigma 0.3 B 0.01
3,4-Dehydro-L-proline Aldrich 0.4 A 0.04
L-Pipecolic acid Aldrich 0.3 C 0.007

% Eluent: acetonitrile-triethylamine-acetic acid: A = 1000:6:4; B = 1000:3:2; C = 1000:1.5:1.

b cis-4-Hydroxy-p-proline; according to [43], trans-4-hydroxy-L-proline epitaerizes to cis-4-hydroxy-p-proline.

¢ Although this is an amide it is known to react with a variety of acid chlorides [49,50]. In this work, we found that it reacts with FMOC-CI
as well.

T

| i L L
A) (B)
(R (®
L D L
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0 10 20 0 10 20 0 T30 0 30 min
TIME miw Fig. 9. Chromatograms used to evaluate the enantiomeric purity
Fig. 8. Chromatograms used to evaluate the enantiomeric purity of: (A) L-pipecolic acid (Aldrich). Eluent: acetonitrile-triethyl-
of: (A) L-proline (a purified mixture) and (B) p-proline (JICN). amine-acetic acid (1000:1.5:1); (B) cis-4-hydroxy-L-proline (Sig-
Eluent: acetonitrile-triethylamine-acetic acid (1000:6:4). Col- ma). Eluent: acetonitrile—triethylamine-acetic acid (1000:3:2).

umn: RN--CD. Flow-rate: 1 ml/min. The other conditions as in Fig. 8.
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11.1% for the D and L enantiomer, respectively. The
trace analysis precision for the L enantiomer found
in this study was 1.8% (pyroglutamic acid) at the 1%
level and 11.1% (proline) at the 0.1% level.

In conclusion, the present method gives high
sensitivity and precision for the evaluation of trace
levels of D imino acids in the presence of large
amounts of the corresponding L enantiomer. Fig. 9
shows the chromatographic separation of contami-
nating D enantiomers in L-pipecolic acid and cis-4-
hydroxy-L-proline samples.

This technique can be easily adopted to routine
analysis and has been used extensively in this
laboratory to quantitate the D-proline content in
physiological fluids down to the ppm level (Fig. 8A).
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ABSTRACT

A method for determining glycerol in wines by high-performance liquid chromatography has been developed using three 250 x 8 mm
columns based on a sulphonated styrene—divinyl benzene polymer (SHODEX S-801/S,S-802/S,S-802/S) in series. This polymer com-
bines cation-exchange mechanisms with molecular exclusion. The columns were thermostated at 75°C using water as the mobile phase.
A refraction index detector was used and the samples were directly injected. The method is reproducible (coefficient of variation above
1%) and accurate. Linear regression analysis and Student’s -test for comparison of the mean show that the results are comparable with

those obtained by an enzymatic method (differences less than 4%).

INTRODUCTION

Glycerol is the major component of wine (after
water and ethanol) and is a secondary product of
alcoholic fermentation. It contributes to the sensory
properties of wine, such as body, smoothness and
sweetness.

The official chemical method of analysis [1]
requires a long and tedious sample preparation, with
non-quantifiable losses of glycerol occurring [2] and
anomalous higher values attributable to mannitol
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in J. Chromatogr., Vol. 607, No. 2 (1992).
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and sorbitol. However, enzymatic methods [3] are
specific, accurate and reproducible [4] and can be
applied in segmented continuous-flow analysers [5].

Gas chromatographic determination of glycerol
in wines can be carried out by direct injection on
packed columns [6,7]. However, problems some-
times arise because the desorption is not quantitative
when porous polymers are used as stationary
phases.

These problems are avoided by using capillary
columns, but it is necessary to prepare the sample by
extraction with organic solvents [8] or the formation
of derivatives before analysis [9].

Different procedures have been developed using
high-performance liquid chromatography (HPLC)
with columns of the amino type [10,11], or based
on cation-exchange mechanisms [12]; a cation-ex-
change column (Aminex HPX-87H, Bio Rad,
Richmond, CA, USA) has been used by several

1992 Elsevier Science Publishers B.V. All rights reserved
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workers [13,14] without sample preparation, al-
though one study [15] suggested passing the wine
through ion-exchange resins to avoid interference
from the organic acids present, an aspect which has
also been reported by Flak [10].

In all these instances a refraction index detector
was used. Conductivity detectors [16] and post-
column reactors with fluorimetric [17] or pulsed
amperometric [18] detectors have also described. A
method using !3C nuclear magnetic resonance spec-
troscopy has also been reported [19].

An HPLC method of determining glycerol in
wines by direct sample injection is presented in this
paper. Various columns are used, combining the
mechanisms of molecular exclusion and cation-
exchange chromatography. In this way neither com-
pounds with a higher molecular mass nor organic
acids (mobile phase, water) are retained. Carbo-
hydrates and polyalcohols are also separated.

EXPERIMENTAL

Samples and reagents

All the chemicals used were of analytical-reagent
grade. Glucose, fructose, glycerol and ethanol were
supplied by Panreac (Barcelona, Spain); butan-2,3-
diol and tartaric, malic, lactic, acetic, citric, succinic
and fumaric acids were from E. Merck (Darmstadt,
Germany); shikimic and citramalic acids were from
Fluka (Buchs, Switzerland) and Millipore (Bedford,
MA, USA) Milli-Q water was used.

The wine samples were injected directly after
filtration through 0.2-um membranes (Dynagard,
0.8 cm?; Microgon, Laguna Hills, CA, USA).

Chromatographic method

The equipment consisted of a solvent chamber
(SEC-4, Perkin-Elmer, Norwalk, CT, USA), a pump
(Series-10, Perkin-Elmer), injection valve (7125,
Rheodyne, Cotati, CA, USA), a column furnace
(220-DW, Croco-Cil, Saint Foy La Grande, France),
a refraction index detector (LC-25, Perkin-Elmer)
and a data processing system (450-MT2, Kontron
Instruments, Milan, Italy).

The samples were injected through a 6-ul loop
into a system made up of three columns 250 x 8 mm
in series (Shodex S-801/S, S-802/S, S-802/S; Showa
Denko, Tokyo, Japan) and a Shodex S-800P pre-
column controlled by thermostat at 75°C, using
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water as the mobile phase; the flow-rate was 1
ml/min and a refractive index detector.

Enzymatic method

The enzymatic determinations were carried out
with a UV-visible scanning spectrophotometer
(GBC 911, GBC Scientific Equipment, Dandenong,
Australia).

Boehringer Mannheim enzymatic kits were used.
The wines were diluted 1:25 to obtain glycerol
concentrations between 0.03 and 0.4 g/l {3].

Data treatment

Data were processed using the BMDP statistical
package [20], using Student’s ¢-test for comparisons
of the mean (BMDP3D program) and linear regres-
sion (BMDPIR program). These programs were run
on a VAX 9200 computer.

RESULTS AND DISCUSSION

Chromatographic separation

The three molecular exclusion columns connected
in series provided high resolution without an exces-
sively long analysis time.

Fig. 1 shows the chromatogram of a red wine
obtained under the described conditions. The first
group of compounds (A) observed are those with the
highest molecular mass and those with an acid
character. Glucose, fructose, glycerol, butan-2,3-
diol and ethanol (the last peak) are then eluted. The
next sample can be injected without waiting for the
elution of later peaks. Peak 4 results from the
addition of 0.8 g/l butan-2,3-diol to the initial wine
to show its presence more clearly. The separation
observed between peaks 3 and 4 is not complete, but
in practice has no influence on the results for
glycerol.

Fig. 2 is a chromatogram of a standard mixture of
acids usually present in wine and shows how they
eluted in zone A of Fig. 1, and therefore do not
interfere in the determination of glycerol. This is an
advantage compared with other procedures [13-15];
in this instance previous preparation of the sample is
not necessary.

Comparison of the proposed HPLC method and the
enzymatic method
Two wines, one red and one white, to which were
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Fig. 1. Chromatogram of a red wine using Shodex S-801/S and S-802/S columns at 75°C with a mobile phase of water at a flow-rate of 1
ml/min and using a refraction index detector. Peaks: A = see text; 1 = glucose; 2 = fructose; 3 = glycerol; 4 = butan-2,3-diol (0.8 g/1

added to the initial wine); 5 = ethanol.

added increasing amounts of glycerol (0.5, 1.0, 1.5
and 2.0 g/l) were analysed. The distribution of the
data obtained (mean values, four replicates) is
shown in Table I.

The regression lines for the results of both meth-
ods [y (mean values of glycerol recovered, g/l) versus
x (g/l of glycerol added)] are y = 0.9524x (+* =
0.9962; s = 0.090) for the HPLC method and y =
1.0030x (r* = 0.9998; s = 0.020) for the enzymatic
method.

The slopes do not differ significantly from unity in
either instance (p < 0.05); a greater dispersion is
observed in the results obtained by HPLC (0.09
versus 0.02).

Fig. 3 shows the regression line (HPLC method
versus enzymatic method) referred to the whole set
of mean values from Table I. The data fit fairly well
(r* = 0.9999), although significant differences (p <
0.05) between the two methods were detected: less
than 4.2% (mean differences about 2%) according
to Student’s r-test.

When ten different wines (five white and five red)
were analysed by the two methods (five replicates),
the values shown in Table II were obtained. The
differences between the values from the two methods
by Student’s ¢-test were less than 4%, an acceptable
margin in practice.

Tables I and II give the standard deviations and
the coefficients of variation in each instance. The
coefficients of variation are not generally greater
than 1% in either method.

Influence of butan-2,3-diol

As the chromatographic resolution of the peaks of
glycerol and butan-2,3-diol is not complete (Fig. 1),
a study was carried out to determine the influence of
butan-2,3-diol in the quantification of glycerol. One
white and one red wine, to which were added 0.4 and
0.8 g/l butan-2,3-diol, were analysed in quadrupli-
cate. The results suggest that the incomplete separa-
tion does not have an appreciable influence; the
differences were less than 2.3%.
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Fig. 2. Chromatogram of a standard mixture of tartaric, malic, shikimic, lactic, acetic, citric, succinic, citramalic and fumaric acids in
concentrations similar to those of the wines analysed. Chromatographic conditions as in Fig. 1.

TABLE 1

COMPARISON OF THE RESULTS FROM THE DETERMI-

" Qlycerol (g/1') by HPLC method

NATION OF GLYCEROL BY THE ENZYMATIC METH-.
OD AND THE PROPOSED HPLC METHOD AFTER THE
ADDITION OF VARIOUS AMOUNTS OF GLYCEROL - 10
Values in parentheses are coefficients of variation (%). o g
° o
A
Glycerol Glycerol found (mean = S.D., n = 4) (g/) a /
added 8 ol
(e/h Enzymatic method HPLC method
' 7
White wine :
0.0 6.08" + 0.01 (1.3) 592 + 001 (0.2) y = 0.68085 x
0.5 6.67" + 0.08 (1.3) 6.39 + 0.04 (0.6) 6 .
1.0 7.15% + 0.06 (0.8) 7.05 + 0.02 (0.3) R = 0.9909
1.5 7.64° + 0.04 (0.5) 7.42 + 0.06 (0.8) s ,
2.0 8.217 4 0.06 (0.7) 8.01 £ 0.10(1.2) 8 » 0.100
Red whine 4 L . n L L .
0.0 7.64 + 0.05(0.7) 7.60 £+ 0.01 (0.1) "4 58 o 7 8 ° 10 u
0.5 8.18 + 0.03 (0.4) 8.23 + 0.05 (0.6) ;
1.0 870 + 0.04 0.9) 8.55 + 0.17 (2.0) Giycerol (9/1) by Enzymatic method
1.5 . 9.16° £ 0.00 (0:0) 8.96 + 0.05 (0.6) Fig. 3. Regression line for the comparison of the results from the
2.0 9.71° + 0.04 (0.4) 9.48 + 0.05 (0.5) determination of glycerol by the HPLC method and by the

@ Significant differences (p < 0.05) between the

obtained by the two methods.

mean values

enzymatic method in the wines listed in Table 1. () White wine;
() red wine.
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TABLE I1

COMPARISON OF THE RESULTS OF THE DETERMI-
NATION OF GLYCEROL BY THE ENZYMATIC METH-
OD AND THE PROPOSED HPLC METHOD IN FIVE
WHITE WINES AND FIVE RED WINES

Values in parentheses are coefficients of variation (%).

Wine Glycerol found (mean + S.D., n = 5) (g/)
type
Enzymatic method HPLC method

White wine

1 6.08° + 0.01 (1.3) 5.92 + 0.01 (0.7)
2 8.24° + 0.06 (1.3) 8.48 4+ 0.03 (1.0)
3 5.69° + 0.05 (0.8) 5.92 £+ 0.03 (0.9)
4 5.44¢ + 0.05 (0.5) 5.52 + 0.04 (0.9)
5 5.96° + 0.03 (0.7) 6.17 £ 0.02 (0.5)
Red whine

1 7.64 + 0.05(0.7) 7.60 + 0.01 (0.1)
2 7.11* £ 0.07 (1.0) 7.31 £ 0.05 (0.7)
3 6.39° + 0.04 (0.7) 6.49 + 0.05 (0.8)
4 7.02 £ 0.10 (1.4) 7.07 £ 0.03 (0.4)
5 7.10° £ 0.04 (0.5) 7.19 £ 0.04 (0.6)

¢ Significant differences (p < 0.05) between the mean values
obtained by the two methods.

Other applications

This HPLC method can also be applied to the
simultaneous determination of ethanol in wine; the
coefficients of variation found were 0.4% for ten
determinations of the same wine and the recovery
values ranged from 98 to 102%, giving a good
correlation with the official method of alcoholic
degree analysis by distillation. The method is also
applicable to the determination of sucrose at con-
centrations greater than 2 g/l. In the same way it can
be used to determine the glucose/fructose ratio in
musts and has been used to follow the kinetics of
alcoholic fermentation in cellars [21].

CONCLUSIONS

The proposed method of determining glycerol in
wines is reproducible and gives results comparable
with those obtained by the enzymatic method; the
differences are about 2%. _

As aresult of the two separation mechanisms used
in this study, interference from the organic acids

47

present in wine is avoided and highly retained
compounds are not eluted after the chromatogram
has been completed. This allows the sample to be
injected without previous preparation. This method
has the advantage, characteristic of chromatograph-
ic methods, of allowing various compounds to be
analysed simultaneously.
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ABSTRACT

A rapid method for the determination of the substituent distribution in carboxymethylcellulose has been developed, involving
hydrolysis of carboxymethylcellulose in 1.2 M perchloric acid and analysis of the mixture of carboxymethylated glucose residues and
glucose by high-pH anion-exchange chromatography with pulsed amperometric detection. The peaks in the chromatogram were
identified by combined gas-liquid chromatography—mass spectrometry after pertrimethylsilylation. Molar response factors for each of
the constituent monomers were established by "H NMR spectroscopy. The degrees of substitution for three carboxymethylcellulose
preparations determined by the proposed method and by a standard titration method were found to be in excellent agreement.

INTRODUCTION

Sodium carboxymethyl (CM)-cellulose, prepared
by conversion of cellulose with sodium chloroace-
tate, is an industrially important polymer that has
found widespread use in the food and coatings in-
dustry and in oil-well drilling. The average degree of
substitution (DS) of commercial, water-soluble
CM-cellulose lies in the range 0.4—1.3 [1]. Being on-
ly partially carboxymethylated, CM-cellulose can
be regarded as a copolymer of unsubstituted (D-glu-
cose), monosubstituted (2-, 3- and 6-O-CM-D-glu-
cose), disubstituted (2,3-, 2,6- and 3,6-di-O-CM-D-
glucose), and trisubstituted (2,3,6-tri-O-CM-D-glu-
cose) glucose.

Knowledge of the relative amounts of the constit-
uent monomers of CM-cellulose is important in
product control, and is essential for understanding
structure—property relationships. So far, analysis of

Correspondence to: Professor Dr. J. F. G. Vliegenthart, Bijvoet
Center, Department of Bio-Organic Chemistry, Utrecht Univer-
sity, P.O. Box 80.075, NL-3508 TB Utrecht, Netherlands.

0021-9673/92/$05.00 ©

the intact polysaccharide by 13C NMR spectrosco-
py has only resulted in information on the molar
ratio of the substituents at HO-2, HO-3 and HO-6
[2]. For the determination of the monomer compo-
sition in solvolysates of CM-cellullose, different ap-
proaches have been developed. Mixtures of mono-
mers, obtained by hydrolysis or methanolysis, have
been analysed by carbon column chromatography
[3], gas-liquid chromatography (GLC) [4-7], !3C
NMR spectroscopy [1,8] and 'H NMR spectrosco-
py [9]. Recently, the substitutent distribution in
CM-cellulose has been determined by GLC using a
reductive cleavage procedure to obtain mixtures of
the constituent monomers [10]. These methods are
elaborate and time consuming. Recent advances in
the separation of unmodified carbohydrates using
high-pH anion-exchange chromatography (AEC)
in combination with pulsed amperometric detection
(PAD) [11] prompted us to devise a simple and rap-
id method for the determination of the substituent
distribution in CM-cellulose.

1992 Elsevier Science Publishers B.V. All rights reserved



50
EXPERIMENTAL

Materials
CM-Cellulose samples, A, B and C were obtained
from AKZO Research (Arnhem, Netherlands).

Hydrolysis procedure

Hydrolysis was carried out according to ref. 1 in
modified form. CM-Cellulose (5 mg) in 0.1 ml of
70% HCIO,4 was kept for 10 min at room temper-
ature and, after addition of 0.9 ml of doubly dis-
tilled water affording 1.2 M HCIOy, heated for 16 h
at 100°C. The solution was then neutralized with 2
M KOH, the precipitated KClO4 was removed by
centrifugation (2500 g, 5 min) and the supernatant
was collected. The residue was washed twice with
0.5 ml of doubly distilled water and the superns
tants were pooled.

High-pH anion-exchange chromatography with
pulsed amperometric detection

Separation and quantification of the mixture of
carboxymethylated glucose residues and glucose
was carried out by high-pH AEC-PAD on a Dio-
nex LC system consisting of a Dionex Bio-LC qua-
ternary gradient module, a Model PAD-2 detector,
a CarboPac PA-1 pellicular anion-exchange column
(25 x 0.9 cm 1.D.), (Dionex, Breda, Netherlands)
and a Shimadzu C-R3A integrator. An aliquot (25
ul) of the pooled supernatants was applied to the
column and elution was carried out starting with
0.1 M NaOH (eluent A)-0.1 M NaOH containing 1
M sodium acetate (eluent B) (95:5, v/v) for 0.3 min,
followed by a linear gradient to eluent B in 15 min,
at a flow-rate of 4.0 ml/min and ambient temper-
ature. Detection was performed by PAD with a
gold working electrode and triple-pulse amperom-
etry with the following pulse potentials and dura-
tions: E; = 0.05 V, 300 ms (sampling); E, = 0.65
V, 60 ms (cleaning); E3 = —0.95V, 180 ms (reduc-
tion), and a response time of 1 s. For structural
identification, fractions were isolated, neutralized
with 4 M HCI, lyophilized and desalted on a col-
umn (40 x 1.5 cm 1.D.) of Bio-Gel P-2 (200-400
mesh, Bio-Rad Labs.) using doubly distilled water.
The eluent was monitored by UV detection at 206
nm with an LKB 2238 Uvicord S II absorbance de-
tector. Residual sodium acetate was removed by
conversion into acetic acid on a column (3 x 0.5cm
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I.D.) of Dowex 50W-X8 (H™) resin (100200 mesh,
Bio-Rad Labs.) and repeated lyophilization of the
resulting solutions.

GLC and GLC-electron impact mass spectrometry
(EI-MS)

Aliquots of the desalted high-pH AEC fractions
were pertrimethylsilylated using pyridine-hexa-
methyldisilazane—trimethylchlorosilane (5:1:1, v/v/
v). GLC was carried out on a Perkin-Elmer Model
8410 gas chromatograph equipped with a SE-30
bonded-phase, fused-silica capillary column (25 m
x (.32 mm I.D.) (Pierce) and a flame ionization
detector, and connected to a Shimadzu C-R3A in-
tegrator. The temperature of the column was in-
creased from 150 to 250°C at 4°C/min, and then
kept at 250°C for 5 min. GLC-EI-MS was perform-
ed on a Carlo Erba GC—Kratos MS 80-Kratos DS
55 system (electron energy, 70 eV; accelerating volt-
age, 2.7 kV; ionizing current, 100 pA; ion-source
temperature, 225°C; BP-1 capillary column). The
initial temperature of the column was 200°C for 2
min, then increased to 300°C at 4°C/min.

IH NMR spectrocopy

Prior to 'H NMR spectroscopic analyses, sam-
ples were repeatedly treated with *H,O (99.9
atom% 2H) (MSD Isotopes), finally using 99.96
atom% 2H at p>H > 7. 300-MHz 'H NMR spectra
were recorded using a Bruker AC-300 spectrometer
at a probe temperature of 20°C. Chemical shifts (§)
are expressed in ppm downfield from the signal for
internal sodium 4,4-dimethyl-4-silapentane-1-sul-
phonate, but were actually measured by reference
to the signal for internal acetone (6 2.225) with an
accuracy of 0.002 ppm. To obtain quantitatively re-
liable results, no resolution enhancement was ap-
plied, the HO?H signal was not suppressed and a
repetition delay of 5 s was used.

RESULTS AND DISCUSSION

For a reliable analysis of its substituent distribu-
tion, solvolysis of CM-cellulose has to be complete
and the occurrence of side-reactions during solvoly-
sis has to be avoided. A brief incubation with 70%
HClO, at room temperature was applied to im-
prove the solubility of the material, thereby making
it accessible for complete hydrolysis in 1.2 M
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HCIO, (16 h, 100°C) without browning of the hy-
drolysate. Then, most of the HClIO, was removed
as KClO, after precipitation with KOH. This pro-
cedure gave samples that could be analysed directly
by high-pH AEC-PAD.

A typical high-pH AEC-PAD trace for a hydro-
lysate separated on CarboPac PA-1 is shown in Fig.
1. For identification purposes fractions 1-8 were
collected, neutralized, desalted on Bio-Gel P-2, per-
trimethylsilylated and identified by GLC-EI-MS.
Fraction 1 was found to correspond to D-glucose.
Fractions 2, 3 and 4 contained 6-, 2- and 3-O-CM-
D-glucose, respectively. Fractions 5, 6 and 7 corre-
sponded to 2,6-, 3,6- and 2,3-di-O-CM-D-glucose,
respectively, whereas fraction 8 contained 2,3,6-tri-
O-CM-D-glucose. Apart from some minor differ-
ences in relative peak intensities, the mass spectra
were in agreement with reference mass spectra of
these derivatives [4,12]. It is evident that the com-
pounds elute in groups according to the number of
substituents, indicating that the interaction with the
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Fig. 1. Typical high-pH AEC trace of a CM-cellulose hydroly-
sate separated on a CarboPac PA-1 anion-exchange column (250
x 9mm L.D.) using a gradient of sodium acetate (NaOAc) (dot-
ted line) in 0.1 A NaOH at a flow-rate of 4 ml/min and PAD.
Peaks: 1 = p-glucose; 2 = 6-O-CM-p-glucose; 3 = 2-O-CM-D-
glucose; 4 = 3-O-CM-p-glucose; 5 = 2,6-di-O-CM-p-glucose;
6 = 3,6-di-O-CM-p-glucose; 7 = 2,3-di-O-CM-p-glucose;
8 = 2,3,6-tri-O-CM-D-glucose.
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anion-exchange resin is dominated by the carboxy-
methyl groups. Completely resolved peaks were ob-
tained for the positional isomers within each group,
with the exception of 2-O- and 3-O-CM-p-glucose.
However, the fractionation was sufficient to allow
accurate integration (Fig. 1). The order of elution of
the carboxymethylated glucose residues on Carbo-
Pac PA-1 was identical with that of the correspond-
ing sulphoethylated glucose residues, separated on
the same resin [13]. This suggests that the type of
interactions of these compounds with the anion-ex-
change beads is similar, irrespective of the character
of the anionic substituent. However, compared with
the sulphoethylated glucose residues, a lower con-
centration of sodium acetate is sufficient for the elu-
tion of the carboxymethylated glucose residues,
probably reflecting the weaker binding of the less
acidic carboxymethyl group to the anion-exchange
beads.

The high-pH AEC-PAD trace shows no addi-
tional peaks, suggesting that the formation of O-
CM-glucoselactones (ca. 3 mol%) [5], which oc-
curred during hydrolysis (6 M HCI, 2 h, room tem-
perature, and subsequently 2 M HCI, 30 min,
120°C) or sample concentration, does not take place
in the present procedure. In the method presented
here the hydrolysis conditions are milder. However,
when a higher concentration of HCIO, (2 M) or a
longer treatment (30 min) with 70% HCIO, was
supplied, minor additional peaks were observed on
the high-pH AEC-PAD trace, which probably orig-
inate from O-CM-glucoselactones. This suggests
that lactonization takes place only when carboxy-
methylated glucoses are exposed to strongly acidic
conditions for a prolonged period of time.

For the determination of the substituent distribu-
tion in CM-cellulose from the peaks on the high-pH
AEC-PAD trace, the molar response of each
monomer to the pulsed amperometric detector was
obtained from 300-MHz 'H NMR spectra, record-
ed without resolution enhancement, of solutions
containing one of the monomers and a defined
amount of methy! -cellobioside as an internal stan-
dard. In each instance the molar ratio of monomer
to methyl f-cellobioside was determined by integra-
tion of the signals for the respective anomeric pro-
tons in the 'H NMR spectra [14]. Then, each of the
mixtures of monomer and methyl f-cellobioside
was lyophilized, dissolved in doubly distilled water
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TABLE I
CALCULATED PAD RESPONSE FACTORS OF THE
MONOMERS OF CARBOXYMETHYL- AND SUL-
PHOETHYLCELLULOSES
Monomer PAD response®

R = CM? R = SE*
D-Glucose 1.00 1.00
2-O-R-p-glucose 0.71 0.71
3-O-R-p-glucose 0.37 -
6-O-R-D-glucose 0.77 0.77
2,3-Di-O-R-D-glucose 0.26 0.16
2,6-Di-O-R-p-glucose 0.38 0.36
3,6-Di-O-R-p-glucose 0.24 0.17
2,3,6-Tri-O-R-D-glucose 0.20 -

2 Relative to D-glucose.
b CM = Carboxymethyl; SE = sulphoethyl.

and subjected to high-pH AEC-PAD on CarboPac
PA-1. Molar PAD responses under the conditions
described under Experimental were calculated by
matching the relative peak areas obtained by PAD
with the relative amounts determined by 'H NMR
spectroscopy (see Table I). The general effect of
substitution is a decrease in PAD response with an
increasing number of carboxymethyl groups in the
glucose residue. Although little is known about the
actual electrochemical reactions taking place at the

TABLE II
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gold electrode, it is likely that the response to the
pulsed amperometric detector mainly results from
the oxidation of unsubstituted hydroxyl groups and
of the hemiacetal group in the glucose residue. It is
interesting that, within the group of monocarboxy-
methylated glucose residues, substitution of HO-3
results in the largest decrease in PAD response. A
similar effect is observable for the dicarboxymethy-
lated glucose residues. However, the response fac-
tors of the di- and tricarboxymethylated glucose
residues cannot be calculated simply by addition of
the effects of monocarboxymethylation on the PAD
response. For comparison, previously established
molar response factors of some sulphoethylated
glucose residues [13] are included in Table I. Similar
response factors for carboxymethylated and sul-
phoethylated glucose residues are observed when
substituents occur at O-2 or O-6. The decrease in
molar response is, however, larger with a sul-
phoethyl group than with a carboxymethyl group at
0-3.

The high-pH AEC-PAD procedure was applied
twice to samples A and B and four times to sample
C, and in Table II the calculated substituent distri-
bution for each of the samples is shown. The de-
grees of substitution (DS) of A, B and C, calculated
using the data in Table II, were found to be 0.80,
0.81 and 0.68 £ 0.03, respectively. The determined
DS values were in excellent agreement with the de-
gree of substitution [(A) 0.77, (B) 0.80 and (C) 0.67]

SUBSTITUENT DISTRIBUTIONS IN THREE CARBOXYMETHYLCELLULOSES DETERMINED BY HIGH-pH AEC-PAD

Monomer Distribution (mol%)

Sample A® Sample B° Sample C*
D-Glucose 37.0 36.7 44.5 £ 1.0
2-0-CM-p-glucose? 21.4 21.7 21.0 £ 0.3
3-O-CM-p-glucose 12.5 119 9.2 + 0.2
6-0-CM-D-glucose 12.7 13.0 13.0 +£ 0.3
2,3-Di-O-CM-D-glucose 44 4.5 30 £ 03
2,6-Di-0-CM-p-glucose 8.1 8.2 64 %+ 0.2
3,6-Di-O-CM-p-glucose 3.1 3.3 24 + 0.2
2,3,6-Tri-O-CM-D-glucose 0.8 0.7 0.5+ 0.1

@ Average results of two individual analyses.

b Average results of four individual analyses with standard deviation.
¢ This larger standard deviation probably results from contamination of the sample with glucose from external sources.

4 CM = Carboxymethyl.



E. A. Kragten et al. | J. Chromatogr. 623 (1992) 49-53

provided by the manufacturer, based on a standard
acid wash procedure [15].

From the data in Table 1], the order of reactivity
of the hydroxyl groups in cellulose towards carbox-
ymethylation was calculated to be HO-2 > HO-6
> HO-3, in agreement with several other reports on
CM-cellulose solvolysates using '3C NMR spec-
troscopy [1], 'H NMR spectroscopy [9] or GLC
[5,6,10]. In two studies employing **C NMR spec-
troscopy [2,16] directly on the polymer it was re-
ported that the reactivities of HO-3 and HO-6 are
equal. Using a statistical model for the etherifica-
tion of cellulose [17], which has been confirmed for
CM-cellulose [1], the relative reaction rate con-
stants for HO-2, HO-3 and HO-6 were calculated to
be ky:ksike = 1.8:1:1.2, 1.9:1:1.3 and 2.3:1:1.5 for
samples A, B and C, respectively. Comparison of
these data with results from other studies is compli-
cated by the fact that relative reaction rate con-
stants, especially that of HO-3, depend to some ex-
tent on the reaction conditions used [8]. However,
the relative reaction constants presented here are
similar to previously reported data [1,6,9,10], with
the exception of one study presenting higher values
[5].
The method for the determination of the substi-
tuent distribution of CM-cellulose reported here of-
fers important advantages over other procedures.
There is no need for derivatization as required for
GLC. Further, contrary to the appearance in 13C
and 'H NMR spectra and gas-liquid chromato-
grams, each monomer is represented by a single
peak on the high-pH AEC-PAD trace, making
quantification more easy.
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ABSTRACT

A method for the liquid chromatographic separation and UV detection of hydroxy acids without any pretreatment of derivatization
is described. An aqueous solution containing copper ion, alkylsulphonate and acetate buffer is used as the mobile phase in conjunction
with a conventional reversed-phase column. Detection is carried out at 254 nm. The influence of pH and the concentrations of copper
ion, alkylsulphonate and buffer on the retention and detection response has been investigated. These parameters were found to provide

powerful means of selectivity and response manipulations.

INTRODUCTION

The separation and determination of hydroxy
acids, such as lactic, citric, malic, tartaric and a-hy-
droxybutyric acids, are important problems in
physiology, biochemistry, food, beverages, health
and related areas. For example, the concentration
of lactic acid in the plasma of patients with leukae-
mia is much higher than that of healthy persons [1].
These compounds are present as major acid compo-
nents in fruit, vegetable, milk and wine [2].

Ion-exchange chromatography is suitable for
analyses for hydroxy acids [3]. There are several dif-
ficulties with the direct separation and determina-
tion of hydroxy acids by gas or reversed-phase
liquid chromatography with UV detection because
of their low volatility, strong polarity, ionicity and
lack of appreciable UV absorption. Derivatizations
for improved separation and detectability have
becn utilized. Derivatization with phenacyl bro-
mide has been applied to the determination of hy-

Correspondence to: Dr. D. 8. Lu, Department of Chemistry, Wu-
han University, Wuhan 430072, China.
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droxy acids in wines using reversed-phase chroma-
tography with UV detection [4]. Rigas and Pietrzyk
[5] described an indirect spectrometric chromato-
graphic method for the determination of lactic and
a-hydroxybutyric acids, etc., using iron(II)-phe-
nanthroline as a detection reagent. In our laborato-
ry, the reversed-phase chromatographic separation
and indirect UV spectrophotometric detection of
hydroxy acids were studied using various detection
reagents [6].

Levin and Grushka [7] reported a new approach
to the determination of amino acids on a reversed-
phase column using an aqueous mobile phase con-
taining copper ion. In this approach, the detection
of amino acids was accomplished by the ir situ for-
mation of their complexes. The determination of
citric acid in milk using UV spectrophotometry
with the formation of a complex with copper ion
has been reported [8]. None of studies has investi-
gated in detail the use of copper ion in high-per-
formance liquid chromatography for the separation
and determination of hydroxy acids.

This paper describes a method that allows the
determination of hydroxy acids as their Cu(II) com-

1992 Elsevier Science Publishers B.V. All rights reserved
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plexes on a conventional reversed-phase column in
conjunction with a UV detector. In order to ascer-
tain the possibility of applying UV detection, the
UV absorption spectra of hydroxy acid—Cu(II) mix-
tures in aqueous solution were determined. A re-
versed-phase chromatographic system for the sep-
aration and determination of hydroxy acids with an
aqueous mobile phase containing copper ion and
alkylsulphonate was investigated. An hydrophobic
alkylsulphonate was added to the mobile phase as
an ion-pair reagent and spectrophotometric sensi-
tizing agent in order to increase the retention and
detection response. Acetate buffer was used to
maintain a suitable pH and ionic strength. The ef-
fects of various factors on retention and detection
response were studied, especially pH and the con-
centrations of copper ion, alkylsulphonate and
buffer. Guidelines are given for optimization of the
separation and detection. The calibration graphs of
peak area versus sample amount, detection sensitiv-
ity and minimum detectable amounts were also
studied.

EXPERIMENTAL

Apparatus

A Model UV-240 spectrophotometer (Shimadzu)
was used. The chromatographic system consisted of
a Model LC-6A pump (Shimadzu), a Model 7125
injector with a 20-ul loop (Rheodyne), a Model
DZ-1 fixed-wavelength (254 nm) UV detector
(Shanghai Scientific Instrument Factory), a Type
3056 recorder and a Model C-R2A digital integra-
tor (Shimadzu). The column used was Zorbax-ODS
(250 x 4 mm 1.D.) (DuPont). A precolumn made in
our laboratory, packed with S-um YWG.CH
(Tianjing Second Chemical Reagent Factory), was
connected between the pump and the injector. The
pH measurements were performed with a pH-3E
digital pH meter (Jiansu Electroanalysis Instrument
Plant). A Model CQ-50 ultrasonic cleaner (Shang-
hai Ultrasonic Instrument Plant) was used.

Reagents and solvents

Analytical-reagent grade or equivalent chemicals
and water doubly distilled in a quartz still were
used. Acetate buffer was prepared with acetic acid
and sodium hydroxide. Copper(II) acetate was ob-
tained from Shanghai Chemical Reagent Factory

D. S. Luet al. | J. Chromatogr. 623 (1992) 5562

and sodium hexanesulphonate from Beijing Chem-
ical Reagent Institute.

Samples

The following hydroxy acids (HA) were chosen
as sample solutes: lactic (LA), citric (CA), tartaric
(TA), malic (MA) and o-hydroxyisobutyric acid
(HBA). Stock standard solutions of the samples
(0.1-0.01 M) were prepared and diluted as needed.

Procedures

The solutions of the HA-Cu(II) complexes for
determination of UV absorption spectra were made
with appropriate volumes of stock of samples, cop-
per(IT) acetate and buffer, then diluted to 25 ml with
water. The UV absorption spectra of the solutions
were determined in the range 330-190 nm. The ab-
sorbances at 254 (A4,54) and 230 nm (A,30) were
recorded.

The mobile phases were prepared by dissolving
known amounts of hexanesulphonate and copper
(IT) acetate in the acetate buffer, adjusted to the de-
sired pH, then filtered and degassed in an ultrasonic
bath before use. The flow-rate of the mobile phase
was set at 1 ml/min. The eluent was passed through
the column for about 1 h until equilibrium was ob-
served by recording the breakthrough curve due to
the background absorption by copper ions. To pro-
tect the instrument, prolong the lifetime of the col-
umn and obtained reproducible results for the re-
tention and detection sensitivity, at the end of each
working day the chromatographic system was
flushed with 0.01 M EDTA in the buffer solution
(pH 5.6), water and methanol in that order.

RESULTS AND DISCUSSION

UV absorption spectra of hydroxy acid-Cu(II) com-
plexes in acetate buffer solution

In the reversed-phase chromatographic system
with a UV detector using buffer solution without
copper ion as the mobile phase, no detection re-
sponse of the HAs was observed. Copper ion is
known to form complexes with HAs, which have
similar stability constants to amino acid—copperion
complexes [9]. Fig. 1 shows the UV absorption spec-
tra of the HA—copper ion mixture in acetate buffer
solution. For comparison the absorption curves of
LA, MA and copper(I1) acetate are also given. No
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Absorbance

190 330 nm

Fig. 1. UV absorption spectra of HA-Cu(1I) mixture in solution
of acetate buffer (5 mM, pH 5.6). L, M and AC refer to LA, MA
and acetate, respectively; Cu refers to copper ion. Water was
used as a reference for solid lines and acetate buffer (5 mM) for
dotted lines.

appreciable absorption is observed above 210 nm
for the HAs. In the presence of copper ion the ab-
sorption of the HA solutions is much stronger in the
range 190-330 nm because of the formation of HA—
Cu(II) complexes. For the spectra of the complexes,
shoulder peaks between 230 and 240 nm are ob-
served and the absorbances at 254 nm are also very
high.

Table I lists the absorbances at 230 and 254 nm
for the mixture solutions. The absorbances of the
complexes of the HAs having multiple hydroxy or
carboxy groups, such as MA, CA and TA, are high-

TABLE I
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er than those of the monobasic HAs, possibly be-
cause the former have a stronger complexing capac-
ity than the latter for copper ion.

Factors that affect the retention and detection re-
sponse

The HAs with strong polarity and weak hydro-
phobicity show hardly retention on conventional
reversed-phase columns and the separation selec-
tivity based on solvophobic interaction is very poor.
It is believed that the formation of HA-Cu(II) com-
plexes will occur in the chromatographic system.
According to evaluation of the dilution factors aris-
ing from the column, which can be expressed as a
function of the column efficiency, the injection vol-
umes and the retention volumes of the solutes [10],
it is found that the concentrations of HAs in the
mobile phase are slightly lower than that of copper
ion, assuming that all the complexes have 1:1 com-
positiori and are positively charged, making it pos-
sible to form ion pairs of ternary complexes with
hexanesulphonate. Probably the reactions can be
written as

HA + Cu?* =[ACu]* + H* (1)
[ACu]* + R~ = ACuR )

where R™ represents the anion of hexanesulpho-
nate. Interaction of species should enhance the re-
tention via a dynamic ion-exchange, ion-pair parti-
tion or ion-interaction mechanism. In order to com-
pare the sensitivities under different conditions the
response value, R, of detection is represented by the
area of the peak produced per unit concentration of
the solute injected, in units of m?/mmol.

Influence of Cu(Il) concentration
The retention and detection response of the HAs
as a function of copper ion content in the mobile

ABSORBANCES OF HA-Cu(II) MIXTURE IN BUFFER SOLUTION
In each case the solution contained 5 mAM acetate buffer, 0,4 mM HA and 0.4 mM copper ion (pH 5.6).

Absorbance LA LA-Cu HBA

HBA-Cu MA

MA-Cu CA CA-Cu TA TA-Cu

Ay 0 0357 0005 0408
Ayss 0 0162 0004  0.200

0.011 1.004 0.008 1.120 0.008 0.894
0.002 0.760 0.005 0.936 0.006 0.600
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phase are illustrated in Fig. 2. It can be seen that the
capacity factors, k', for TA and MA show a maxi-
mum values with increase in copper ion concentra-
tion, whereas there is a gradual increase for LA and
HBA a smaller increase for CA, with three carboxy
groups, whose hydrophobicity is less changed by
complex formation. When the Cu(IT) concentration
reaches a certain level (about 0.5 mM), no further
marked increase or even a decrease in k' is ob-
served, which can been explained by the lack of a
further increase in the concentration of the com-
plexes, and by the increase in the eluting power of
the mobile phases as further increase in the concen-
tration of copper ion, which is a participant in the
dynamic ion-exchange process.

Fig. 2 demonstrates that the concentration of Cu
(ID) has a much greater effect on the detection re-
sponse of polybasic acids than on that of monoba-
sic HAs, owing to the great differences between the
absorption values of the two kinds of complexes. In
the range of Cu(II) concentration from 0.05 to 1
mM the detection response for polybasic HAs first
increases sharply to a maximum and then tends to

[¢2 0S5 Cu (mM) 1
Fig. 2. Effect of copper ion concentration on the retention and
detection response of HAs. The mobile phase contained 2 mM
acetate buffer (pH 5.6) and 5 mM hexanesulphonate; temper-
ature, 30°C; flow-rate, 1.0 ml/min; UV detection at 254 nm. L,
HB, C, M and T refer to LA, HBA, CA, MA and TA, respec-
tively. Solid lines, variation of retention; dotted lines, variation
of detection response..
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decrease, whereas for monobasic HAs it first in-
creases slowly between 0.05 and 0.5 mM and then
decreases slightly with further increase in the con-
centration of copper ion.

Influence of hexanesulphonate concentration

Fig. 3 illustrates the relationship between the re-
tention, response of the solutes and hexanesulpho-
nate concentration. It is obvious that the addition
of hexanesulphonate has a considerable influence
on the retention and detection response for the
HAs, consequently modifying their separation se-
lectivity. When hexanesulphonate is absent from
the mobile phase the retention is lower and tends to
be similar for all the HAs, owing to their weak
hydrophobicity. The k values first increase rapidly
for all the HAs, and then remain relatively constant
for LA and HBA and tend to decrease for CA, MA
and TA with increase in hexanesulphonate concen-
tration from 0 to 10 mM. The decrease in the reten-
tion of polybasic hydroxy acids with further in-
crease in the concentration of hexanesulphonate
may be due to electrostatic repulsion between the
anion of hexanesulphonate adsorbed on the sta-
tionary phasae and negatively charged solutes with
multiple carboxy groups. The results show that the

° 5 RSO3(mM) 0
Fig. 3. Effect of hexanesulphonate concentration on the reten-

tion and detection response of HAs. Chromatographic condi-
tions as in Fig. 2 except 0.5 mM Cu(Il). Lines as in Fig. 2.
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retention of HAs at lower concentrations of hexa-
nesulphonate can be regulated by the controlled ad-
dition of the latter.

Fig. 3 shows that the R values of polybasic HAs
increase sharply as the concentration of hexanesul-
phonate increases from 0 to 5 mM, and then de-
crease with further increase in from 5 to 10 mM. No
significant effect of hexanesulphonate on the R val-
ues of monobasic HAs is observed, as could be ex-
pected owing to their lower capacity to form ter-
nary complexes and their smaller absorbances.

Influence of buffer concentration

The concentration of acetate buffer has an impor-
tant effect on the retention and detection response
under conditions of constant pH and copper ion
concentration, as shown in Fig. 4. The retention of
polybasic HAs increases initially as the acetate buff-
er concentration increases from 1 to 4 mM, and
then decreases slowly with further increase in con-
centration. For monobasic HAs the retention al-
ways decreases with increase in acetate concentra-
tion from 1 to 50 mM. The increase in the retention
may be explained by the simultaneous formation of
mixed complexes with acetate radical ion as a sec-

0 5 ACmMMD
Fig. 4. Effect of acetate buffer concentration on retention and
detection response of HAs. Chromatographic conditions as in
Fig. 2 except 0.5 mM Cu(II) and buffer concentration at pH 5.6.
Lines as in Fig. 2.
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ondary ligand or solvation of HA-Cu(II) complex-
es by acetate buffer, therefore leading to the in-
crease in the hydrophobicity of the solutes. Presum-
ably, the decrease in k' is produced by an increase in
the solvent strength, which is a function of acetate
content in the mobile phase, and by a decrease in
the tendency of the solutes to interact by ion ex-
change with residual Si—-OH groups on the surface
of the packing {11]. Experiments have shown that
phosphate buffer is unusable when copper ion is
present in the mobile phase. The check valves of the
reciprocating pump often became blocked by cop-
per ion when phosphate buffer was used because of
precipitation of copper ion by the anion of the
phosphate buffer.

Comparing the variations in R values in Figs. 3
and 4, it can be seen that acetate has a similar effect
to hexanesulphonate on the detection response. The
increase and decrease in response can probably be
explained by the solvation of the complexes and the
background absorptyion of copper(Il) acetate. Fig.
4 shows that the optimum buffer concentration for
the detection of the HAs is between 2 and 8 mM. It
is unnecessary to use concentrations above 10 mM
with regard to either the separation selectivity or
the detection response. An important factor is that
when the acetate concentration is above 10 maf, the
system peak produced by acetate is so large that it
will interfere seriously in the determination of the
sample peaks. It was found that the system peak
due to acetate almost disappears if the acetate con-
centration is below 5 mM. In addition, the column
lifetime will decrease as the buffer concentration in-

.creases.

Influence of pH

It is possible to change the complexation equilib-
ria by varying the pH and therefore to influence the
hydrophobicity and UV absorbance of the solutes.
The changes in k' and R values of the HAs with
variation of pH in the mobile phase containing cop-
per ion and hexanesulphonate are demonstrated in
Fig. 5. The retention of polybasic HAs increases
slowly in the pH range 3.5-5 and increase sharply at
pH > 5. It is obvious that the formation of the
complexes as the dissociation of the HAs increases
enhances the hydrophobicity of the solutes. The de-
crease in k' values of monobasic HAs with increase
in pH may be caused by a lower hydrophobicity of
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the complexes than that of the molecular HAs at
lower pH, and by increasing the eluting power of
the mobile phase with increase in concentration of
OH™ ions.

Fig. 5 shows that the response values of all the
hydroxy acids are relatively low-at pH < 5, owing
to a lower capability of copper ion complexing with
the molecular HAs and a shift of eqn. 1 to the right
with increasing pH, leading to an increase in the
response. The drastic increase in the response at pH
> 5 results from the formation of complexes which
have high UV absorbances. The background ab-
sorption produced by copper ion in the presence of
acetate, hexanesulphonate and an excess of OH™
ion with further increase in pH causes the R values
to decrease.

On the basis of the above investigation, the HAs
were chromatographed with UV detection at 254
nm using an aqueous mobile phase containing Cu
(I1), hexanesulphonate and acetate buffer. In this
way chromatograms with high resolution and good
peak symmetry for the HAs studied were obtained.
Typical chromatograms obtained with different
mobile compositions are given in Figs. 6 and 7. The
HAs are eluted in different orders depending on the
chromatographic conditions. The system peaks S,
S, and S; are due to copper ion, acetate and hexa-

6

pH
Fig. 5. Effect of pH on the retenuon and detecuon response of
HAs. Conditions as in Fig. 2 except 0.5 mM Cu(lI) and pH 5.6.
Lines as in Fig. 2.
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T

HB8 L

2 min 6 °

Fig. 6. Chromatogram of a mixture of HAs. Mobile phase, 0.5
mM Cu(Il)-5 mM hexanesulphonate-2 mM acetate buffer (pH
4.2), flow-rate 1 ml/min; detection, UV at 254 nm, 0.08 a.u.f.s.;
temperature, 30°C; concentration of samples, 0.1-1 mA. Peaks:
S, = system peak; C = CA; T = TA; M = MA; L = LA;
HB = HBA.

nesulphonate respectively. Peak S; is negative in all
the chromatograms. Peak S, disappears gradually
with decreasing concentration of acetate buffer.
Peak S; is positive or negative depending on the
concentration of hexanesulphonate. At pH < 4.5
peak S; is not eluted within 30 min.

5
mn 12 r3 o

Fig. 7. Chromatogram of a mixture of the HAs. Mobile phase,
0.5 mM Cu(Il)-5 mM hexanesulphonate-5 mM acetate buffer
(pH 5.6); detection, UV at 254 nm, 0.16 a.u.f.s.; concentration of
HAs, 0.1-0.5 mM. Peaks: S,, S,, S, = system peaks. Other con-
ditions and peaks as in Fig. 6.
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(10%)

0 5 M Gi0-3,104) 1©

Fig. 8. Calibration graphs of integral peak area values (4) versus
HA concentrations injected. Concentration coordinate is x 1073
M for HBA and LA and x 10~* M for CA, MA and TA. Chro-
matographic conditions as in Fig. 7.

Determination of hydroxy acids

If the mobile phase conditions are optimized and
held constant, determination of the HAs is possible
with Cu(Il)-aided UV detection. Calibration graphs
were obtained for HAs in the range of sample
amounts from 10~ ¢ to 10™* mmol under the same
conditions as in Fig. 7. No attempt was made to
determine linearity above 10~ % mmol. Typical cali-
bration graphs of integral peak areas versus the
sample concentration injected are shown in Fig. 8.
Owing to the background absorbance of the mobile

TABLE 11

61

phase and the background noise of the instrument,
the calibration graphs do not pass through the ori-
gin. The graphs can be fitted to a linear regression
equation:

A; = a + bm; 3

where A is the integral peak area value, a is the
intercept, b is the slope and m is solute amount. The
slopes should be related to the detection sensitivity
of the HAs, which may be defined as the change in
response intensity per unit change in solute amount,
that is

S = AR/Am; 4)

With a UV detector for concentration-sensitive
detection, the sensitivity is given in units of absor-
bance X ml/mM and can be calculated from the
absorbance corresponding to full-scale deflection of
the recorder at maximum detector sensitivity. Table
II gives the intercepts a, slopes b, correlation coeffi-
cients r and detection sensitivity S for the HAs. The
correlation coefficients are over 0.99 for all the sam-
ples, showing good linearity of the calibrations.

Minimum detectable amount

The minimum detectable amount is defined as the
amount of solute that produces a response of the
chromatographic peak height equal to three times
the noise level. The minimum detectable amounts of
the HAs under the chromatographic conditions
used were calculated and are given in Table I1. Most
of them are below 1 nmol and hence trace analyses
for the HAs are practicable.

DATA FOR DETERMINATION, SENSITIVITY AND MINIMUM DETECTABLE AMOUNT

HA Intercept, Slope, Correlation Sensitivity, O,k

a’ b coeflicient, S (absorbance ml/mM) (mol)

¥

LA 30 3.6 - 10° 0.9972 464 4210710
BHA 15 7.3 - 10° 0.9989 928 2.5-1071°
CA 30 2.8-107 0.9993 3520 79-1071
MA 20 2.1 - 107 0.9981 2720 6.3-10711
TA 17 1.3-107 0.9967 2240 3.5-1071°

“ Integral values.
¢ Minimum detectable amount.
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CONCLUSIONS

The proposed method allows the separation and
determination of multi-functional HAs by reversed-
phase chromatography with the aid of copper ion in
the mobile phase containing acetate buffer and hex-
anesulphonate. The dynamic ion exchange and ion-
pair partition of HA-Cu(II) complexes formed in
the chromatographic process can offer significant
advantages over fixed-site ion exchangers of a
bonded phase for the separation of ion interaction
and hydrophobicity and also for detection sensitiv-
ity of the HAs. Detection is performed at 254 nm,
avoiding interferences that occur at lower wave-
lengths. The analysis is simple and rapid. Also, the
sensitivity, accuracy and precision appear to be
comparable to those in alternative methods.

D.S. Luetal |J. Chromatogr. 623 (1992} 55-62
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ABSTRACT

A method for the determination of diaminopimelic acid (DAPA) concentrations in feeds and rumen digesta by reversed-phase
high-performance liquid chromatography using precolumn derivatization with o-phthaldialdehyde and fluorimetric detection was
developed. Samples were oxidized and hydrolysed prior to analyses by HPLC. Hydrogen peroxide and formic acid were used for
oxidation; hydrolyses were performed using 3 M hydrochloric acid under vacuum at 120°C for 17 h. Oxidation allowed more space for
DAPA-OPA peak elution and hydrochloric acid hydrolysis reduced sample clean-up and extended the column life. Hydrolysates were
diluted, adjusted to pH 7 and filtered. A Beckman Model 507 autosampler with a precolumn derivatization cassette was used for the
derivatization process and fluorimetric detection was used to measure the OPA derivatives. Samples were prepared in order to have
on-column DAPA concentrations in the range 10-100 pmol. The relative recovery of the standard solutions added to the feed samples
ranged from 98.4 to 102.8%. The reproducibility of the method was evaluated by the analysis of eight alfalfa hay samples and eight
alfalfa hay samples incubated in the rumen for 48 h and they yielded relative standard deviations of 2.04% and 2.02%, respectively.

INTRODUCTION

Diaminopimelic acid (DAPA) is a component of
bacterial cell walls. It has been established that in
bacteria the DAPA /protein ratio is relatively con-
stant [1]. Therefore, DAPA has been used as a in-
direct marker for the measurement of bacterial con-
tamination in biological materials, e.g., silages and
rumen contents [2,3]. The traditional method for
determining DAPA in digesta or in feeds employed
ion-exchange chromatography and ninhydrin [4,5].
This method requires an expensive amino acid ana-
lyzer and high levels of methionine in the sample
can interfere with DAPA determination. Czerkaw-

Correspondence to: Dr. R. Puchata, Department of Animal
Physiology, Warsaw Agricultural University, Nowoursynowska
166, 02-766 Warsaw, Poland.

0021-9673/92/805.00 ©

ski [1] proposed a method that is less costly, but it is
labour intensive and interference from proline may
occur. The method proposed by Webster et al. [6]
using high-performance liquid chromatography
(HPLC) requires costly purification of samples and
the individual sample running time is similar to that
in the normal amino acid analyzer method.

The objective of this study was to develop a rap-
id, inexpensive, sensitive and reliable HPLC meth-
od for determination of the DAPA content in bi-
ological samples with utilization of oxidation, hy-
drolysis, precolumn o-phthaldealdehyde (OPA) de-
rivatization and fluorimetric detection.

EXPERIMENTAL

Reagents and standards
HPLC-grade methanol, 2-mercaptoethanol and

1992 Elsevier Science Publishers B.V. All rights reserved
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tetrahydrofuran were purchased from Merck
(Darmstadt, Germany), sodium acetate from BDH
(Poole, UK) and prL-a,e-diaminopimelic acid, OPA
and ethanolamine from Sigma (St. Louis, MO,
USA). All other chemicals were purchased from
POCH (Gliwice, Poland).

HPLC configuration

A System Gold (Beckman, San Ramon, CA)
HPLC system was employed. The apparatus con-
sisted of a Model 126 gradient solvent-delivery
module, a Model 507 autosampler with precolumn
derivatization cassette, a Waters (Milford, MA,
USA) Model 420-AC fluorescence detector (excita-
tion filter, 338 nm interference; emission filter, 425
nm long pass), a Model 166 UV detector and a
Model 406 analogue interface. Analytical method
development, data collection and data integration
were performed by using Beckman Gold Chro-
matograph software on a PC-AT computer. Data
from the fluorescence and UV detectors were col-
lected simultaneously. The column used was a Eu-
rospher 80 Cyg, 5 um (250 x 4.6 mm 1.D.) (Knauer,
Berlin, Germany) in conjunction with a Eurospher
80 C;g precolumn (Knauer).

Analytical solvents and gradient composition

A binary gradient was used. Solvent A was tetra-
hydrofuran—methanol-buffer (5:95:900) and sol-
vent B was methanol. The buffer in solvent A was
prepared from 0.1 M sodium acetate adjusted to pH
7.0 with phosphoric acid. All components of sol-
vent A were mixed and the pH was adjusted to 7.0.
Solvents were filtered (0.45 pum) and flushed with
helium prior to use. The gradient composition is
shown in Table 1.

Preparation of standard and derivatizing solutions

DL-0,¢-Diaminopimelic acid stock standard solu-
tion was prepared at a concentration of 2.63 mM
(0.5 mg ml~1!) in 0.1 M sodium acetate adjusted to
pH 7.0 and stored at 4°C. The stock standard solu-
tion was further diluted with 0.1 M sodium acetate.

Ethanolamine was dissolved in 0.1 M sodium
acetate so that the concentration was 1 uM and the
pH was adjusted to 7.0. This solution was used for
final sample dilution.

The derivatizing solution was prepared by dis-
solving 50 mg of OPA crystals in 1.25 ml of metha-
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TABLE 1
GRADIENT COMPOSITION
Time Flow- Composition (%) Gradient
(min) rate ———— duration
(ml min~*) A B (min)®
0.00 1.00 70 30
1.00 1.00 54 46 16.00
17.00 1.00 0 100 5.00
24.00 1.00 70 30 1.00
28.00° 1.00 70 30

¢ Isocratic pumping if cell is empty.
® Sample injection.

nol. To this solution 11.2 ml of 0.4 M borate buffer
(pH 9.5) and 50 pl of 2-mercaptoethanol were add-
ed. The contents were mixed, transferred into a
dark flask and flushed with nitrogen.

Sample preparation

Feeds and rumen incubated feeds [7] were dried
and finely ground prior to analysis. Samples corre-
sponding to 2 mg of nitrogen were weighed into
50-ml round-bottom flasks and oxidized with 2 ml
of oxidizing reagent (0.2 ml of 30% hydrogen per-
oxide + 1.8 ml of 98% formic acid). The oxidizing
reagent was allowed to stand at 50°C for 3 min be-
fore being added to the sample. Oxidation proceed-
ed at 50°C for 15 min and was terminated by adding
0.3 ml of 40% bromic acid before the oxidizing mix-
ture was evaporated on a Biichi rotary evaporator.
The oxidized samples were hydrolyzed in the same
flasks with 5 ml of 3 M hydrochloric for 17 h at
120°C. Prior to hydrolysis the flasks were jointed
with a glass adapter flow control (Kontes, Vine-
land, NJ, USA) and air was evacuated from the
flasks with a vacuum pump. Following hydrolysis,
the vacuum was released from the flasks. Hydroly-
sates were transferred into 50-ml beakers and ad-
justed to pH 7 with 10 M NaOH and made up to 50
ml. The hydrolysates were stored at —27°C until
analysis. A 1-mol volume of the hydrolysate was
mixed with 4 ml of 0.1 M sodium acetate, adjusted
to pH 7.0 and filtered though a 0.22-um filter into
the autosampler vial.

Sample derivatization
Derivatization of DAPA and other amino acids
was performed with the Beckman Model 507 auto-
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sampler using a precolumn derivatization cassette.
A 50-u volume of sample from the vial was mixed
with 50 ul of derivatizing solution and after reaction
for 2 min it was injected into the analytical column.

RESULTS AND DISCUSSION

The use of hydrochloric acid for sample hydro-
lysis followed by pH adjustment resulted in a much
longer column life in comparison with the same
procedure using methanesulphonic acid. Compari-
son of these two hydrolyzing agents showed that
column life was approximately tripled when using
the former procedure.

In regular amino acid analysis, tyrosine is eluted
prior to DAPA and methionine; consequently,
methionine often overlaps with DAPA. This is par-
ticularly true with non-oxidized samples where the
DAPA peaks are eluted very close to methionine
and hence are difficult to integrate. In order to allow
more clution space for the DAPA peaks and be-
cause the DAPA-OPA derivative peaks were very
small, oxidation of the samples was performed.
This caused the tyrosine peak to disappear and
methionine to be converted into methionine sul-
phone, which is eluted much earlier. This allowed
for better integration of the DAPA peaks in com-
parison with non-oxidized samples. It was found
that oxidation did not change the DAPA content in
oxidized samples; the mean recovery was 103.6 +
2.8% in comparison with non-oxidized samples. In
summary, the oxidation of the samples overcame
the problems discussed above and also allowed the
analysis time to be decreased to less than 30 min
(Table I).

Webster et al. [6] proposed the use of a UV detec-
tor for the determination of DAPA. To determine
DAPA-OPA derivatives using a UV detector, high-
er sample concentrations are required. This results
in the loading of highly concentrated samples on to
the column, which decreases its performance and
lifetime. To avoid these problems, a special clean-
up procedure is required, which increases the cost of
analysis. In addition, high sample concentrations
resulted in more time being required to elute the
sample from the column and thus increased the
analysis time. Even though the concentration of
other amino acids was too high for their accurate
determination with a fluorescence detector, it was
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still impossible to determine DAPA using the UV
detector as was proposed by Webster ez al. [6] (Fig.
1). The sensitivity of the fluorescence detector is ap-
proximately eight times higher than that of the UV
detector set at 340 nm.

Samples were prepared such that the on-column
amino acid concentration was about ten times high-
er than that for the regular hydrolysate used for
amino acid analyses [8] and so that the DAPA con-
centration was in the 10-100-pmol range. In this
range the response of the fluorescence detector was
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Fig. 1. Chromatogram of grass hay for DAPA determination
showing data from two detectors. (a) Upper line, - fluorescence
detection; lower line, UV detection (340 nm). (b) Expanded area
from chromatogram (a) with added chromatogram of DAPA
standard (20 pmol) with fluorescence detection (centre line).
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linear with respect to the DAPA~OPA concentra-
tion.

As reported by Webster et al. [6], the DAPA stan-
dard was eluted in two peaks having very similar
areas (Figs. 1 and 2). Zanol and Gastaldo [9], using
a reversed-phase column and 1-fluoro-2,4-dinitro-
phenylalaninamide, reported that the same stan-
dard yielded three peaks. They identified them as
D,L-, D,D- and L,L-DAPA. In this paper the peaks
will be referred as DAPA1 and DAPA?2 as there are
no isolated stereoisomers available commercially.
Both DAPA peaks were assumed to have equal flu-
orescence detector responses so the amount of each
stereoisomer present in the standard were deter-
mined from its contribution to the peak area. The
form DAPA2 occurred in forages such as grass hay
or alfalfa hay, which according to Webster et al. [6]
represented the D,L-stereoisomer. However, in grass
silage and corn silage both peaks occurred. For the
rumen incubated feeds, DAPA1 appeared on the
chromatogram (Fig. 2) and the concentration of
both DAPA peaks was increased with increasing
time of incubation. Qur observations show that
bacteria colonizing the feed particles contain all
DAPA isomers which is in agreement with the work
of Zanol and Gastaldo [9].

The amounts of DAPA found in feed samples
incubated in the rumen are shown in Table II. The
concentration of DAPA increased despite the diges-

0.014

0.012
0.014
» 0.008- DAPA1 DAPA2
w
2
0.006-{
0.004+
0.002
0
14 15 16 17 18 19

time [min)

Fig. 2. Part of chromatogram with DAPA peaks of grass hay
incubated in the rumen for 24 h. Upper line, fluorescence detec-
tion; centre line. UV detection (340 nm); lower line, fluorescence
detection for DAPA standard.

R. Puchala et al. | J. Chromatogr. 623 (1992) 6367

TABLE 11

CONTENT OF DIAMINOPIMELIC ACID IN GRASS HAY
INCUBATED IN THE RUMEN OF COWS

Rumen DAPA DAPA-N
incubation (nmol g~! DM)” (ug g~ DM)*
(h)

0 243.2 £ 23.5 6.81 + 0.65
2 2742 £ 1.3 7.68 £ 0.20
4 299.2 + 8.1 8.38 + 0.23
8 395.2 + 12.3 11.06 + 0.35
12 408.5 £+ 18.6 11.43 + 0.52
24 4741 +£ 14 13.27 £ 0.04
48 6154 + 114 17.23 £ 0.32

4 Mean + standard error from five different grass hays used.

tive processes which occurred during rumen incuba-
tion. During rumen fermentation ingested feed-
stuffs are digested and converted into microbial bio-
mass. Adherence of these microorganisms to the
feed particles causes an increase in DAPA concen-
tration. It was found that the relationship between
DAPA-N (ug g~ ! DM) and time of incubation in
the rumen of cows was best described by the expo-
nential regression y = 6.81 + 1042 [1 — exp
(—0.057)], where t (h) is the time of incubation in
the rumen. According to this equation, the onset of
bacterial contamination of grass hay occurred
largely within the first 12 h of rumen incubation. It
is interesting that the same type of regression was
used to describe the rate of disappearance of feed-
stuffs in the rumen [10].

Recovery of DAPA was performed by adding the
DAPA standard to the feed samples and rumen in-
cubated feed samples prior to oxidation and hydro-
lysis. The mean recovery of the standard solution
added to the feed samples was 99.8 &+ 1.4% and
ranged from 98.4 to 102.8% for seven feeds. To
check the accuracy of the autosampler, ethanola-
mine (internal standard) was added to the samples
at the time of injection. It must be noted that this
causes an increase in analysis time. The reproduc-
ibility of the method was evaluated by analyzing
eight alfalfa hay samples (227.9 + 4.67 nmol g™*
DM) and eight samples of alfalfa hay that had been
incubated for 48 h in the rumen (940.14 + 19.02
nmol g~ ! DM), which yielded relative standard de-
viations of 2.04% and 2.02%, respectively.
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ABSTRACT

A high-performance liquid chromatographic electrochemical detection for the rapid and simultaneous determination of the vitamin
A, D, and E is described. The separation is carried out by using a C, 4 reversed-phase column and 0.1 M LiClO, in methanol-water
(99:1, v/v) as the mobile phase. The compounds are eluted with good resolution in the above order within about 15 min and are
determined by amperometric detection with a glassy carbon electrode at +1050 mV (vs. Ag/AgCl). The method gave reproducible
results and the detection limits were of the order of 0.07, 4 and 0.2 ng of vitamin A, D, and E, respectively. The method was successfully
applied to the determination of vitamin A, D, and E in liquid cow milk and milk powder samples. After saponification, fat-sotuble
vitamins were extracted with hexane and a methanolic solution of the dried extract was injected directly into the chromatographic
system, avoiding the clean-up step that is necessary for vitamin D, when electrochemical detection is not used. Good recoveries were .

obtained.

INTRODUCTION

In recent years, much research has been devoted
to developing sensitive, selective, rapid and reliable
methods for the determination of fat-soluble vita-
mins in foods [1] because a deficiency of these
vitamins causes serious nutritional diseases. The
absence from the diet of significant levels of vitamin
A, D; and E leads to certain eye diseases, rickets and
fertility disorders, respectively. The determination
of vitamin A, D; and E in milk is of major
importance as dairy foods play a vital role in
nutrition and these vitamins have additional roles

Correspondence to: Dr. M. M. Delgado Zamarrefio, Departa-
mento de Quimica Analitica, Nutricion y Bromatologia, Facul-
tad de Quimica, Universidad de Salamanca, 37008 Salamanca,
Spain.

such as in protecting against cancer, avoiding dental
caries and osteomalacia and avoiding-neuropatho-
logical and neuromuscular disorders, respectively.
In addition to the determination of naturally
occurring vitamin A, D3 and E in milk and milk-
based foods, there is also a need for the determina-
tion of these substances in processed low-fat and
skimmed milk products and dairy foods fortified
with these fat-soluble vitamins. There are numerous
reports relating to the determination of lipid-soluble
vitamins in milk, although methods for the simul-
taneous determination of these three vitamins are
lacking. In recent years there have been increasing
reports on the determination of fat-soluble vitamins
using high-performance liquid chromatography
(HPLC) in the normal-phase [2-11] and reversed-
phase [12-14] modes with UV or fluorimetric detec-
tion. HPLC with electrochemical detection (HPLC-

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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ED) appears to be promising for fat-soluble vitamin
determination. Electrochemical methods have been
published for the determination of vitamin A, D,
and E [15-22] in different samples, pharmaceuticals
(A and D3) and biological samples.

In this paper, a rapid method is proposed for the
simultaneous determination of vitamin A, D; and E
using reversed-phase HPLC and amperometric de-
tection with a glassy carbon electrode. The method
was applied to the determination of these vitamins in
milk samples. In this procedure the clean-up step,
after extraction of vitamins from the unsaponific-
able phase, which is usually used in the determina-
tion of vitamin D, in milk, butter and other samples,
was avoided.

EXPERIMENTAL

Apparatus

The liquid chromatograph consisted of an SP
8800 ternary pump (Spectra-Physics, San Jose, CA,
USA) equipped with a Rheodyne (Berkeley, CA,
USA) valve with an injection loop of 10 ul. The
detectors were a Spectra-Physics SP8450 UV detec-
tor and an EG & G PAR (Princeton, NJ, USA)
Model 400 electrochemical detector. Peak areas
were measured with an SP 4290 integrator (Spectra-
Physics).

The chromatographic columns used were an
RP-18 precolumn (15 x 3.2 mm LD., 7-um film
thickness (Brownlee Labs., Santa Clara, CA, USA)
and an OD-224 RP-18 column (220 x 4.6 mm I.D,,
5-pum film thickness) (Brownlee Labs.).

A Biichi (Flawil, Switzerland) RE 121 rotavapor
with a Biichi 461 water-bath was used.

Reagents

All-trans-retinol, vitamin A was obtained from
Sigma Quimica (Madrid, Spain), cholecalciferol,
vitamin D3 from Fluka Quimica (Madrid, Spain),
a-tocopherol, vitamin E from Aldrich Quimica
(Madrid, Spain), LiCIO, (analytical-reagent grade)
from Panreac (Barcelona, Spain) and methanol (LC
grade) from Carlo Erba (Milan, Italy). Water was
purified in a ElgaStat water-purification system
(Elga, High Wycombe, UK).

The mobile phase was a 0.1 M solution LiClO,
as supporting electrolyte in methanol-water (99:1,
v/v). Alcoholic potassium hydroxide solution was

prepared by mixing 50 ml of ethanol and 15 ml of
60% KOH solution. The extractants used were
hexane and hexane—chloroform-—ethanol (6:3.5:0.5).

Samples were commercial powdered milk and
commercial liquid cow milk.

Procedure

The mobile phase was degassed with helium and
pumped at a flow-rate of 1.0 ml/min. Standards of
vitamins or sample extracts dissolved in methanol
were injected through a Rheodyne valve. The glassy
carbon elctrode was pretreated daily by cathodic
polarization (—600 mV for 10 min) followed by
anodic polarization (+ 1200 mV for 30 min), both in

milk powder
259 in25ml
of hot water

liquid milk
25 ml

NS

Protection of vitamin
with ascorbic acid

Saponification with
65 mi of alcoholic KOH

4

Unsaponifiable matter

Extraction with

2x25 ml of hexane
Evaporation in rotavapor

at50° C

Residue dissolved
in S ml of methanol

Filtration with a
0.45 pm filter

10 pl injected

HPLC

Fig. 1. Procedure for the determination of vitamin A, D; and Ein
powdered and liquid milk samples.
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a flowing stream of mobile phase. The applied
potential for detection was + 1050 mV. For the
simultaneous UV detection of three vitamins a
compromise wavelength of 280 nm was chosen. The
procedure for the determination of the vitamins in
milk samples is detailed in Fig. 1.

RESULTS AND DISCUSSION

Optimization of the method

The influence of the applied potential, mobile
phase composition, flow-rate and concentration of
the supporting electrolyte was studied. In order to
determine the optimum applied potential for the
detection of the three vitamins, their hydrodynamic
voltammograms were obtained by injecting fixed
amounts of standard solutions of vitamins and
varying the applied potential in 50-mV steps (Fig. 2).
Higher voltages produce higher signals, especially
with vitamin D3, but also an increase in background
signal. The working potential chosen was + 1050
mV.

The amount of water in the mobile phase was
varied from 0 to 6%. For all the water/methanol
ratios tried good separations between the three
vitamins were obtained, but at 3% water the reten-
tion times increased considerably (up to 22 min for
vitamin E). Therefore, methanol-water (99:1, v/v)
was chosen.

From the study of the effect of flow-rate a value of
1.0 ml/min was chosen. The chromatograms showed

800
Area 10”4
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400
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200 400 600 800 1000 1200 1400

E, mV

Fig. 2. Hydrodynamic voltammograms. Mobile phase, meth-
anol-water (99:1, v/v) containing 0.1 M LiClOy,; flow-rate, 1.0
ml/min; Amounts injected, ([(J) vitamin A 2.5, () vitamin D,
19.3 and (M) vitamin E 10.8 ng.
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Fig. 3. Chromatogram obtained after application of the pro-
posed method to a sample of liquid cow milk.

good resolution and acceptable retention times for
the three vitamins (4, 12 and 14 min for A, D; and E,
respectively) (Fig. 3).

The influence of LiClO, concentration in the
mobile phase was studied in the range 0.02-0.18 M.
The peak areas increased with increasing electrolyte
concentration, reaching a constant value for con-
centrations >0.05 M. Hence an LiClO, concentra-
tion of 0.1 M was chosen for the proposed proce-
dure.

Analytical characteristics of the HPLC—ED method

The relationships between chromatographic peak
area and vitamin concentration injected were linear
in the ranges 4.62-1078-2.31-10"° M vitamin A,
2.06°107°-3.24-107% M vitamin D; and 4.48"
1078-1.55-10"° M vitamin E. The equations re-
lating peak areas to concentration are shown in
Table 1.

The limits of detection (signal-to-noise ratio = 3)
obtained were 3.7-1078,1.1- 10" ®and 4.4 10" 8 M
(0.07,4.3 and 0.19 nginjected) for vitamin A, D5 and
E, respectively; relative standard deviations of 4.2,
3.1 and 5.7% were obtained when amounts of 0.66,
25and 1.15 ng of vitamin A, D3 and E were injected
(n = 10).

Table II shows the calibration fittings for UV
detection at 280 nm. The detection limits obtained
were 6.48-1078,2.1- 10" ®and 7.7-10~7 M (0.12, 10
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TABLE I

LINEARITY BETWEEN VITAMIN CONCENTRATIONS AND CHROMATOGRAPHIC PEAK AREAS USING THE

HPLC-ED METHOD
Calibration fitting: 4 = a + bx.

Vitamin Concentration a 1073 b 10710 r

range (M) (n = 10)
A (0.46-23)- 1077 150 +70 359 +7 0.998
D, (2.1-32) 10~¢ —80.4+39 156+02 0999
E (0.45-16)- 1077 39+40.1 446 4+ 13 0.997
TABLE II

LINEARITY BETWEEN VITAMIN CONCENTRATIONS AND CHROMATOGRAPHIC PEAK AREAS USING THE

HPLC-UV METHOD
Calibration fitting: 4 = a + bx.

Vitamin Concentration a 1073 b 10710 r

range (M)
A (0.46-23)- 1077 0.73 +0.49 241 +0.05 0.997 (n = 10)
D; (2.1-32)-107°¢ —1.07+£2.0 1.61 + 0.01 0999 (n=17)
E (8.9-18)- 1077 58 +14 1.20 + 0.16 0.991 (n=5)

and 3.3 ng injected) for vitamin A, D3 and E,
respectively, the relative standard deviation being
1% for the three vitamins. As shown by the detec-
tion limits and slope values, electrochemical detec-
tion provides higher sensitivity for the determina-
tion of these vitamins.
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Fig. 4. Influence of extraction time in the extraction of vitamins
from milk powder with hexane—chloroform-ethanol (6.0:3.4:0.5).
[0 = Vitamin A; ¢ = vitamin D;; B = vitamin E.

Analytical applications

The determination of fat-soluble vitamins usually
includes saponification, extracction and clean-up of
the samples before injection into the HPLC system.
In order to avoid the saponification step, direct
extraction of the vitamins from the milk powder,

120 9 ;
powder milk powder milk liquid milk

100
80 1

60 3 Vitamin A
B Vvitamin D3
[0 Vitamin E

% Recovery

40

20

0

1 2 3
1: without hydrolysis, 2 and 3: with hydrolysis

Fig. 5. Recoveries of the proposed method for samples of milk (1)
without and (2 and 3) with hydrolysis.
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TABLE 111

73

DETERMINATION OF VITAMIN A, D; AND E IN DIFFERENT MILK SAMPLES

Results from three replicate analyses.

Milk sample  Powdered milk
A (ug per 100 g) D (ug per 100 g) E (mg per 100 g)
Found Quoted by Found Quoted by Found Quoted by
supplier supplier supplier
1 362 + 0.5 450 103 + 04 7.5 290 £ 0.1 27
2 41 + 2 450 108 + 3.6 10 265+ 14 27
3 553 + 3 450 39 £ 1.5 3 494 + 1.3 44
Liquid milk (found)
A (ug per 100 ml) D3 (ng per 100 ml) E (ug per 100 ml)
1 187 + 04 296 + 4 331 + 1
2 455 4+ 04 388 + 1 285 + 2
3 36.5 + 1.7 383 + 3 185 + 1
4 353+ 1.3 311 £ 1 67 + 2
5 66.1 + 1.4 224 +2 50 £1

using the procedures included in different reports
[23], was tried. The samples (2.5 g of powder milk,
three replicates) were extracted with 25 ml of
hexane—chloroform—ethanol (6.0:3.5:0.5), with con-
stant stirring in the dark. From the study of the
extraction time a value of 10 hours is proposed (Fig.
4). After centrifugation, the organic phase was
removed in a rotavapor at 50°C, the remaining
residue being dissolved in 5 ml of methanol. After
filtration an aliquot of this solution was injected into
the chromatographic system. Data for the recoveries
were obtained by spiking the samples of milk with
standard solutions of vitamins in amounts of the
same order as contained in the samples (110~ 5—
6-107% M). Although good recoveries were ob-
tained for vitamin A and D,, they were not for
vitamin E (Fig. 5); moreover, the amounts found in
all the samples were lower than those specified by the
manufacturer. Therefore, we conclude that milk
powder samples must be saponified prior to the
determination of vitamins.

The samples (2.5 g of powdered milk or 25 ml of
liquid milk) were saponified with an alcoholic
solution of potassium hydroxide. After extraction of

the vitamins with hexane and evaporation of the
solvent, the residue was dissolved in methanol and
injected into the chromatograph after filtration
(0.45-um filter) without any clean-up step (Fig. 3).
By applying this procedure the recoveries (Fig. 5)
were in the ranges 84-103% (milk powder) and
93-99% (liquid cow milk). The amounts found for
each vitamin in the different samples are summa-
rized in Table III. The day-to-day precision was
obtained by replicate analyses (# = 5) of standard
solutions, the values found being 6.6, 5.21 and
6.68% for vitamin A, Dj and E, respectively.

The vitamin contents obtained in the milk powder
were compared with those stated by the manufac-
turer but it 'was not possible to do so for the liquid
milk because this value is not available for the
commercial products. In all instances good repro-
ducibility in the analysis and acceptable relative
standard deviations were found.

CONCLUSION

The proposed method allows the simultaneous
determination of vitamin A, D5 and E in milk,
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avoiding the clean-up steps usually necessary in
vitamin D, determination. No interferences were
found with either detector (UV or electrochemical)
and no washing step between samples is necessary.
Moreover, the high sensitivity of the electrochemical
detection allows the determination of vitamin Dj in
unenriched liquid mitk, which is not possible using
UV detection without a preconcentration step. Both
the precision and the accuracy of the method make it
suitable for routine milk (liquid and powder) anal-
ysis.
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ABSTRACT

A reversed-phase high-performance liquid chromatographic (HPLC) method was developed for use in kinetic studies of a-methylopa
(MD). The proposed method was further applied to the determination of MD in sustained release capsules and in the presence of its
industrial impurity, 3-O-methylmethyldopa (MMD). The detector response was linear in the range 0.5-200 pg/mi for MD and MMD.
Replicate injections of both compounds gave relative standard deviations of 0.54 and 0.62%, respectively. The mean recoveries of MD
from raw material and sustained release capsules were 99.71-100.2% and 99.5-100.1%, respectively. The proposed HPLC method was
used to study the kinetics of degradation of MD in raw material and in sustained release capsules as a function of temperature, pH,
humidity and exposure to UV radiation. MD degradation followed first-order kinetics and gave a linear relationship, in agreement with
the Arrhenius theory, for all the incubation media studied. The activation energy for MD degradation was 93.36-105.92 kJ 1 mol™*.
The disappearance of MD followed pseudo-first-order kinetics in buffered distilled water over the experimental pH range 2-13. Above
pH 7.96, a base-catalysed degradation dominates, with a second-order rate constant of 190.72 + 14.5 1 mol~? day L. Below pH 7.96,
degradation is independent of pH, with a disappearance rate constant of 6.65 (£ 1.07) - 10™* day ™~ at 25°C. Degradation of MD raw

material or ground MD beads was not enhanced by exposure to 80% humidity or to UV radiation for 21 days.

INTRODUCTION

L-a-Methyldopa, [1-3-(3,4-dihydroxyphenyl)-2-
methylalanine] (MD) is a competitive inhibitor of
DOPA-decarboxylase [1] and can also serve as a
substrate for pigment formation in the melanocytes
of hair follicles [2]. Owing to its phenolic nature, MD
degrades easily under unfavourable storage condi-
tions [3] and can undergo oxidation in alkaline
media to a polymeric melanin-like pigment [4].

Only speculations have been made with respect to
the study of MD degradation in raw material or
in pharmaceutical preparations. In this respect,
Lippold and Jaeger [5] used a conventional UV
spectrophotometer to study MD degradation. They

Correspondence to: Dr. M. E.-S. Metwally, Department of
Analytical Chemistry, Faculty of Pharmacy, Mansoura Universi-
ty, Mansoura 35516, Egypt.

0021-9673/92/305.00 ©

showed that the MD degradation rate increases with
increasing supply of oxygen and increasing pH, but
with decreasing starting concentration of the drug.
In addition, they found that on changing the pH,
MD degrades to different products with different
absorption maxima.

Using the official USP method [6], Gupta and
Gupta [3] claimed that although there was no
difference in the stability of MD tablets after storage
for 8 weeks in counting machine cells, the colour of
the tablets was duller than that of the control tablets.
The electrochemical kinetics of MD were studied by
Young et al. [7] using an electrochemical cell. They
demonstrated that a melanoid pigment was formed
as a final oxidation product. It is, evident, therefore,
that there is still a need for a comprehensive kinetic
study of MD, especially in the sustained release
forms owing to the exposure of the beads to a high
temperature during the coating step. In such kinetic
studies, a stability-indicating method is essential to

1992 Elsevier Science Publishers B.V. All rights reserved
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determine whether peaks of MD degradation prod-
ucts overlap with MD peaks.

The USP method [8] for the determination of MD
in tablets does not appear to be stability indicating
since an almost-degraded sample indicated that
53% of the drug was still intact compared with 0%
using a high-performance liquid chromatographic
(HPLC) method [9]. MD has been determined in
dosage forms by fluorimetry [10,11], UV spectro-
photometry [12], colorimetry [13-16], PMR spectro-
scopy [17], potentiometry [18], thin-layer chroma-
tography [19], ion-exchange chromatography [20],
HPLC [21,22] and gas chromatography [23]. These
methods are not specific, are lengthy and time
consuming, may require rigid experimental condi-
tions such as pH adjustment and temperature con-
trol and/or cannot be used for the separation of MD
from its degradation products.

The method previously developed by Metwally [9]
using a cyano-bonded column succeeded in separa-
ting MD from its degradation products and its
industrial impurity, MMD. Although this method
would be suitable for the determination of MD in
the presence of its degradation products and MMD,
the half-life of the column was short, as expected
[24], as the efficiency of the column decreased with
time, necessitating frequent changes of the column.

The aim of this work was to study the degradation
kinetics of MD using a stability-indicating HPLC
method. The method was applied to the determina-

-tion of MD in sustained release capsules and in the
presence of MD degradation products and the
industrial impurity MMD. In addition, the data
presented provide a detailed description of the
kinetic behaviour of MD at different pH and
humidity, after exposure to UV radiation and at
different temperatures (25-80°C). Degradation rate
constants, the half-lifes and the activation energies
of the degradation reaction were investigated. The
kinetic data were compared under differént media
conditions.

EXPERIMENTAL

Chemicals

USP reference standards of MD and MMD were
used (Sigma, St. Louis, MO, USA). MD raw mate-
rial (checked according to the USP [8]) and MD sus-
tained release microcapsules were supplied by Elan

Pharmaceutical (Gainesville, GA, USA). Methanol
(HPLC grade), acetonitrile (HPLC grade), acetic
acid and sodium 1-hexanesulphonate were pur-
chased from Aldrich (Milwaukee, WI, USA). All
other chemicals were of high purity and used as
received.

Liquid chromatograph

A Waters (Milford, MA, USA) Model 590 solvent
pump, a Rheodyne (Berkeley, CA, USA) Model
7125 20-u1 loop and a Kratos Spectrotlow 757
variable-wavelength detector (Schoeffel Instrument,
Westwood, NJ, USA) set at 280 nm were used.
Compounds were separated ona 150 x 4.6mm I.D.
uBondapak Cg (5 um) analytical column (Waters).
The eluted peaks were integrated by a Hewlett-
Packard (Avondale, PA, USA) Model 3392A inte-
grator.

Mobile phase

A solution of methanol in water containing 2%
(v/v) acetic acid and 0.005 M sodium 1-hexane-
sulphonate (18:82) was used. The pH of solutions
was 2.60 + 0.05. The mobile phase was filtered by
passing it through a 0.45-um Millipore filter and
degassed before use. The mobile phase flow-rate was
1.5 ml/min and the temperature was ambient.

Determination of water content

The water content in MD bulk powder and in the
MD sustained release capsules was found to be 12.3
and 13.0%, respectively [9].

Preparation of stock solution

Stock solutions (0.1%, w/v) of MD and MMD
were prepared in 0.05 M sulphuric acid using a
simple solution method.

Preparation of calibration graphs

An accurately weighed 50-mg sample of USP MD
or MMD was transferred into a 100-ml volumetric
flask and 50 ml of 0.05 sulphuric acid were added.
The flask was sonicated for 15 min, and then
brought to volume with 0.05 M sulphuric acid. Serial
dilutions of MD or MMD standards covering the
concentration range 0.5-200 pg/ml were made.
Concentrations of MD and MMD were determined
in the acidified aqueous solutions using the HPLC
conditions given above, and the peak heights of the
standards (calibration graphs) were recorded.
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Quantification

All measurements were done using peak heights.
Concentrations of sample solutions containing MD
were calculated using the slope and the intercept of
the calibration graph prepared under the same
conditions. The slope and the intercept of the
calibration graph were obtained by linear regression
of peak height vs. concentration (y = ax + b),
where a is the slope, b is the intercept and y is the
response of the analyte.

Concentrations of MD and MMD were deter-
mined in the acidified aqueous solutions using the
HPLC conditions listed above. Concentrations were
calculated by comparing the peak height with stan-
dard concentrations (calibration graphs) of both
compounds. The plots of the peak height versus
concentration were linear over the range 0.5-200.0
ug/mi with a regression coefficient of over 0.999 for
both compounds.

Extraction of MD from sustained release micro-
capsules

Beads equivalent to 500 mg of MD were ground to
a-fine powder and transferred into a 100-ml volu-
metric flask, then 50 ml of 0.05 M sulphuric acid
were added. The flask was sonicated for 15 min and
then brought to volume with 0.05 M sulphuric acid,
then filtered. The first' 10.0 ml of the filtrate were
rejected and 10 ml of the clear filtrate were diluted to
100.0 ml with 0.05 M sulphuric acid.

Kinetic studies

pH-rate profile. Kinetic studies were made in
aqueous solutions containing 0.1 M buffer solutions
[25] covering the pH range 2-12. A kinetic run at pH
13 was conducted in 0.1 M NaOH solution. In all
kinetic runs, 10-mg samples of MD were dissolved in
100 ml of the appropriate buffer solution in a 100-ml
volumetric flask. The flasks were kept in a thermo-
stated water-bath at 25 + 0.5°C. At appropriate
time intervals, 5 ml of sample were transferred into a
25-ml flask and S ml of 0.1 M sulphuric acid were
added. The mixture was adjusted to volume with
deionized water and then analysed.

Effect of heat on the degradation rate of MD in raw
material and in solid formulations. MD raw material
and MD beads (finely ground) were stored at
ambient temperature (25 + 0.2), 40, 50, 60, 70 and
80°C. Zero-time sample measurements were carried

out when the study began only on samples from
bottles to be stored under ambient conditions. All
original and re-bottled samples stored under acceler-
ated conditions were not opened until the first
analysis. The bottles were re-closed tightly by hand
between sampling. For all storage conditions, the
entire study was performed on duplicate bottles of
MD raw material or MD microcapsules. For aque-
ous solutions, samples equivalent to 100 mg of MD
raw material were dissolved in 100 ml of 0.1 M
buffer (pH 6) [25]. Samples were diluted 1:20 using
the same buffer and poured into 10-ml vials and
sealed. The vials were placed in ovens set at appro-
priate temperatures, and at specified time intervals
individual samples were taken for analysis.

Effect of humidity and UV radiation. The effect of
humidity was observed by exposing finally ground
beads in an open petri dish to 80% humidity in an
oven held at 60°C for 60 days, and the results were
compared with those obtained with closed bottles.
The effect of UV radiation on MD degradation was
observed by exposing finally ground beads in an
open petri dish to strong UV radiation in an oven
held at 25°C for 60 days, and the results were
compared with those obtained with unexposed
bottles.

RESULTS AND DISCUSSION

The fact that MD can easily be oxidized in
alkaline media, or when stored under unfavourable
condition [3,5], necessitates a detailed study of its
kinetics under different conditions using a stability-
indicating procedure. The proposed reversed-phase
HPLC method utilizes a Cg column coupled with an
acidic methanol-water mobile phase containing
hexanesulphonate and UV detection for the separa-
tion of MD from its degradative products and its
industrial impurity, MMD (Fig. 1). Under identical
separation conditions, the retention times (f) were
MD 4.35 min, MMD 8.93 min and MD degradation
products 10.54, 8.12, 5.96, 5.43, 4.04, 3.41, 2.57,
1.577, 1.25, 1.15, 1.01 and 0.88 min.on'a 150 x 4.6
mm [.D. pBondapak Cg (5 um) analytical column.

As has been observed with the CN bonded
column [9], using acetonitrile as an organic modifier
resulted in overlapping of one of the peaks of the
degradation products of MD with that of MMD.
Accordingly. methano! was chosen as an organic
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Fig. 1. Chromatogram obtained from a mixture of MD (10
ug/ml, tx = 4.35 min), MMD (10 pug/ml, fx = 8.93 min) and
degraded MD (100 ug/ml), 30 min degradation time in 0.1 M
NaOH at 25°C, , = 10.54, 8.12, 5.96, 5.43, 4.04, 3.41, 2.57,
1.577,1.25,1.15,1.01 and 0.88 min). Column, 150 x 4.6 mm I.D.
uBondapak Cg (5 pum); mobile phase, methanol-water (18:82,
v/v) containing 2% (v/v) acetic acid and 0.005 M sodium
1-hexanesulphonate; pH, 2.60 4+ 0.05; flow-rate, 1.5 ml/min;
detector wavelength, 280 nm.

Fig. 2. Chromatogram obtained for MD sustained release cap-
sules (g = 4.35 min, 90 pug/ml). Chromatographic conditions as
in Fig. 1.

solvent modifier, whence all the degradation peaks
were successfully separated from MD and MMD.
On the other hand, on using heptanesulphonate as a
counter ion each analysis requires over 20 min, and
the analysis time was shortened to 11 min by using
hexanesulphonate as a counter ion.

Based on the peak-height responses of standards,
the method was linear in the range 0.5-200 ug/ml
with regression coefficients of 0.999 for both MD
and MMD.

The reproducibility of the measurement of 100
ug/ml based on ten determinations showed relative
standard deviations of 0.54 and 0.62% for MD raw
material and MD sustained release formulations,
respectively. The corresponding value for the injec-
tion of 1 ug/ml were 0.92 and 1.05%, respectively.

An overnight decomposed sample of MDin 0.1 M
NaOH solution showed zero recovery by the pro-
posed HPLC method and 53.4% by the USP
spectrophotometric method, an indication of the
precision of the proposed method. This is in agree-
ment with previously published data [9]. Another
advantage of the proposed HPLC ion-pairing meth-

od appears in the separation of MMD from MD.
The separation without the ion-pairing reagent was
impossible. In addition, the presence of excipients
common to sustained release capsules [critic acid,
fumaric acid, sodium lauryl sulphate, non-pareils,
talc, polyvinylpyrrolidone (PVP) and shellac] did
not interfere in the determination of MD in the
sustained release capsules. Fig. 2 illustrates the
separation of the active ingredients in MD sustained
release capsules from excipients. No MMD was
found in any of the studied MD batches.

In Table I, the percentage of the labelled values
obtained when the proposed HPLC method was
applied to the determination of MD in sustained
release capsules in five different batches are com-
pared with those obtained with the USP method
with standard deviations of 0.80 and 0.94%, respec-
tively. No noticeable discrepancies were observed.
The mean recovery of MD from raw material and
sustained release capsules ranged from 99.71 to
100.2% and from 99.5 to 100.1%, respectively.

Kinetics

The short analysis time using HPLC allowed a
precise study of the MD degradation with a large
number of determinations per curve. The kinetic
studies were performed on MD raw material and on
formulated beads to observe the effect of pH,
manufacturing and storage temperatures, humidity
and UV radiation on the degradation rate constants.

pH-rate profile. In the pH-rate profile study, the
retention times of MD, MMD and MD degradation
products were recorded every time to ensure the
reproducibility and to monitor peak disappearance
peak formation behaviour. The patterns of the
chromatograms were not stable with time (Fig. 3).
MD degradation products with retention times of
10.54, 8.12,5.96 and 5.43 min (which are apparently
more lipophilic than MD) disappear with time with
a subsequent increase in the area of the more hydro-
philic products with retention times of 2.57, 1.577,
1.25,1.15, 1.01 and 0.88 min. This is consistent with
Young et al’s findings [7], with a melanin-like
pigment as the final oxidation product of MD. The
degradation pathway of MD became increasingly
complex with time. The chromatograms were care-
fully examined to ensure that none of the MD
degradation products interfered with MD or MMD
at any time during the study.
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TABLE 1

DETERMINATION OF MD IN DIFFERENT BATCHES OF
SUSTAINED RELEASE CAPSULES USING THE PRO-
POSED HPLC METHOD AND THE USP SPECTROPHOTO-
METRIC METHOD |8}

Batch No. Sample MD found (%)
weight®
(ug/ml) HPLC method USP method
C821 5.03 59.44 59.78
17.94 58.58 58.83
89.99 58.70 58.32
165.29 58.80 59.01
218.50 58.54 58.56
C934 3.01 59.80 59.63
20.03 58.31 58.45
75.01 58.29 58.07
149.21 58.25 58.19
250.25 58.38 58.29
C1040 20.45 58.68 59.15
66.98 58.39 58.63
117.43 57.99 58.21
190.00 58.29 58.34
298.99 59.18 59.34
176A/40 9.35 55.94 56.01
35.10 57.04 56.23
87.56 57.32 57.21
187.90 57.47 57.18
275.92 57.64 57.90
21B/11 3.29 59.27 60.00
21.27 57.59 58.76
69.98 57.82 5772
159.33 57.73 58.32
249.57 57.711 57.67
Mean 58.21 58.31
S.D. 0.80 0.94

4 Each 100 mg of beads contains 58 mg of MD.

The effect of initial concentration on the pH-rate
profile was first studied. Degradation of 5, 25, 50
and 100 pg/ml of MD in 0.1 M NaOH at 25°C
proceeded with the same degradation rate. This is
different from the early findings of Lippold and
Jaeger [5], who used UV spectrophotometry to study
MD degradation. For the remaining experiments,
an initial concentration of 100 ug/ml was used to
permit a longer time course.

The observed first- or pseudo-first-order disap-
pearance rate constants and the corresponding
second-order disappearance rate constants for MD

A MD B MD

4 J\“"r\——

rr —yr r Tr T r— T 1T T 1737
¢ 2 4 6 8 W0 12 0 2 4 8 8 10 12 min

F\"- J\ra—-(\———ﬁ——

Fig. 3. Chromatograms shows MD degradation products in 0.1
M NaOH at 25°C after time = (A)0, (B) 30 min, (C) 2hand (D) 8
h. MD initial concentration, 100 ug/ml. Retention times and
chromatographic conditions as in Fig. 1.

in 0.1 M non-sterile buffers in the pH range 2-13 and
at 25°C are listed in Table II. Fig. 4 shows loga-
rithmic concentration (In C) versus time (f) for the
disappearance of MD in 0.1 M NaOH aqueous
solution and indicates a first-order degradation
behaviour with a rate constant (ko) 0f 16.21 + 0.14
day~! and a-regression coefficient of 0.994. The
pseudo-first-order disappearance rate constants
were calculated using a non-linear regression ac-
cording to

In(Ci/Co) = —Kobst (M

where Co and C, are the MD concentrations at time
zero and ¢, respectively. The rate constant was taken
as the slope of the line obtained by a linear
least-squares analysis of the data. The second-order
rate constant (k,) was calculated from the equation
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TABLE II

OBSERVED FIRST-ORDER OR PSEUDO-FIRST-ORDER
DISAPPEARANCE RATE CONSTANTS FOR MD IN NON-
STERILE BUFFERED DISTILLED WATER, USING A
BUFFER CONCENTRATION OF 0.1 M AT 25°C

pH re Kovs” N k.
(day™") (day) (day™! I mol™?)
13.00 0994 16.21 0.043 162.10
1198 0995 1.810 0.383 189.53
10.88 0995 0.150 4.621 197.74
991 0991 1.600- 102 43322  196.84
9.15 0982 2.800 1073  247.553 198.22
8.69 0780 9.790 10~*  708.016  199.89
7.96 0701 6.010 - 107* 1153.323 *
7.54 0701 7.010 10"*  988.798 °
7.00 0.695 5.190-107* 1335543 °
6.09 0.691 8340 107* 831.112 ¢
410 0689 7.016-10"* 987952 °
1.98 0.700 6.327-107* 1095.538 ©
® 2 = Regression coefficient.
b kas = Observed first-order rate constant.
¢ 11, = Half-life of the reaction.
4 k, = Second-order rate constant.
¢ pH-independent degradation reaction.
ky = kobs/[OH—] (2)

where [OH 7] is the hydroxyl ion concentration.
The pH-rate profile for the degradation of MD is
shown in Fig. 5, which indicates that MD undergoes
a neutral (pH-independent) degradation reaction
over the pH range 2-7.5 with a first-order rate
constant of 6.65 (+1.07) x 10"*day™! (n = 5) at

Ln Concentration (|ngm| )

T T T T
[ 40 80 120 160 200 240 280
Timae (min)

Fig. 4. Plot of In (concentration) versus time for the degradation
of MD in 0.1 M NaOH at 25°C.

25°C. Above pH 7.96, a base-promoting degrada-
tion reaction dominates and the reaction is first
order with respect to the hydroxyl ion concentra-
tion. The second-order rate constant was 190.72 +
14.50 1 mol~! day~? based on using data covering
the pH range 8.69-13.0. The data obtained at pH
7.96 were not included in calculating k, because the
neutral degradation rate constant still contributes
seriously to the overall rate constant. The data
indicate the importance of incorporating acidic
excipients as diluents in the sustained release for-
mulation to prevent such degradation.

Rate constants measured at room temperature
and in the pH range 2-7.96 show considerable
variation, presumably mainly owing to the difficul-
ties inherent in measuring rate constants for very
slow reactions.

Heating. Disappearance rate constants for MD in
raw materials and in sustained release capsules were
measured at elevated temperatures to obtain more
accurate values for degradation rates at room tem-
perature and to indicate the effect of high tempera-
ture of the manufacturing, storage and shipping
conditions on the stability of MD.

Activation energy. The activation energy (E,)
and the frequency factor (4) were calculated using
the data presented in Table III according to the
Arrhenius equation:

Inkgys = In A4 — (E,/RT) 3

where R is the molar gas constant (8.3143 J~1 |
mol~1) and T is the absolute temperature. The
behavior of MD degradation follows the general

Log k.,

pH

Fig. 5. Plot of log (observed rate constants) versus pH for the
degradation of MD in 0.1 M buffered distilled water at 25°C.
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TABLE 11

VALUES FOR EXPERIMENTAL AND CALCULATED DEGRADATION RATE CONSTANTS AND HALF-LIFES FOR THE
DISAPPEARANCE OF MD IN DIFFERENT MEDIA AND AT DIFFERENT TEMPERATURES

Sample

Temperature

r2a

b
kobs

kK ¢

12"

e

obs 1/2
O (day™) (day™) (day) (day)
MD aqueous solution 25 0.710  834-10"* 6.20-107% 831.11 1117.80
40 0.895 391-107% 5.01-1073 177.28 138.39
50 0987 291-10"% 1.81 1072 23.82 38.29
60 0.993 539-107% 6.06 1072 12.86 11.44
70 0.998 0.190 0.189 3.65 3.67
80 0997  0.602 0.552 1.15 1.26
MD raw material 25 0.695 1.04- 1074 7.08-107° 6664.88 9766.99
40 0.845 6.79-107% 447-10"* 1020.84 1552.11
50 0913 .9.89-107% 1391073 700.86 500.08
60 0.962 326:107% 4021073 212.62 172.46
70 0.988 1.40- 1072  1.10- 1072 49.51 63.29
80 0989 4031072 2821072 17.20 24.58
MD beads 25 0.694 1.01 - 107% 5831075 6862.84 11886.84
40 0.897 439 107* 389 107+ 1578.92 1782.34
50 0.904 893-107* 1.25-1073 776.20 554.79
60 0.963 3.57-107%  3.74-1073 194.16 185.23
70 0.992 1.31:1072  1.05-1072 5291 65.93
80 0.994 4.01-10"2 2791072 17.29 24.88

a

r? = Regression coefficient.

b kops = Observed first-order rate constant.
¢ k. = Estimated first-order rate constant.
4 132 = Half-life of the reaction.

¢ty = Estimated half-life of the reaction.

Arrhenius relationship because linear plots of In
(rate) versus 1/T were obtained for MD raw material
in both the aqueous and solid forms and for MD
solid dosage forms, with regression coefficients of
0.988, 0.977 and 0.981, respectively. The activation
energies and the frequency factors are summarized
in Table IV.

Arrhenius plots (In ko vs. 1/T) for the disappear-
ance of MD in aqueous solutions and in solid forms
are shown in Fig. 6. Use of more precise data from
runs at 40, 50, 60, 70 and 80°C to calculate the
least-squares line permits extrapolation to lower
temperatures, and resulted in calculating more pre-
cise rate constant estimates. Values of 6.20 x 1074,
7.08 x 1075 and 5.83 x 107° day~! for the
disappearance of MD at 25°C in aqueous solution,
solid-form of materials and in sustained release
capsules, respectively, were obtained.

It is obvious that MD degrades at a faster rate in

aqueous solutions than in solid forms. This could be
due to the presence of dissolved oxygen in aqueous
solution, which is necessary for oxidation.

On heating solid beads the colour changed,

TABLE 1V

ACTIVATION ENERGIES AND FREQUENCY FACTORS
FOR THE DISAPPEARANCE OF MD IN DIFFERENT
MEDIA

Sample Ef Ab rke
(kJ) (day™?)

MD aqueous solution 105.92 35.38 0.989

MD raw material 93.36 28.21 0.977

MD beads 96.21 29.16 0.981

“ E, = Activation energy.
® 4 = Frequency factor.
 1? = Regression coefficient.
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Fig. 6. Arrhenius plot for the degradation of MD in ([]) aqueous
solution, () raw material and (x ) sustained release capsules.

ranging from light yellow through yellow and light
brown to dark brown. Because only a 7% decrease
in potency over 21 days at 60°C was observed, this
dramatic colour change could be attributed to some
sort of oxidation of the excipients rather than of the
drug itself.

Effect of humidity and UV radiation. Kinetic runs
on finely ground powder of batch C-821 sustained
release capsules were conducted at 60°C and at 80%
humidity. It was found that changing the humidity
to 80% has no effect on the kinetics of degradation
of MD beads. The same conclusion was also ob-
tained for the effect of UV radiation. The exposure
time in both experiments was 60 days.

In conclusion, the degradation of MD is a func-
tion of both pH and temperature. The faster degra-
dation rate of MD in aqueous solution than in solid
form may be interpreted by the presence of dissolved
oxygen in the aqueous solution. In addition, the
proposed method is accurate, rapid, selective and
precise. It gave results for MD in sustained release
capsules that were in excellent agreement with those
obtained by the official USP method. The method
was superior, however, in application to kinetics
studies.

M. E.-S. Metwally and F. F. Belal | J. Chromatogr. 623 (1992) 75-82
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ABSTRACT

Inverse gas chromatography was used in the physico-chemical characterization of 1,3-bis[w-alkoxyoligo(oxyethylene)]-2-propanols.
Laffort solubility factors were examined as polarity measures and topological indices as structural parameters. Relationships between
Laffort solubility factors and polarity index were examined. It was found that Laffort solubility factor O and factor E'may be usesd as
polarity measures. Topological indices were used as structural parameters in polarity-structure relationships, which were evaluated and
are discussed. A higher discriminating power of the Balaban index and Wiener number was found in comparison with the valence

connectivity indices.

INTRODUCTION

Numerous efforts have been made to characterize
properly liquid stationary phases used in gas chro-
matography [1-5]. The term “‘stationary phases™ is
used here both for commercial liquid phases and the
large group of organic (polymeric and non-poly-
meric) compounds examined by the procedures of
inverse gas chromatography [6-8]. The solubility
parameter, defined as the square root of cohesive
energy density [9-12], seems to be a powerful tool
in the description of intermolecular solute—solvent
interactions. However, the lack of physico-chemical
data for most liquid phases owing to their low
vapour pressure has limited the use of solubility
parameters in the characterization of organic com-
pounds.

An interesting attempt to overcome these difficul-
ties is the use of Laffort’s solubility factors [13,14].

Correspondence to: Dr. Adam Voelkel, Poznan Technical Uni-
versity, Institute of Chemical Technology and Engineering, Pl.
M. Skiodowskiej-Curie 2, 60-965 Poznan, Poland.

0021-9673/92/$05.00 ©

Laffort and Patte [14] described a procedure for
their determination and found close relationships
between solubility factors and solubility parameters
for solutes used in the chromatographic process.
They expressed the retention indices of carefully
selected standard solutes according to the following
equation:

Ii = O(,'A + CO,'O + SiE + 7Z,'P + ,B,B + 100 (1)

where I; denotes the retention index of solutes i as
measured on a given stationary phase, o; and f5; are
solubility factors of soluteiand A4, O, E, P and B are
Laffort solubility factors for the examined liquid
phase.

The physical meaning of solute solubility factors
is as follows: a is an apolar factor proportional to the
molar volume of solute at the boiling point, w is an
orientation factor proportional to dipole moments
for simple molecules, ¢ is an electron factor, 7 is a
proton donor factor, also called acidity factor, and j
is a basicity factor proportional to the ability to
accept protons [14].

The physico-chemical interpretation of solubility

1992 Elsevier Science Publishers B.V. All rights reserved
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factors 4, O, E, P and Bremained unclear. Recently,
Voelkel and Janas [15] described an attempt to use of
Laffort solubility factors in the characterization of
some thioethylene derivatives. They indicated the
existence of statistically significant relationships
between some of the Laffort factors and the differ-
ences in retention indices for McReynolds probes
(e.8., Alyenzene vs factor E and AL jentanone vs. factor
0).

The polarity parameters, thermodynamic func-
tions of solution and dispersive interactions param-
eters for 1,3-bis[w-alkoxyoligo(oxyethylene)]-2-pro-
panols of general formula

R(OCH,CH,),0CH,CH(OH)CH,0(CH,CH,0),.R

where R,R, = C4H9, C5H13, C8H17; R=R’ or
R#R'; nm=0-3; n=m or n#m, were published
earlier [16,17]. Variations in R and R’ alkyl groups
and in n and m cause significant differences in the
properties of examined compounds [16-18].

The polarity index, PI, was proposed by Huebner
[19] to characterize surface-active agents examined
by gas-liquid chromatography and is calculated
from the experimental relationship

PI=1001log(C — 4.7) + 60 )

where C is an apparent carbon number equal to the
number of carbon atoms in a hypothetical n-alkane
having the same retention time as a polar solute
(alcohol).

Thermodynamic functions of solution, i.e., partial
molal Gibbs free energy of solution for a methylene
group, AG®(CH,), or functional group FG, 4G
(FG), were introduced by Risby and co-workers
[20-23] and were used to characterize liquid station-
ary phases [23] and also surfactants and extractants
[16-18). The criterion 4 developed by Sev&ik and
Lowentap [24] and the partial molar excess Gibbs
free energy of solution per methylene group, AG®
(CH,) [25], parameters of dispersive interactions,
were used in the characterization of surfactants and
extractants [17,26]. Poole and Poole [27] suggested
the usefulness of criterion 4 and AGE(CH,) as
solvent strength parameters.

It has been shown that topological indices can be
used as structural parameters [28—33]. These param-
eters were developed for saturated hydrocarbons,
but the procedures proposed by Balaban [34] and
Barysz et al. [35] made them useful for describing the

A. Voelkel | J. Chromatogr. 623 (1992) 83-91

structures for all groups of compounds. Topological
indices are sensitive to the length of the alkyl chain,
the length of the oxyethylene and thioethylene chain
and the presence of different heteroatoms. Hence
they could be used to characterize the structure of
organic compounds. However, the discriminating
power of any topological index may be limited to an
examined group of compounds. It has been shown
[36] that for the group of oligooxyethylene deriva-
tives of alcohols, thioalcohols and alkylamines the
best retention—structure correlations were obtained
when the valence molecular connectivity indices
were used as structural parameters. The relation-
ships which use the Balaban index Iy and W(G) were
characterized by only moderate statistical character-
istics.

The aim of this paper is to discuss the usefulness of
Laffort’s solubility factors in the characterization of
examined compounds used as GC stationary phases.
Parameters to be used in physico-chemical charac-
terization should be sensitive to any changes in the
structure of examined substances. It is of interest to
check whether solubility factors obey such a condi-
tion. Topological indices generally change with
increase in the number of exyethylene units in the
oligooxyethylene chain. Do they indicate the
changes in the distribution of oxyethylene units in
two oligooxyethylene chains?

EXPERIMENTAL

Thirty pure model 1,3-bis[w-alkoxyoligo(oxy-
ethylene)]-2-propanols were used as liquid stationary
phases in a GC column. The method of synthesis,
some physico-chemical data and the conditions of
chromatographic measurements were described
previously [16,17].

Retention data collected earlier were used to
calculate solubility factors according to Laffort’s
idea following the procedure described by Voelkel
and Janas [15]. Topological parameters were calcu-
lated according to the procedure of Barysz et al. [35],
which has been used in earlier papers [36,37].

RESULTS AND DISCUSSION
The examined compounds were divided into three

groups according to the differences in the alkyl
groups, viz., (i) R=R'=C,H,; (ii)) R=R'=CsH,;;
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TABLE 1

LAFFORT SOLUBILITY FACTORS FOR Bu(EO),CH,-
CH(OH)CH,(OE),,OBu

Formula Solubility factors Polarity
index*®

n m A o E P B

0 0 - - - - - 92.3
1 203 214 238 259 339 96.2
2 210 221 252 272 394 99.5
3 196 195 254 253 525 103.2
4 194 244 268 289 399 105.7

1 1 207 209 243 269 399 98.9
2 206 251 259 295 305 102.9
3 195 201 262 208 503 105.4
4 213 198 264 264 521 107.7

2 2 205 166 256 230 624 104.5
3 193 192 269 245 598 107.5
4 205 243 281 295 429 108.9

3 3 198 237 278 282 468 109.1
4 201 253 284 297 425 110.0

@ 70°C, ethanol as polar solute. Taken from ref. 16.

and (iii) R#R’ and R or R’ = C,H,, CsHys,
CgH, ;. The estimated Laffort solubility factors for
these three groups of oxyethylates are presented in
Tables I-II1. Polarity indices at 70°C (ethanol as a
polar solute) taken from refs. 16 and 17 are also
given for comparison. The polarity index has been

TABLE 1I

LAFFORT SOLUBILITY FACTORS FOR Hex(EO),CH,-
CH(OH)CH,(OE),,OHex

Formula Solubility factors Polarity
index*’

n m A (0] E P B

0 0 202 169 219 216 384 829
1 194 137 225 199 545 89.4
2 194 284 246 271 288 92.5
3 193 232 260 268 306 95.4

I 1 198 229 244 275 278 93.6
2 197 206 248 257 392 96.2
3 192 213 255 264 416 99.1

2 2 182 150 255 168 639 100.2

3 3 189 246 271 282 364 103.1

¢ 70°C, ethanol as polar solute. Taken from ref. 16.
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discussed as a polarity parameter for a large group
of surface-active agents and extractants [38—41]. The
term ““polarity of liquid stationary phases’ has often
been used and discussed, but is often misunderstood.
According Poole and to Poole [5,27], solvent
strength (polarity) could be defined as the capacity
to enter into various solute-solvent interactions,
whereas solvent selectivity is a measure of relative
capacity of a solvent for a particular solute-solvent
interaction.

Anyway, the empirical “polarity index” has been
successfully used to characterize the properties of
surface-active agents and surfactants [36-41].
Strong correlations existing between the polarity
index, PI, and HLB number, well known in sur-
factant physico-chemistry or HLB (calculated from
PJ) and extraction rate of copper [42—45], have been
reported. The HLB (hydrophile-lipophile balance)
number is the ratio of the effective molecular masses
of the hydrophilic groups to the sum of the molecu-
lar masses of the lipophilic (hydrophobic) groups in
the surfactant molecule [46]. For non-ionic sur-
factants the HLB number is between 1 and 20.
Compounds with HLB >10 are hydrophilic and
exhibit a high affinity for the aqueous phase, and
those with HLB <10 are hydrophobic. Hence the
HLB number characterizes different properties of
organic molecules containing both polar and non-
polar groups. As an example, surface-active agents
with HLB = 1-6 will stabilize water-in-oil emul-
sions, whereas more hydrophilic compounds with

300

280 °

g

A0

SOLUBILITY FACTOR E

~
~

92 95 98 O W& W N0
POLARITY INDEX PI

Fig. 1. Laffort solubility factor E vs. polarity index (ethanol
as polar agent) relationship for 1,3-bis[w-alkoxyoligo(oxyethyl-
ene)]-2-propanols.
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TABLE II1

LAFFORT SOLUBILITY FACTORS FOR R(EO),CH,CH(OH)CH,(OE),,OR’

A. Voelkel | J. Chromatogr. 623 (1992) 83-91

Formula Solubility factors Polarity
index?

R R’ n m A (8] E P B
CgH,y, CgH,4 0 0 194 148 215 197 401 74.4

0 1 192 165 225 214 397 81.8

0 2 191 151 232 208 495 86.2
CgH,4 CsH, 0 0 188 323 248 321 —-94 81.9

0 1 196 318 253 327 —50 88.6

1 1 213 201 235 257 309 90.0
CeH, 4 C4Hg 0 1 202 183 229 236 407 92.6

¢ 70°C, ethanol as polar solute. Taken from ref. 16.

HLB = 8-18 tend to stabilize oil-in-water emul-
sions.

For the group of 1,3-bis[butoxyoligo(oxyethyl-
ene)]-2-propanols, the best relationship with polari-
ty index has been found for the solubility factor E
(Fig. 1). It is statistically significant: the correlation
coefficient R = 0.9695 and the F ratio = 187.97.
The same relationship for the second group of
compounds examined is as follows:

E = 9.2064 + 2.5107PI 3)

where E = solubility factor and PI = polarity
index, with R = 0.9316 and F = 45.99.

Both correlations are statistically valid, but sever-
al deviations from the straight line in Fig. 1 suggest
that the examined parameters, at. least in some

TABLE IV

instances, behave differently with the structural
changes of oxyethylates. There are four structural
elemets that could influence the properties of our
compounds: (i) the length of alkyl groups R and R’;
(it) the number of oxyethylene units (n,/m) in oligo-
oxyethylene chains; (iii) asymmetry in R and R’; (iv)
asymmetry of two oxyethylene units. The variations
of the discussed polarity and topological parameters
caused by the changes in the above-mentioned
structural elements are presented in Table IV. The
deviations from the straight line in Fig. 1 are the
result of different sensitivities of the factor E and
polarity index PI on changing the asymmetry in
both alkyl chains and oligooxyethylene chains. The
polarity index decreases with increasing asymmetry
in R and R’ but with decreasing asymmetry in

VARIATION OF POLARITY INDEX, LAFFORT SOLUBILITY FACTOR E AND TOPOLOGICAL INDICES WITH
CHANGES IN THE STRUCTURE OF THE EXAMINED COMPOUNDS

Structural element Polarity Laffort Balaban Wiener  Connectivity
index, solubility  index, number, index,
PI factor, E Iy W(G) Ty¥
No. of carbon I l 1 1 1
atoms in alkyl group(s)
No. of EO 1 1 1 1 1
units in m (n = constant)
Asymmetry l 1 l 1 No change
in R and R’
Asymmetry 1 l l 1 No change

? The arrows 1 and | indicate an increase or decrease of a given parameter with a rising change of structural parameter.
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TABLE V
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TOPOLOGICAL INDICES FOR Bu(EO),CH,CH(OH)CH,(OE),,OBu

Formula  Topological parameter

n m IB W(G) lxv va 3xv

0 0 3.4567 373.625 5.6436 3.5108 2.0340
1 3.5312 667.000 6.7210 4.1231 2.4060
2 2.5663 1087.875 7.7983 4.7355 2.7780
3 3.5882 1658.750 8.8757 5.3479 3.1501
4 3.6025 2402.125 9.9530 5.9602 3.5221

1 1 3.5967 1081.875 7.7983 47354 2.7780
2 3.6256 1646.750 8.8757 5.3479 3.1501
3 3.6425 2384.125 9.9530 5.9602 3.5221
4 3.6512 3316.500 11.0304 6.5726 3.8941

2 2 3.6550 2378.125 9.9530 5.9602 3.5221
3 3.6708 3304.500 11.0304 6.5726 3.8941
4 3.6797 4448.375 12.1077 7.1850 4.2661

3 3 3.6859 4442375 12.1077 7.1850 4.2661
4 3.6958 5820.258 13.1851 7.7974 4.6381

oligooxyethylene chains. Factor E, in contrast to P/,
is highest for compounds with strong asymmetry of
alkyl groups and having equal oligooxyethylene
chains. Hence the discussed physico-chemical
parameters are not completely equivalent.
Topological parameters calculated for the exam-
ined oxyethylates are presented in Table V-VII. To
examine the sensitivity of topological indices to

TABLE VI

structural changes, several data have been extracted
and are shown in Tables VIIT and IX. The Balaban
index decreases with increasing number of carbon
atoms in alkyl chains, but increases with increasing
length of oligooxyethylene chains. Asymmetry of
any structural element causes a decrease in this
topological index. The Wiener number always in-
creases when all the discussed structural elements

TOPOLOGICAL INDICES FOR HexO(EO),CH,CH(OH)CH,(OE),OBu

Formula Topological parameter

n m IB W(G) IXV va 31\'

0 0 3.4102 826.625 7.6436 4.9250 3.0340
1 3.4880 1299.000 8.7210 5.5373 3.4060
2 3.5328 1928.875 9.7983 6.1497 3.7780
3 6.5646 2738.750 10.8757 6.1497 3.7780

1 1 3.5512 1922.875 9.7983 6.1493 3.7780
2 3.5880 2726.750 10.8759 6.7621 4.1501
3 3.6105 3733.125 11.9530 7.3745 4.5221

2 2 3.6192 3727.125 11.9530 7.3745 4.5221

3 3 3.6610 6419.375 14.1077 5.2661

8.5992
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TABLE VII
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TOPOLOGICAL INDICES FOR R(EO),CH,CH(OH)CH,(OE),,OR’

Formula Topological parameter

R R’ n m Iy W(G) Tyv 2y By

CgH;4 CgH 5 0 0 3.3705 1551.625 9.6436 6.3392 4.0340
0 1 3.4464 2247.000 10.7210 6.9516 4.4060
0 2 3.4965 3129.750 11.7983 7.5639 4.7780

CgH,4 CsHy 0 0 3.3643 934.625 7.6436 4.9250 3.0340
0 1 3.4680 1303.000 8.7210 5.5373 3.4060
] 1 3.5236 1934.875 9.7983 6.1497 3.7780

Ce¢His CiHy 0 1 3.5100 948.000 7.7210 4.8302 2.9060

“increase”. Valence molecular connectivity indices
are less useful as they are not sensitive to asymmetry
of the examined compounds. This is also shown in
Table IV. In any case, physico-chemical and topo-
logical parameters change in the same way with
changes in structural elements.

Let us consider derivatives having R=R’'=C4H,.
In this instance, one can omit the influence of this
element. In relationships of PI vs. Iy, PI vs. W(G), E
vs. Iy and E vs. W(G), changes of only two structural
elements (i.e., length of oligooxyethylene chains and
their asymmetry) cause similar behaviour of both
physico-chemical and topological parameters. As an
examole, both the polarity index and Balaban index
increase with increasing number of oxyethylene
units and decrease with increasing asymmetry of the
alkyl group. However, asymmetry of oligooxyethyl-
ene chains causes an increase in PJ whereas the
Balaban index decreases the PI vs. I; relationship is
given in Fig. 2. Significant deviations from a straight

TABLE VIII

line can be seen although the correlation coefficient
(R) = 0.9524 and F = 117.26. A similar situation is
observed for the relationship between polarity index
and Wiener number, W(G). In this instance much
better fits to the multiplicative model

PI=al}; R=09938, F=9659

are presented in Fig. 3a. The same results were
obtained for hexoxy derivatives (Fig. 3b).

A similar situation is observed for relationships
between the Laffort solubility factor E and both
topological indices. The linear relationship for E vs.
W(G) (Fig. 4) is characterized by R = 09124, F =
59.6, but also in this instance deviations from the
straight line are considerable. Much better statistical
relationships were obtained for multiplicative mod-
els for both butoxy and hexoxy derivatives (Fig. 5a,
R = 09729, F = 212.7; Fig. Sb, R = 0.9529, F =
69.2). The regression of factor E on the Balaban
index was characterized by R values well below 0.9.

EFFECT OF COMPOUND ASYMMETRY ON TOPOLOGICAL INDICES FOR R(EQ),CH,CH(OH)CH,(OE),.OR’

n m R=R'=C¢H;; R = CgH,4, R' = C;H,

In w(6) v Iy w(G) e
0 4 3.4102 826.625 7.6436 3.3643 834.625 7.6436
0 1 3.4880 1299.000 8.7210 3.4680 1305.000 8.7210
1 1 3.5512 1922.875 9.7983 3.5236 1934.875 9.7983
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TABLE IX

EFFECT OF ASYMMETRY IN DISTRIBUTION OF OXY-
ETHYLENE UNITS FOR BuO(EO),CH,CH(OH)CH,(OE),,
OBu

n m Topological parameter

Iy w(G) e

0 4 3.6025 2402.125 9.9530
l 3 3.6425 2384.125 9.9530
2 2 3.6550 2378.125 9.9530

1oy

g 3

B

POLARITY INDEX P!

%34S 3B FH 3% ¥ T
BALABAN INDEX 1,

Fig. 2. Linear relationship between polarity index (£/) and
Balaban index (Iy).
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Fig. ‘4. Linear relationship between solubility factor £ and
Wiener number W(G) for 1,3-bis[w-butoxyoligo(oxyethylene)]-2-
propanols.

Let us reconsider Table 1V. For all 30 compounds
examined, i.e., taking into account also the changes
in alkyl groups, the most statistically significant
correlations should be obtained for the polarity
index and Balaban index. In this instance three or
four arrows are in the same direction, indicating that
the influence of structural elements on PI an [ is
similar.
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Fig. 3. Relationship between polarity index P/ and Wiener number W(G) for (a) 1,3-bis[w-butoxyoligo(oxyethylene)]-2-propanols and

(b) 1,3-bis[w-hexoxyoligo(oxyethylene)]-2-propanols.
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Fig. 5. Relationship between Laffort’s solubility factor £ and Wiener number W(G) for (a) 1,3-bis[w-butoxyoligo(oxyethyl-
ene)]-2-propanols and (b) 1,3-bis[w-hexoxyoligo(oxyethylene)]-2-propanols.

CONCLUSIONS

It has been shown that Laffort’s solubility param-
eters could be determined by the technique of inverse
GC. The direction of change of some of them
(factors E and O) is generally similar to that of the
polarity index, an accepted measure of surfactant
polarity. The most important difference is the
opposite influence of the asymmetry of structural
fragments on these two groups of physico-chemical
parameters. However, factors E and O could be used
as polarity parameters.

The examined topological parameters are gener-
ally sensitive to changes in the structure of com-
pounds with the exception of valence molecular
connectivity indices, which do not distinguish be-
tween symmetric and asymmetric homologues. This
means that the Balaban index and Wiener number
exhibit a higher discrimination power, i.e., lower
degeneracy in comparison with valence connectivity
indices.

There is not complete agreement between the
changes in physico-chemical and topological param-
eters caused by the changes in structural fragments
(Table IV). However, several statistically satisfac-
tory relationships were derived for polarity index
and Wiener number W(G) or Balaban index Iy, and
also for factor E and W(G).

Topological indices are sensitive and useful mea-
sures of the structure of organic compounds. They

could be used in the examination of the intluence of
structure on, e.g., polarity parameters, such as
polarity index and Laffort’s solubility factor E.
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ABSTRACT

In studies of low concentrations of volatile compounds in air, the method of adsorption on porous polymers and determination by
thermal desorption cold trap-injection high-resolution gas chromatography is finding increasing application. Factors considered impor-
tant for injection and chromatographic separation of volatile compounds by this method were investigated with the use of multivariate
techniques. For the amount injected on to the chromatographic column, the factors of main importance were found to be the temper-
ature of the injection block, the thickness of the internal coating of the cold trap and the flow-rate. Strong interaction effects were noted.
For the sharpness of the chromatographic peaks, the flow-rate was the most important factor.

INTRODUCTION

Thermal desorption cold trap-injection high-res-
olution gas chromatography is an effective method
for the determination of low concentrations of vola-
tile compounds in air. Some studies have been re-
ported concerning the important factors controlling
desorption [1,2], but the injection step has not yet
been well examined. As many factors presumably
exert a joint action both on the injection and on the
chromatographic performance, this study was per-
formed using multivariate methods, which take
possible interaction effects into account. Such inter-
action effects are common in chemistry, and a tradi-

Correspondence to: Dr. Anna-Lena Sunesson, Analytical Chem-
istry Division, National Institute of Occupational Health, P.O.
Box 7654, S-907 13 Umed, Sweden.

0021-9673/92/$05.00 ©

tional approach, i.e., considering the factors one at
a time, is bound to fail if interaction effects are pre-
sent [3].

Microorganisms such as various species of
moulds and bacteria are often found to be the
source of contamination of water-damaged build-
ings, often giving rise to health problems for the
inhabitants. The aim of this study was to optimize
analytical conditions for the determination of vola-
tile metabolites produced by such microorganisms
in affected buildings as well as in laboratory studies.
These studies were performed on a test mixture con-
sisting of eight different compounds, selected as be-
ing representative of compounds arising from cul-
ture media and of some compounds expected to be
produced by microorganisms. These compounds al-
so differ sufficiently in polarity and volatility to
make these studies of general interest.

1992 Elsevier Science Publishers B.V. All rights reserved
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OPTIMIZATION

The various experimental factors must be as-
sumed to have a joint action, and it is therefore
necessary to approach the problem by multivariate
methods. The overall strategy was (a) first to identi-
fy the most important experimental factors by a
screening experiment and (b) then to adjust these
factors by a response surface technique to an opti-
mum chromatographic performance. For evalua-
tion of the results, we considered it necessary to
consider both the amounts of injected material and
the chromatographic separation.

Attempts at using various chromatographic re-
sponse functions (CRFs) [4,5,6] which compress the
multi-dimensional response into a single criterion
were considered unsuitable. Such single-criterion
response functions over-emphasize short retention
times and assume that the eluted peaks are fairly
evenly distributed over the whole chromatogram
and occur to some extent close to each other. The
composition of our test mixture did not fulfil this
requirement. A minimum retention time was not
considered necessary because, in this study, the
chromatographic separation is not the most time-
consuming part of the whole procedure. Moreover,
in the application of the procedure to real samples,
it could not be expected that samples will contain
volatile components fulfilling the above-mentioned
criteria. Instead, in order to achieve a more general
optimization, our objective was to obtain a maxi-
mum of injected desorbed material and acceptable
peak shapes over the whole chromatogram.

EXPERIMENTAL

Chemicals and adsorbent

The chemicals used in the test mixture were »-
hexane (FSA Laboratory Supplies, HPLC grade),
dimethyl disulphide (Janssen, p.a.), 3-methyl-2-pen-
tanone (Aldrich, 99%), benzaldehyde (Kebo, pu-
riss), n-decanal (Aldrich, 98%), n-tetradecane (Flu-
ka, puriss) and geosmin, synthesized according to
Hansson and co-workers [7,8]. Tenax TA-(60-80
mesh) (Chrompack, 90 mg per sampling tube) was
used as adsorbent in the experiments. The sampling
tubes were made of glass (159 mm x 6 mm O.D. x
3 mm LD.).
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TR It I

C =] D

:
== B

Fig. 1. Generation of samples. A = compressed air cleaned
through oil filters and molecular sieve; B = moisturizing outfit
consisting of three water-filled dispersion bottles in a thermo-
stated water bath; C = microinjection pump for continuous in-
jection of the test mixture; D = sampling chamber (Teflon, 900
x 80 x 60 mm3) with six outlets for sampling; E = Relative
humidity meter; F = air outlet.

u uw F

Generation of samples

A sampling atmosphere of the test mixture in low
concentration (see Table I) was dynamically gener-
ated according to Fig. 1. The test mixture was slow-
ly injected (25 nl/min) into a stream of air by means
of a microinjection pump (Carnegie Medicin
CMA/100). A 50 ul gas-tight syringe (SGE) was
used for the injection. The air flow-rate was main-
tained at 40 1/min and the relative humidity of the
air was adjusted to 60%. Samples were sorbed on
Tenax by pumping the sampling atmosphere
through the tubes at 100 ml/min for 5 min. Three
generations were made, and six analyses were run
from each generation to check the repeatability and
standard deviation before further use of the spiked
tubes in the optimization experiments.

Injection and chromatographic separation

The experiments were run on a commercial ther-
mal desorption injector (Chrompack 16400 purge
and trap injector, modified for thermal desorption
injection according to the Chrompack modification
manual M-16420-85-2).

The sample, adsorbed on Tenax, was desorbed by
heating the sampling tube in the desorption oven. A
flow of helium transferred the desorbed substances
to a cold trap (Fig. 2), a fused-silica capillary coated
with a 5% phenyl and 95% methyl polysiloxane
phase (Chrompack CP-TM-Sil-8CB). Sub-ambient
trap temperatures were created by passing a stream
of nitrogen cooled by liquid nitrogen through the
trap compartment. The cold trap was then rapidly
heated (15°C/s) in order to inject the sample onto
the chromatographic column.

Desorption was performed at 220°C for 15 min,
using a desorption gas flow-rate of 20 ml/min. The
measurements were carried out on an HP 5890 gas
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TEST MIXTURE SUBSTANCES AND CONCENTRATIONS IN TEST ATMOSPHERE

No. Substance Concentration B.p. R.S.D. (%)’
(gl™) oy
1 Hexane 70 68 7
2 Dimethyl disulphide 70 109 6
3 3-Methyl-2-pentanone 82 118 4
4 Toluene 80 111 6
5 Benzaldehyde 72 178 9
6 Decanal 73 208-209 15
7 Tetradecane 68 254 9
8 Geosmin 68 ¢ 11

¢ B.p. = Boiling point at atmospheric pressure.

¥ R.S.D. = Relative standard deviation, due to exposure, sample generation, sampling and analysis, based on 18 runs.

¢ Data not available.

chromatograph with a fused-silica column (HP Ul-
tra2, 50m x 0.2mm I.D., coated with cross-linked
5% phenylmethylsilicone, 0.33 ym) and a flame ion-
ization detector. The detector temperature was
200°C. The starting temperature of the chromato-
graphic separation was 30°C and the final temper-
ature was 200°C. An HP 3392A integrator was used
as a recorder.

Experimental factors and responses

Many factors may influence the results. Some
factors were known a priori to be important and the
task was to determine the trend and magnitude of
their influence. Other factors presumably exert an

i— Gas flow (He)

Sample tube
with Tepax TA

Thermal
desorption oven

Cold trap

Injector block

Analytical
cotumn

Fig. 2. Thermal desorption cold trap (TCT) injector.

influence, but their roles remained to be ascer-
tained.

The following nomenclature will be used: x; de-
notes the coded setting of factor i. The response
models described below are expressed in the coded
variables. The following factors were studied:

(1) final temperature of the cold trap (see Fig. 2);
this setting thus defines the temperature of the sam-
ple when transferred to the injection block;

(2) initial temperature of the cold trap;

(3) temperature of the injection block;

(4) thickness of the internal coating of the cold
trap;

(5) duration of injection;

(6) additional time during which the chromato-
graphic column was maintained at its starting tem-
perature value;

(7) temperature rise during the chromatographic
separation;

(8) flow-rate; this defines the flow-rate both
through the cold trap during injection and through
the chromatographic column at its starting temper-
ature;

(9) temperature setting of the cold trap after the
injection was completed.

The range of variations of the experimental fac-
tors is specified in Table II. Using coded normalized
factor settings instead of their natural value has the
advantage that the relative importance of each vari-
able can be evaluated directly from the model [3].

The measured results of the chromatographic
procedure are called responses. For each constitu-
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TABLE I

RANGE OF VARIATIONS OF EXPERIMENTAL FACTORS
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Factor No. Low level (—) Medium level (0) High level(+)

1 +130°C +160°C +200°C

2 —100°C —-125°C -150°C

3 +150°C +200°C +250°C

4 A Aa,b B?

5 1 min 3 min 5 min

6 -1, 1.5 ¢, 21,

7 3°C/min 6.5°C/min 10°C/min

8 10 cm/s 22 cm/s 34 cm/s

9 <0°C Room temperature® Room temperature

“ A = CP-TM-SIL-8CB, d, = 1.2 ym, 1.D. = 0.32 mm. B = CP-TM-SIL-8CB, 4, = 5.0 yum, I.D = 0.5 mm.

b Only two levels tested for these factors.

ent (k = 1-8, Table I), two characteristics were
measured: A, the area of the chromatographic
peak, and W, the width of the peak at half its maxi-
mum height.

Experimental design

The overall strategy for the study presented in
this paper was as follows:

(A) run a pilot experiment to validate the experi-
mental domain;

(B) vary the experimental factors considered to
be important in a screening experiment with a view
to identifying the most important factors;

(C) perform additional experiments to find opti-
mum performance.

The pilot experiment consisted of two experimen-
tal runs, one in which all experimental factors were
set at their upper value, and another in which all
experimental factors were set at their lower value.
This was done to ensure that the responses show a
significant variation within the domain and that
none of the extreme points yields non-useful re-
sponses.

To ensure an orthogonal variation of the nine
experimental factors, a replicated two-level frac-
tional design 2%~ was used in the screening (entries
1-32, Table III). These experiments were employed
to fit a response surface model, containing linear
terms b;x; and cross-produced terms b;;x;;. The
coefficients of the cross-product terms are aliased
two-factor interactions [9]; see Appendix. Results
are given in the next section.

Based on the results from the screening. addition-

al experiments were carried out with a view to fur-
ther optimization of the experimental conditions.
One significant factor, 4 (thickness of the internal
coating of the cold trap), was set at its upper level.
The following factors were maintained at their aver-
age setting throughout the experimental study: 3
(temperature of the injection block), 6 (additional
time during which the chromatographic column
was maintained at its starting temperature) and 7
(temperature rise during the chromatographic sep-
aration). One variable, 9 (temperature setting of the
cold trap after the injection was completed), was
not further varied as its variation was found insig-
nificant in the screening. For the remaining factors
(1, 2, 5 and 8), experiments were run to complete a
variation of these factors on three levels (—1, 0,
+ 1), entries 33-50. This also permits square terms
for these factors to be included in the model to de-
scribe non-linear effects, i.e., curvature of the re-
sponse surface.

Mathematical methods

Principles of response surface technigue. It is rea-
sonable to assume that the variation of the observed
responses y (¥ = A; and W) is functionally related
to the detailed settings of the experimental factors.
However, as the responses are experimentally deter-
mined, there will always be an experimental error
component (). We therefore write the functional
relationship between the observed response and the
experimental factors as

y=flxi..x9) +t e
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EXPERIMENTAL DESIGN FOR SCREENING AND OPTIMIZATION

1-9 are the experimental factors, and their settings (+, — or 0) corresponds to the values specified in Table II.

Entry 1 2 3 4 5 6 7 8 9 Entry t 2 3 4 5 6 7 8 9
I - - - - - - - - 4 28 + o+ -+ -+ = = =
2 + - - - 4+ + + - - 29 - - 4+ + + 4+ - - 4+
3 - + - - + 4+ - + - 30 + - 4+ + - - + - =
4 S N T A S 31 -+ 4+ + - - - 4+ -
5 - - 4+ - + - + + - 32 + + 4+ + + 4+ o+ o+ 4+
6 + - + - = 4+ - 4+ 4+ 33 o 0 0 + 0 0 0 o0 +
7 -+ 4+ - - 4+ o+ - 4 34 + 0 0 4+ 0 0 0 0 +
8 + 0+ + -+ - - - - 35 - 0 0 + 0 0 0 0 +
9 - - -+ -+ o+ 4+ - 36 0 + 0 + 0 0 0 0 +

10 + - -+ + = - 4+ 4+ 37 0 - 0 + 0 0 0 0 +

11 -+ - 4+ 4+ -+ -4 38 0 0 0 + + 0 0 0 +

12 + + -+ -+ - = - 39 0 0 0 + - 0 0 0 +

13 - - + + + + - - + 40 6o 0 0 + 0 0 0 + +

14 + -+ o+ - -+ = = 41 0 0 0 + 0 0 0 - +

15 - 4+ + + - - - + - 42 0 0 0 + 0 0 0 0 +

16 + + + + + + 4+ o+ o+ 43 + 0 0 + 0 0 0 0 +

17 - - - - - - - - % 44 - 0 0 + 0 0 0 0 +

18 + - - - 4+ + 4+ - = 45 0+ 0 + 0 0 0 0 +

19 -+ - -+ 4+ - o+ - 46 0 - 0 + 0 0 0 0 +

20 + 0+ - - = - 4+ 4+ 4 47 0 0 0 + + 0 0 o0 +

21 - -+ - + - + 4+ - 48 0 0 0 + - 0 0 0 +

22 + -+ - - o+ - 4+ 4+ 49 6 0 0 + 0 0 0 + +

23 e T T 50 0o 0 0 + 0 0 0 - +

24 + + 4+ -+ - - - - 51 - 0 + 4+ 0 0 + + 0

25 - - -+ - 4+ o+ o+ - 52 - 0 + + 0 0 + + 0

26 + - - 4+ + - - + + 53 - 0 + 4+ 0 0 + + 0

27 - 4+ - + + - 4+ - 4+ 54 - 0 + 4+ 0 0 + + 0

It is not possible to derive an analytical expression
for f from purely theoretical considerations. It is
reasonable to assume, however, that f can be ap-
proximated by a Taylor expansion when the range
of variation in the independent factors x;—x, is lim-
ited. A Taylor expansion will take the form of a
polynomial in the independent factors:

y = bo + Zblxl + ZZbinin + ZZZbijkx,-x,-xk
+ .. te

A sufficiently good approximation can often be ob-
tained if the Taylor expansion is truncated after the
second degree terms. The polynomial coefficients
(model parameters) can be estimated by least
squares multiple regression of the polynomial to the
observed responses.

The systematic variation induced by changing the
experimental conditions is thus described by the

coefficients of the polynomial model. In order to be
considered significant, an experimental factor must
produce a variation in the response above the noise
level e, caused by the experimental error. The error
variation can be assumed to be normally and inde-
pendently distributed. Hence, significant variables
can be identified by plotting the corresponding
coefficients on normal probability paper. A normal-
ly distributed random error variation will be depict-
ed by a straight line. Significant model coefficients
will appear as outliers. To the right of the line in the
upper right quadrant, or to the left in the lower left
quadrant, such effects are either too small or too
large to be error variations. For details of this tech-
nique, see ref. 10.

Principal component (PC) analysis. To analyse
the systematic variation of the responses over the
entire set of the responses. the response matrices
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were subjected to principal component decomposi-
tion. There are two kinds of responses. A PC model
was established for each of them separately. De-
tailed accounts of PC analysis have been given else-
where [11-13]. Here, it is sufficient to say that prin-
cipal components partition the response matrix into
two parts: scores and loadings. The scores describe
the systematic between-objects variation over the
entire set. Hence the score vector can be used as a
response vector for the entire set of experiments.
The score value is a linear combination of the origi-
nal response variables, and thus the error will also
have an approximately normal distribution. Signif-
icant experimental factors can therefore be dis-
cerned by a normal probability plot of estimated
model parameters obtained by fitting the response
model to the score vector. A thorough discussion of
this technique in screening experiments is given in
ref. 14, and its application to response surface mod-
elling has been described by Bratchell [15]. To avoid
overfitting, the principal component models were
established through cross-validations [16). Prior to
computing the principal components, the original
response variables were scaled to unit variance. In
this way, an equal importance of each response is
assumed and blow-up of the variance because of
differences in magnitude in the recorded responses
is avoided. For a discussion on scaling in principal
component analysis, see ref. 13. The loadings de-
scribe how the response variables take part in this
systematic variation.

RESULTS AND DISCUSSION

The experimental design is shown in Table III.
The observed responses in these experiments are
summarized in Tables IV and V.

Analysis of the residuals after fitting a second-
order interaction model to the screening design (en-
tries 1-32) indicated a systematic lack of fit. Plot-
ting the residuals against the response value pre-
dicted by the model showed a U-shaped scatter
plot. This indicated that an improved model fit was
likely to be expected if square terms were also in-
cluded in the model.

Principal component analysis and response model fit-
ting to the score vectors

Peak surfaces. Principal component analysis of
the data in Table IV afforded one highly significant
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component and two additional components of bor-
derline significance (72 + 12 + 6% explained vari-
ance). Taking into account the fact that the mea-
sured peak areas differ in magnitude, this result was
to be expected. Because of this and because peak
areas cannot be negative, a logarithmic transforma-
tion of the original data could be expected to yield
an improved principal component model fit. Princi-
pal component analysis of the logarithmically
transformed peak areas afforded one significant
component which accounted for 70% of the total
variance. The corresponding score values are sum-
marized in Table IV (¢-values). The loadings (p-val-
ues) are given as the bottom line in the table.

The following response model was obtained by
least squares fitting to the score values given in Ta-
ble IV:

ti(log area) = —4.04 + 0.004x; — 0.18x, +
1.16x3 + 2.02x4 — 0.01xs5 + 0.50x¢ + 0.26x, +
0.22x5-0.14x9 + 0.02xyx, + 0.17x1x3 — 0.08x1x4
- 0.27X2X3 + 0.27XZX4 + 0.86X3X4 + 132X% -
0.41x% + 0.31x2 + 2.37x3

The estimated cross-product coefficients represent
aliased two-factor interactions; see Appendix. A
normal probability plot of the estimated coefficients
is shown in Fig. 3. A plot of the residuals against the
estimated score value is shown in Fig. 4. The plot
does not indicate a lack of fit [17,18]. Fig. 5-7 show
three-dimensional plots of the response surface.

Peak widths. A one-component PC model was
significant according to cross-validation and ac-
counted for 90% of the total variance of the re-
sponses in Table V. The following response model
was determined from the score vector:

ty(peak width) = —1.56 — 0.06x; + 0.03x, +
0.11x3 — 0.05x,4 + 0.16x5s + 0.08x¢ — 0.58x; —
2.9OX8 + 0.06X9 - 0.14X1X2 + 0.03X1X3 -

0.01x1x4 + 0.08x3x3 — 0.05x3x4 — 0.03x3x4 +
0.23x3 + 0.15x3 + 0.15xZ + 2.19x3

A normal probability plot of the estimated coeffi-
cients is shown in Fig. 8.

Evaluation of each response separately

When each response variable was fitted separate-
ly with the response functions given above, the re-
sults were almost identical to those obtained from
the score vectors.
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TABLE IV

OBSERVED RESPONSES; PEAK AREAS (INTEGRATOR COUNTS)
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Entry A, A, A, A, A, Ag A, Ag 1
1 13 592 4482 12 917 19 630 8 427 3844 9948 7485 —4.12
2 13 559 4 607 13945 19 334 11 849 6922 12752 10 381 -1.79
3 15 381 5067 15208 22 185 12 495 5039 10 843 8 561 —-2.17
4 14 129 3 540 13 558 28 952 13 116 5422 11 436 8 890 —-2.20
5 15413 5623 17 807 24 935 13986 4967 12 816 10 284 —0.82
6 13 339 4933 14 987 21778 11229 4438 11 648 9013 —2.44
7 16 808 5297 16 011 22075 11710 4230 10 930 8 500 —227
8 13790 4 695 14 010 22115 10 416 4236 9 646 7104 —3.49
9 21 902 6518 19217 27 540 13 089 7 568 15033 12 221 0.90
10 15919 5616 16 765 25260 13616 8 597 12 875 10 129 —0.28
11 16 733 5302 15 682 23122 14 860 7053 13288 10 638 —0.53
12 19 294 5706 16 673 24 584 10 191 5436 10 497 8 240 -1.87
13 19 367 10 147 30 002 46 446 15729 7305 13 426 10 507 2.69
14 19 518 11376 33282 43 578 23 107 6 898 14 143 11 044 3.59
15 23 641 7723 23 590 35052 18124 7 386 13 867 11 005 1.98
16 25281 8249 25 085 38 009 23454 10 524 19 763 16 183 4.45
17 14 053 4 600 13 480 19 450 9082 4 557 10 647 8 068 —3.47
18 - - - - - - - - -
19 15518 5240 15893 24 493 12 233 5337 10 337 7973 -2.07
20 15 886 4721 14 366 22948 11266 4287 9652 7597 —4.47
21 16 069 5599 16 967 24 771 12 437 4030 10 367 7 859 —2.16
22 15 652 6451 19 078 29 427 16 252 5739 13 050 10 148 0.14
23 20 424 5545 16 149 23914 8 820 3803 8 786 6317 —3.39
24 12232 4 368 13 156 19135 11679 4154 12 096 9364 —2.96
25 21 156 6392 18 583 27 056 11 708 7 656 13 378 10 755 0.19
26 14 842 4994 15042 21782 11082 4757 10 450 8352 —2.61
27 17 808 5573 16 551 24 439 15320 6166 13 247 10 157 —0.48
28 20 545 6456 18 991 28 121 14424 8 366 14 701 12 142 1.06
29 19 867 11 161 33232 49 767 22 167 9795 18 069 15087 5.12
30 19 117 10-441 30 765 50 515 21 619 7 044 14 756 11387 3.61
31 23017 7729 23 443 34 746 19 408 8 870 16 515 14 086 3.01
32 27287 8363 25 444 40 163 21 582 9 806 19 025 14 880 4.21
33 18 876 6717 19 947 30 280 13 331 8 068 15 788 12 072 1.21
34 18 501 6619 19 126 26 977 12 294 8412 15087 12 418 0.76
35 20 496 7311 21 355 32270 14 078 8 021 14 940 12 268 1.59
36 18 339 6717 19 817 31283 13 790 7339 14 647 11 063 0.88
37 19 098 6872 18 330 29 199 13 367 - 10 587 9 089 —0.46
38 16 853 6322 17 935 27 160 10 949 7 039 10115 8786 —1.09
39 20079 7220 21112 35534 17127 8 147 14 720 11333 1.82
40 22 667 7414 22270 38 325 19 736 10 851 16 873 12 924 3.16
41 24 007 6907 20 827 32459 15 047 8 050 14 041 10 726 1.34
42 15107 5942 16 732 25363 11 366 6206 12 696 9390 -1.03
43 18 596 7219 20 516 31 667 13 563 7 596 15293 12279 1.34
44 20048 7294 20872 32 380 15 308 8311 15 585 12 654 1.84
45 18 261 6 087 19 066 29 063 12 541 8 562 11 338 9944 —0.04
46 17 576 6231 17 318 27 658 9 581 6390 8 968 7603 -1.89
47 18 305 6 596 18 401 28 514 11 425 7515 9653 8 351 -0.89
48 18 230 7241 20924 31270 19 402 7985 14 138 10 824 1.55
49 - - - - - - - - -
50 23114 9 640 28 681 41 745 15 081 6 887 13 548 11 249 2.51
51 16 974 5841 18 496 27 673 12 747 6839 12 956 9939 -
52 20 474 7008 22 463 34 328 15 559 7951 14 260 11173 -
53 22 291 6484 20 647 33 335 17 065 9061 14 729 12114 -
54 18 827 6412 20 260 29 463 13 358 7484 12 798 10 285 -
0.2491 0.3676 0.3788 0.3726 0.3665 0.3473 0.3606 0.3681
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TABLE V
OBSERVED RESPONSES; PEAK WIDTHS (MM)

Entry w, w, W, w, W, W, w, W, 4
1 8.0 11.5 10.25 11.25 13.25 12.5 13.5 17.75 4.33
2 10.5 9.0 8.5 8.75 12.75 11.5 12.75 17.5 3.67
3 2.75 5.25 5.5 5.5 5.5 525 5.75 6.0 -091
4 225 2.75 2.75 - 3.0 2.75 3.0 3.5 -2.97
5 3.25 3.0 3.25 3.0 3.0 2.75 3.25 3.5 -2.44
6 3.5 4.5 475 4.75 5.75 5.0 5.75 5.75 ~1.09
7 11.0 9.0 8.5 9.0 13.5 12.0 13.25 18.5 3.97
8 9.5 12.5 11.0 11.75 13.5 12.75 14.0 18.5 491
9 3.25 3.0 3.0 - 3.0 2.75 3.0 3.75 -247
10 3.0 4.75 5.0 5.0 5.75 5.0 5.5 5.75 -1.08
11 7.25 9.0 8.75 9.5 15.5 11.75 13.0 18.0 3.69
12 10.5 11.5 11.75 115 13.5 12.75 13.25 17.5 3.98
13 10.5 12.5 12.0 1225 13.25 11.75 13.0 17.5 495
14 6.75 9.5 9.0 9.25 11.75 11.75 12.75 17.0 3.28
15 3.0 4.0 45 45 5.75 5.5 5.75 6.0 -1.20
16 325 3.75 4.0 3.75 3.5 2.75 325 35 -2.14
17 8.0 115 10.25 11.0 13.25 1225 13.25 17.5 425
18 - - - - - - - - -
19 - - - - - - - - -
20 2.25 2.75 3.0 3.0 3.0 2.75 3.0 3.25 -2.67
21 - - - - - -~ - - -
2 - - - - - - - - -
23 - - - ~ - - - - -
2% - - - - - - - - -
25 3.0 2.75 3.0 3.0 3.0 3.0 3.0 3.5 ~2.54
26 3.25 5.0 5.0 5.25 525 5.5 5.5 6.0 -0.98
27 - - - - - - - - -
28 - - - - - - - - -
29 - - - - - - - - -
30 - - - - - - - - -
31 - - - - - - - - -
32 3.0 3.75 4.0 3.75 3.5 2.75 325 3.75 -2.16
33 4.5 45 4.0 425 45 4.25 45 5.5 —1.44
34 4.0 425 4.0 425 4.5 425 4.5 5.5 -1.50
35 4.0 4.5 4.0 4.0 425 425 45 5.75 -1.50
36 40 425 4.0 4.25 4.5 4.0 425 5.5 —1.54
37 4.0 425 4.0 4.0 425 425 4.5 5.5 —1.54
38 4.0 45 4.0 425 4.5 4.0 4.5 5.5 ~1.49
39 3.5 425 3.75 4.0 4.5 4.0 45 5.5 ~1.64
40 3.0 35 3.25 3.5 3.75 3.5 3.5 3.75 -2.20
41 9.5 9.75 8.75 - 120 1275 13.0 18.0 291
42 4.0 4.5 4.0 425 45 4.0 4.5 5.5 —1.49
43 425 425 4.0 425 45 425 4.5 5.5 -147
44 4.0 45 4.25 4.5 4.5 4.25 45 5.5 ~ 141
45 4.0 4.25 4.0 425 45 4.25 4.5 5.5 -1.50
46 4.0 4.25 40 4.0 45 4.0 4.5 5.75 -1.53
47 - - - - - - - - -
48 - - - - - - - - -
49 - - - - - - - - -
50 9.5 - - 9.0 11.25 11.5 12.75 17.25 3.69
51 - - - - - - - - -
52 - - - - - - - - -
53 3.5 3.0 3.25 - 3.0 2.75 3.25 3.25 -
54 3.25 325 3.0 3.0 3.0 2.75 3.25 35 -

P 0.3487 0.3671 0.3656 0.3160 0.3633 0.3338 0.3657 0.3647




A.-L. Sunesson et al. | J. Chromatogr. 623 (1992) 93-103

P h .Xez
o,
o8] %, X
0:7 J . 'X3XL
0.6 1 H
05 I
0.4 1 2
031 g
0.2 4 .
0.1 N

40 05 00 05 10 15 20 25 30
Coefficients

Fig. 3. Normal probability plot of estimated coefficients; log
peak areas.

Interpretations

From the results presented above, we conclude
that the following experimental factors exert a sig-
nificant influence on chromatographic perform-
ance.

Peak areas: a weak influence of factor 1 (final
temperature of the cold trap); a strong linear influ-
ence of 3 (temperature of the injection block) and 4
(inner coating of the cold trap) and a strong interac-
tion effect between 3 and 4; and a strong significant
non-linear influence of the flow-rate (8).

Peak widths: as expected, the most important fac-
tor is 8 (flow-rate); an influence (however weak) of 7
(temperature rise) is also found.

Preferred settings of the experimental factors

For obtaining the desired result, maximum in-
jected sample (maximum peak area) and sharp
peaks, the following settings of the experimental
factors can be inferred from the results above:

Residuals 2 -

14 . .

0
N

6 b -2 0 2 4 6
Predicted ¢ (log peak area)

Fig. 4. Residuals against estimated score value; log peak areas.
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Fig. 5. Response surface of log peak areas against temperature of
injection block against thickness of internal coating of cold trap.

(1) the final temperature of the cold trap should
be at its lower setting;

(2) the initial temperature of the cold trap could
be set at any value in the explored range of varia-
tion;

(3) because of the strong interaction effect with
factor 4, the temperature of the injection block
should be set at its upper value;

(4) a cold trap with a thick-layered inner coating
should be used (see 3.);

(5,6) the duration of the injection and the addi-
tional time during which the chromatographic col-
umn is maintained at its starting temperature can be
set at any value in the explored domain;

(7) the temperature rise during chromatography
should be at its higher value to ensure sharp peaks;

(8) the flow-rate should be set at its higher level;

(9) the temperature of the cold trap after injection
is completed has no significant influence within the
experimental domain.

T
T
7

t; {log peak area)

Fig. 6. Responge surface of log peak areas against thickness of
internal coating of cold trap against flow-rate.
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Fig. 7. Response surface of log peak areas against final temper-
ature of cold trap against temperature of injection block.

Replicated experiments carried out under the
conditions indicated above are shown in Table III,
entries 51-54. The corresponding results are shown
in Tables IV and V. These results confirm the con-
clusions with regard to the sharpness of the chro-
matographic peaks. For the peak areas, the results
are good but are not at their possible maximum
value as predicted by the model. An unexpected ob-
servation is that the integrated peak areas show a
minimum along the flow-rate variation. This obser-
vation was made for all compounds in the test mix-
ture and is not an artifact. The reason for this is not
yet fully understood. The best results were found at
the extremes of the flow-rate variation. The flow-
rate variation was chosen in order to cover the mini-
mum of the Van Deemter relationships, as deter-
mined for geosmin and 3-methyl-2-pentanone.

P ] Xeh
09 1 >
08 1 .
0.7 1 1
06 H
05 g
04 H
0.3 1 H
02 H
.
0.1 ) o
X8
4 3 -2 4 0 1 2 3

Coefficients

Fig. 8. Normal probability plot of estimated coefficients; peak
widths.
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T

! 10 20 min

Fig. 9. Chromatogram of the test mixture after optimization.
Substances 1-8 according to Table 1. Chromatographic condi-
tions are given under Experimental.

CONCLUSIONS

The results obtained provided the information re-
quired for establishing the optimum conditions for
the thermal desorption injection and chromatogra-
phy. The advantages of a multivariate strategy are
evidenced by the finding of strong interaction ef-
fects between the experimental factors. We note
that a traditional approach, i.e., considering the
factors one at a time, would have failed because of
the presence of interaction effects [3].

To simplify the problem of multiple responses,
that is, characteristics of all peaks in the chromato-
grams, we used principal component modelling to
obtain a description of the systematic variation over
the set of experiments. This variation is described
by the score vectors. In all instances the different
characteristics were described by one significant
component, which thus served as a single criterion.
Contrary to different chromatographic response
functions, the multivariate information is not lost in
the principal component model. It is always pos-
sible to go back to the original responses.

One important consequence of the optimized
procedure is that the total time of analysis can be
kept conveniently short without loss of quality of
the eluted peaks (see Fig. 9).
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APPENDIX

The 2°5 fractional design used in the screening
experiment was constructed from a complete two-
level, four-factor factorial design. The independent
generators [3,9] of the fractional design were 5 =
123,6 = 124,7 = 134,8 = 234,9 = 1234.

The confounding pattern of the aliased two-fac-
tor interactions will thus be

12 = 35 = 46 = 78

13 =25 =47 = 68

14 = 26 = 58
23 =15 =48
24 = 16 = 38 = 57

34 =28 =17 = 56

The response model used in the screening experi-
ment thus contained the following terms:

y= bo + Z‘bixi + bllexz + b13X1X3 + b14X1X4
+ basxaxs + baaxoxs + bigxsxs
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ABSTRACT

Temperature-programmed sample introduction is a very useful approach for the injection of large sample volumes in capillary gas
chromatography and also holds promise for liquid chromatography-gas chromatography coupling. The optimization of a temperature-
programmed injector for both these applications depends on numerous factors such as sample volume, liner design and temperature,
speed of sample introduction and purge gas flow-rate. The maximum allowable speed of introduction of large sample volumes with
simultaneous elimination of the solvent is determined by the solvent elimination rate. A theoretical model is proposed to predict an
optimum combination of the speed of sample introduction, the initial liner temperature and the purge gas flow-rate. The validity of the
model is discussed and evaluated. The solvent elimination rate is shown to depend on, amongst others, the vapour pressure of the
solvent, and can be increased by an increase in the purge gas flow-rate and/or by a decrease in the inlet pressure. The observed cooling
effect and the effect of the design of the liner on the solvent elimination rate are emphasized.

INTRODUCTION

Temperature-programmed sample introduction
(also known as PTV injection), proposed by Abel [1]
in 1964, was developed and applied for the introduc-
tion of large sample volumes (up to 20 ul) in bio-
medical (steroids) and environmental (pesticides)
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neering, Laboratory of Instrumental Analysis, Eindhoven Uni-
versity of Technology, P.O. Box 513, 5600 MB Eindhoven,
Netherlands.

* Presented at the 12th International Symposium on Capillary
Chromatography, Kobe, Japan, 1990.
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applications by Vogt and co-workers in 1979 [2-4].
Vogt and co-workers showed that the method
allowed the simultaneous elimination of the solvent
and selective trapping of components with a much
lower volatility in the cold liner, prior to splitless
transfer of the deposited fraction of the sample
into the column by rapid temperature-programmed
heating. Temperature-programmed sample intro-
duction offers many advantages in comparison with
hot injection methods. In 1981 Schomburg [5] and
Poy et al. [6] showed that cold split or splitless
injection greatly reduced the discrimination of less
volatile components. Their observations were con-
firmed by others [7-15]. The quantitative perfor-
mance of the PTV injection system appears to be

1992 Elsevier Science Publishers B.V. All rights reserved
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comparable to that of on-column injection [9-11,
14-18]. The negative effect of column contamina-
tion due to the presence of residue components in
the sample in on-column sample introduction can
be greatly avoided with temperature-programmed
sample introduction [18-20].

The potential and limitations of temperature-
programmed sample introduction with solvent elim-
ination have hardly been studied so far. Some
incidental trial on the optimization of this technique
were reported by Herraiz and co-workers [21-23]
and Termonia et al. [24].

Further investigations of the effects of important
factors such as injection temperature, injection
speed, split flow, purge time, design of the liner and
the nature of the solvent on the recoveries of the
components of interest are required for a proper
judgement of the applicability of the temperature-
programmed injector for the introduction of large
sample volumes in capillary gas chromatography
(GC) and to establish its potential as an interface in
coupled liquid chromatography (LC)-GC.

In this paper we present a method that allows the
calculation of the solvent evaporation rate in the
liner of a temperature-programmed injector. Fur-
ther, we discuss the effects of various operating
conditions on the solvent elimination process.

EXPERIMENTAL

Instrumentation

A Model HP 5890 gas chromatograph (Hewlett-
Packard, Avondale, PA, USA) equipped with a
flame ionization detector and provided with a
Model HP 3393A integrator and a Type KAS 502
temperature-programmed injection system (Gerstel,
Miilheim a/d Ruhr, Germany) was used. Sample
introduction was done either by means of an auto-
sampler (Model HP 7673; Hewlett-Packard) or a
syringe pump. Two different syringe pumps were
used. The Type MF-2 “micro feeder” syringe pump
(Azumadenkikogyo, Japan) allowed sample intro-
duction with a speed corresponding with micro-bore
LC mobile phase flow-rates. Using this system the
speed of sample introduction could be varied be-
tween 0.7 and 83.3 ul/min. A microprocessor-con-
trolled syringe pump (Digisampler; Gerstel) allowed
the injection of defined volumes of samples up to
1000 ! with a speed between 1 and 2000 pl/min. The
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sample supplied by the syringe pump was trans-
ferred directly to the injector via a fused-silica or a
metal capillary.

For temperature measurements inside the liner
during solvent elimination a Type 870 digital ther-
mometer (Keithley, USA) with a Type 8701 thermo-
couple adapter was used. Temperature changes were
recorded on a BD-40 recorder (Kipp & Zonen,
Delft, Netherlands). The temperature was measured
at three different positions in the liner at 15, 35 and
55 mm below the injection point, which coincides
with the top of a 13-mm glass-wool plug inside the
liner.

Operating conditions

Helium was used as the carrier gas at an inlet
pressure of 100 kPa (linear gas velocity &~ 60 cm/s).
Selective solvent elimination was performed either
at the normal carrier gas inlet pressure or at a
reduced inlet pressure of 5-20 kPa. The purge gas
flow-rate was varied between 210 and 620 ml/min.
The sequence of events during sample introduction,
solvent elimination and sample transfer is depicted
schematically in Fig. 1. The split valve was open

Cold Sample  Separation
Injection & Transfer
Solvent )
Elimination ------ ,, Liner
' \temperature
\
! \
] (N
& S N
[] See o
' Column___—>
3 temperature
- - ———— - 4
On On
Off Purge status
r Inlet pressure
Needle

I Injection l/withdrawal

Time

Fig. 1. The sequence of events during sample introduction,
solvent elimination and sample transfer.
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during the injection period and an additional time of
10-60 s (the additional purge time). Thereafter,
simultaneously the inlet pressure was increased to
100 kPa (only if the introduction and solvent
elimination were performed at decreased inlet pres-
sure), the split valve was closed, the temperature
programme of the column was started and the
injector was heated to its final temperature (300°C)
with a heating rate of 12°C/s. The injection system
was kept at this temperature for 1-3 min and then
cooled to 50-60°C.

For the GC separation, two 25m x 0.32 mm [.D.
non-polar fused-silica capillary columns (Chrom-
pack, Middelburg, Netherlands) were used. Col-
umn A was coated with CP-Sil 5 and had a film
thickness of 2.33 um and column B was coated with
CP-Sil 5 CB and had a film thickness of 1.21 um. The
GC oven temperature programme for column A was
initial temperature 40°C for 4 min (isothermal), then
increased at 10°C/min to 140°C and at 15°C/min to
250°C (held for 10 min isothermal). In the experi-
ments with column B the initial temperature was

TABLE 1
SYNTHETIC STANDARD SAMPLES
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40°C (2 min isothermal) and was then increased at
10°C/min to 280°C.

Test mixtures

Synthetic standard mixtures were prepared that
contained n-alkanes (Co—C,q) and components of
different polarity and volatility. The concentrations
of the solutes in samples A and B and the retention
times of the components on columns A and B,
respectively, under standard operating conditions
are given in Table I. Freshly distilled n-hexane was
used as the solvent for preparing the standard
samples and for subsequent dilution of the samples.

Procedure for calculation of recoveries

Normalized peak areas (expressed in area counts
per ng of injected component) were used for recov-
ery calculations throughout. As a reference, stan-
dard normalized peak areas were used, which were
determined by the cold splitless injection of 1 ul of
the standard solution. The amounts of components
introduced into the columns correspond to 20-40 ng

Compound Sample A Sample B
Concentration Retention Concentration Retention
(ng/ul) time® (min) (ng/ul) time® (min)

n-Nonane 35.1 11.85 10.9 7.55
2-Octanone 41.0 13.41 10.7 8.92
n-Decane 28.0 14.01 11.4 9.48
2;6-Dimethylphenol 31.5 15.75 10.5 10.98
2,6-Dimethylaniline 31.6 16.76 12.1 11.98
n-Dodecane 22.6 17.50 11.3 12.94
1-Aminodecane 39.2 18.03 - -
n-Tridecane 234 18.83 10.5 14.50
(—)-Nicotine 424 19.43 10.9 14.97
n-Tetradecane 23.8 20.02 11.5 15.96
2-Tridecanone 28.0 20.94 10.1 17.06
Fluorene 23.2 22.29 - -
n-Hexadecane - - 10.8 18.66
n-Heptadecane 24.6 23.20 11.7 19.89
n-Octadecane 26.6 24.38 9.1 21.07
Anthracene 26.2 24.90 - -
Methyi palmitate 21.0 25.95 10.3 22.29
n-Eicosane 274 27.47 9.3 23.25

“ On column A under standard operating conditions.
® On column B under standard operating conditions.
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per compound for sample A and to about 10 ng per
compound for sample B.

Liner design

Three different liners were used (Fig. 2): (1) an
empty, baffled liner; (2) a baffled liner with a plug
(length 13 mm) of silanized glass-wool in the upper
part; and (3) a straight liner packed with silanized
glass-wool (plug length 40 mm).

THEORETICAL

Selective solvent elimination is an attractive way
to introduce large amounts of dilute samples into a
capillary GC column. Independent of the method
used for this purpose (retention gap with or without
so-called concurrent solvent evaporation, cold trap-
ping, temperature-programmed injection or a com-
bination of these techniques), the speed of sample
introduction and the rate of solvent elimination
have to be matched.

The saturated vapour volume (V,) at a given
temperature (77), which corresponds to a defined
liquid volume (7)), can be calculated according to
the following equation:

_VipRT
* Mp;

(M

where p = density of the solvent, M = molecular
weight of the solvent, R = gas constant and p; =
partial pressure of the solvent. In deriving this
equation it is assumed that the solvent vapour
exhibits ideal gas behaviour. Fig. 3 shows the
calculated saturated vapour volumes as obtained
from eqn. 1 for a number of different solvents. These
values show the minimum volume of gas required to

injection
4 1" needle
20 mm " "
5 13 mm g
T 40 mm E
T

Fig. 2. Schematic design of the liners. Hatched part: silanized
glass-wool, liner length 92 mm, I.D. 1.3 mm.
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Fig. 3. Saturated vapour volumes of 1 ul of different solvent at
20°C.

remove the solvent as vapour from the liner. The
values of the partial pressures of the solvents were
calculated from Antoine’s equation [25]. The satu-
rated vapour volumes of different solvents at 20°C
vary between 0.4 ml for n-pentane and 60 ml for
water. For very polar solvents, e.g., methanol,
acetonitrile and water used in reversed-phase liquid
chromatography, the vapour volumes ar much
larger than for non-polar or medium polarity sol-
vents with similar boiling points.

During the introduction of large sample volumes
the speed of sample introduction into the liner of the
injector should not exceed the solvent elimination
rate. In the steady state the mass flow of liquid
solvent entering the liner (or interface) equals the
mass flow of the corresponding solvent vapour at
the exit of the liner, i.e., the amount of liquid solvent
in the liner remains constant. Assuming isothermal
evaporation conditions and further assuming that
the gas leaving the liner is saturated with solvent
vapour, the maximum injection speed which equals
the solvent elimination rate can be calculated as
follows:

Vinj,max =Va= = o Vt,o (2)

where Vigjmax = maximum speed of sample intro-
duction, V,; = solvent elimination rate, V,, = total
gas flow-rate at outlet conditions (7, and p,) and
p; = Inlet pressure of the liner.

Eqn. 2 indicates that the solvent evaporation rate
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Fig. 4. Dependence of the evaporation rate on the initial liner
temperature at different gas flow-rates (dashed lines, 210 ml/min;
solid lines, 620 ml/min) for (1) hexane, (2) methanol and (3) water.
Values calculated for p,/p; = 1.

is proportional to the gas flow-rate in the liner given
by V..oPo/pi- Therefore, reducing the pressure in the
liner and/or increasing the total gas flow-rate in-
creases the solvent evaporation rate. The influence
of the liner temperature on the evaporation rate is
illustrated in Fig. 4 for hexane, methanol and water.
A temperature increase of 10°C increases the evapo-
ration rate by a factor of 1.5-2.

The approach described above permits the calcu-
lation of the elimination rate and, hence, the maxi-
mum acceptable speed of sample introduction as a
function of the liner temperature and the purge gas
flow-rate for various solvents. In deriving this
equation it is assumed that the evaporation process
takes place under isothermal conditions and that the
purge gas is saturated by solvent vapour.

TABLE 11

109
RESULTS AND DISCUSSION

In temperature-programmed introduction of large
sample volumes in capillary GC and in on-line
LC-GC, two main steps can be distinguished. In the
first step a liquid sample is introduced into the liner
of the injector. The solvent is selectively eliminated
during introduction while less volatile compounds
are retained in the liner. In the second step the
compounds trapped in the liner are transferred
splitlessly into the column. In the first step, in which
selective preseparation occurs, the PTV injection of
large sample volumes has to be optimized with
respect to solvent elimination and component recov-
ery. For this optimization the following factors need
to be taken into account: design of the liner, inlet
pressure, initial liner temperature, purge flow, speed
of sample introduction, additional purge time, sam-
ple volume and physico-chemical properties of the
solvent.

The effect of differences in the liner design on the
solvent elimination process can be demonstrated by
comparing the total amounts of solvent introduced
into the column (Table II) after solvent elimination.
It should be noted that this amount of solvent
consist partly of solvent introduced into the column
during split solvent elimination and partly of resid-
ual solvent retained in the liner after the solvent
elimination process. The solvent retained in the liner
is transferred into the column in the splitless mode
together with compounds of interest trapped in the
liner during solvent elimination. When a sample of
5.6 ul is introduced into the PTV liner at an initial
liner temperature of —30°C in the solvent elimina-

EFFECT OF DIFFERENCES IN THE LINER DESIGN ON TOTAL AMOUNT OF SOLVENT ENTERING THE COLUMN

Operating conditions: purge gas flow-rate, 210 ml/min; additional purge time, 45 s; inlet pressure, 100 kPa.

Operating conditions

Amount of solvent (ul)

Liner 1 Liner 2 Liner 3

Sample volume 5.6 pul, injection time 40 s, initial liner temperature —30°C 2.7 0.5 0.2

Sample volume 21 pl, injection time 75 s, initial liner temperature —20°C 2.8 1.1 0.5
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tion mode, the amounts of solvent introduced into
the column correspond to about 2.7 ul, 0.5and 0.2 ul
of hexane for liners 1, 2 and 3, respectively. From
these results it can be concluded that the solvent
elimination rate for liner I is low; it is estimated to be
about 2 ul/min. For liners packed with glass-wool
the solvent elimination rate is increased significant-
ly, corresponding to about 3.5 ul/min for liner 2 and
about 4 ul/min for liner 3. These values are lower
than the evaporation rates calculated according to
eqn. 2, where it was assumed that instantaneous
saturation of the purge gas with solvent vapour
occurs. From the differences between the calculated
and the experimental data it can be concluded that
the purge gas is not fully saturated with solvent
vapour. When larger samples of 21 ul were intro-
duced at an initial liner temperature of —20°C,
liner 1 again appeared to be less effective than the
liners packed with glass-wool. These results indicate
that the degree of saturation increases when the
gas—solvent contact area in the liner is enlarged.
Packing the liner with glass-wool appears to be an
efficient means of increasing the contact area.
Consequently, it can be expected that any modifica-
tion of the liner which results in an increased
gas—solvent contact area will be beneficial for the
rate of solvent evaporation and, hence, the analysis
time.

The solvent evaporation rate, as it is proportional
to the ratio of the outlet to the inlet carrier gas
pressure (see eqn. 2), can be increased by decreasing
the pressure in the liner. Additionally, at a lower
column inlet pressure the splitting ratio will increase,
because the gas flow through the liner is mass-flow
controlled and the column flow is pressure con-
trolled (back-pressure control). A reduced amount
of solvent will enter the column during split solvent
venting at low column inlet pressures. This is
demonstrated in Fig. 5. The shaded peaks represent
the total amount of solvent entering the column.
When large sample volumes of 1000 ul were injected
(Fig. 5A and B), the amounts of solvent introduced
into the column at the maximum obtainable purge
gas flow-rate (ca. 600 ml/min) correspond to about 9
and 0.5 ul at inlet pressures of 100 and 18 kPa,
respectively. At a lower purge gas flow-rate (210 ml/
min) and for sample volumes of 250 ul (Fig. 5C and
D), the amounts of solvent introduced into the
column correspond to ca. 6 and 0.1 ul of hexane at
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A B C D

e

Fig. 5. Effect of inlet pressure on the size of the solvent peak.
Operating conditions: inlet pressure, 100 kPa for chromato-
grams A and C, 18 kPa for B and 7 kPa for D; initial liner
temperature, 30°C; additional purge time, 10 s; shaded solvent
peaks at attenuation = 25, For more information, see text.

inlet pressures of 100 and 7 kPa, respectively. This
means that by using reduced inlet pressures during
solvent elimination the total fraction of solvent that
enters the column is reduced to less than 0.05%. This
is a considerably smaller amount than at normal
column inlet pressures. Experiments showed that the
stepwise increase in the pressure after solvent elimi-
nation to higher pressures during analysis does not
affect the retention times of the solutes in tempera-
ture-programmed separations.

Unexpectedly, it was observed that extremely low
recoveries were obtained when large sample volumes
were injected at a sampling speed close to the
maximum acceptable speed of sample introduction
predicted according to eqn. 2. The results were
significantly improved by a decrease in the speed of
sample introduction and also in the sample size. The
effect of the speed of sample introduction on
recovery is illustrated in Fig. 6 for components with
retention times between those of C,4 and C,4. The
calculated maximum allowable speed of sample
introduction predicted by eqn. 2 under the given ex-
perimental conditions (purge gas flow-rate = 620 ml/
min and initial liner temperature = 30°C) is ca.
700 ul/min. As the evaporation is an endothermic
process, it can be expected that the temperature in
the PTV liner will decrease significantly during
solvent evaporation. A temperature decrease in the
liner would result in a reduction in the solvent
evaporation rate and might easily lead to the
accumulation of an excessive amount of liquid in the
liner. In this event, part of the introduced liquid
sample will leave the liner in the liquid state via the
split vent (right-hand part of Fig. 6), which will lead
to a loss of components and incomplete recoveries.
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Fig. 6. Influence of injection speed on the recovery of (V)
eicosane, (A) methyl palmitate, (@) octadecane, (M) hepta-
decane and () hexadecane. Operating conditions: sample
volume, 250 ul; initial liner temperature, 30°C; purge gas
flow-rate, 620 mi/min; inlet pressure, 18 kPa; additional purge
time, 10 s; liner 2.

Flooding of the liner explains the poor recoveries at
high sample introduction speeds. On the other hand,
at too low a speed of sample introduction no liquid
film is formed in the liner. In the absence of such a
liquid film the solutes are only weakly retained and
might easily escape with the huge flow of purge gas
(left-hand part of Fig. 6). Probably the formation of
a liquid film is essential for the selective retention of
the components, because this liquid will strongly
incraese the retentive power of the liner. Packing of
the liner with a packing material or coating of the
liner with a liquid layer are possible alternatives fo1 a
selective increase in the retention of the analytes.

The changes in temperature at different positions
inside the liner during solvent elimination are shown
in Fig. 7. These changes decrease from the top to the
bottom part of the liner and they depend strongly on
the injection speed. Obviously, the cooling effect due
to vaporization of the sample is compensated for by
heat transfer from the heating zone. Considering the
differences in temperature drop at different posi-
tions inside the liner (e.g., 12°C at the top and 0.5°C
at the bottom part at an injection speed of 100 ul/
min), the front of the liquid solvent film in the liner
will be located nearer the exit of the liner. Moreover,
the lower the actual liner temperature the smaller is
the evaporation rate. It follows from the theoretical
model (eqn. 2) that in order to compensate for a
temperature drop of 10°C, the injection speed has to
be about halved.
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rig. 7. Temperature at different points inside the liner during

solvent elimination for various injection speeds (numbers on the

right-hand side indicate injection speeds in ul/min). Operating

conditions: initial liner temperature, 10°C; purge gas flow-rate,

620 ml/min; inlet pressure, 0 kPa.

The magnitude of the cooling effect depends not
only on the introduction speed of the sample, but
will also depend on the heat of the evaporation of
the solvent. Values of the heat of evaporation for
different solvents recalculated from the enthalpy of
evaporation at the normal boiling point [25] are
presented in Table III. The heats of evaporation
vary between 50 and 100 cal/ml for most of these
solvents. For the polar solvents used in reversed-
phase LC, i.e., methanol, acetonitrile and water, the
heat of evaporation is significantly higher. This
means that, in order to vaporize identical volumes of
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TABLE 11

HEATS OF EVAPORATION OF SOLVENTS AT NORMAL
BOILING POINT

Solvent Heat of Solvent Heat of
evaporation evaporation
(cal/ml) (cal/ml)
n-Pentane 53 n-Hexane 53
Dichloromethane 104 Ethyl acetate 79
Acetone 95 Cyclohexane 66
Chloroform 88 Acetonitrile 143
Methanol 208 Water 540

Tetrahydrofuran 87
Diisopropyl ether S0

1,4-Dioxane 102

methanol and »n-pentane, four times more energy is
required for methanol. For water the difference is
even more pronounced. Compared with n-hexane
water requires ten times more energy for complete
vaporization. Obviously, this also implies a different
and much stronger cooling effect for methanol or
water than for other solvents.

Taking into account the effects of the operating
conditions on solvent elimination discussed above, a
representative chromatogram for a large-volume
injection of sample A (¢f., Table I) into a PTV
injector is presented in Fig. 8. The recoveries of the
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Fig. 8. Chromatogram of a large volume of test sample A
[numbers on the top of peaks indicate recoveries of components
(%)]; for peak identification see Table I. Operating conditions:
sample volume, 150 ul; concentration, 0.08-0.16 ng/ul; injection
speed, 20.8 ul/min; initial liner temperature, —20°C; purge gas
flow-rate, 210 ml/min; inlet pressure, S kPa; additional purge
time, 45 s; liner 2; column A.
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components of interest are dependent on their
volatilities. The more volatile components present in
the sample (n-nonane, 2-octanone and n-decane)
were largely lost. However, components with vola-
tilities lower than or similar to that of n-heptadecane
were more than 90% trapped. Selected operating
conditions were preliminary optimized with respect
to component recoveries. Further optimization is
required to achieve quantitative trapping of compo-
nents in a liner of the temperature-programmed
injector with large-volume sample introduction.

CONCLUSIONS

The temperature-programmed injector is an at-
tractive sample introduction system for large sample
volumes in capillary GC and it can also be used as an
interface for on-line coupling of microbore and
capillary LC and capillary GC.

During the introduction of large sample volumes
into a liner of the PTV injector the speed of sample
introduction and solvent elimination rate have to be
adjusted.

The theoretical model allows the calculation of
the solvent elimination rate (the maximum allow-
able speed of sample introduction) for large sample
volumes for different solvents under given operating
conditions assuming saturation of the purge gas
with solvent vapour and an isothermal evaporation
process. For speeds of sample introduction up to
about 50 ul/min the cooling effect during solvent
evaporation inside the liner can be neglected. Under
operating conditions that allow a higher injection
speed to be used, the speed of sample introduction
can be reliably estimated.

The solvent elimination rate can be significantly
increased at increased purge gas flow-rates and a
reduced pressure in the liner. Moreover, owing to a
reduced pressure in the liner during split solvent
elimination, the amount of solvent entering the
capillary column is significantly decreased.

Enlargement of the gas-liquid contact area im-
proves the process of saturation of the purge gas by
solvent vapour, which is beneficial in the solvent
elimination process.
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ABSTRACT

3-Hydroxytetradecanoic and 3-hydroxyhexadecanoic acids were used as chemical markers for the determination of lipopolysaccha-
rides by gas chromatography—mass spectrometry of their pentafluorobenzoyl and trimethylsilyl methyl ester derivatives. The latter
derivatives were simpler to prepare than the former, although both were chemically stable. Analysis of pentafluorobenzoyl derivatives
(chemical ionization mode with negative ion detection) provided somewhat better sensitivity than analysis of trimethylsilyl derivatives
(electron impact mode): 1 pg (injected amount) of pentafluorobenzoyl derivatives was detectable under routine conditions. Both types
of derivative gave similar values when used to measure lipopolysaccharides in a bacteria-contaminated pharmacological product. The
described methods are useful for the determination and characterization of lipopolysaccharides in various environments.

INTRODUCTION

Lipopolysaccharides (LPSs, endotoxins) are
characteristic, toxic outer-membrane constituents
of gram-negative bacteria [1], and they can induce
several pathophysiological reactions in humans [2].
Aitborne LPSs are considered to be a major occu-
pational health problem and have been associated
with, for example, development of respiratory dis-
eases, headache, fever, and irritation of the eye
[3-6].

The main method for the determination of endo-
toxins is the Limulus amebocyte lysate (LAL) test,
which is very sensitive and, in the chromogenic ver-
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sion, provides quantitative results. Unfortunately,
the specificity of the LAL test is limited since it can
be activated by many chemical structures other
than LPSs [7,8]. Hence, in several laboratories, ours
among them, the possibility of using gas chroma-
tography—-mass spectrometry (GC-MS) for endo-
toxin determination has been considered. Analytes
used with GC-MS are LPS-specific 3-hydroxylated
fatty acids. Both methyl-trimethylsilyl (Me/TMS)
derivatives (analysed by electron impact ionization
(ED) [9,10]), and methyl-pentafluorobenzoyl (Me/
PFBO) derivatives (analysed by chemical ionization
with negative ion detection (NICI) [11,12]) have
been used. However, no data comparing the GC-
MS characteristics of these derivatives have been
reported. Notably, most modern bench-top GC-
MS instruments lack facilities for NICI.

This paper compares the Me/TMS and Me/
PFBO derivatives of LPS-specific 3-hydroxy fatty
acids with respect to their ease of preparation,
chemical stability, and GC-MS characteristics.

1992 Elsevier Science Publishers B.V. All rights reserved
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EXPERIMENTAL

Chemicals and glassware

Nonanoic, tridecanoic, tetradecanoic, and hexa-
decanoic acids hydroxylated in position 3 (3-OH
9:0, 3-OH 13:0, 3-OH 14:0, and 3-OH 16:0, respec-
tively) were purchased from Larodan Lipids (Mal-
mo, Sweden). Bis(trimethylsilyl)trifluoroacetamide
(BSTFA, 98%),. pentafluorobenzoyl chloride
(PFBO-CI, 98%), dichloromethane (p.a., stabilized
with 50 ppm amylene), diethyl ether (p.a.) and ace-
tonitrile (99%) were from Janssen Chimica (Geel,
Belgium). Methano! (p.a.) and n-hexane (99%)
were from Lab Scan (Dublin, Ireland), acetyl chlo-
ride (p.a.) and pyridine (p.a) from Merck (Darm-
stadt, Germany), and triethylamine (TEA) from
Sigma (St. Louis, MO, USA). All chemicals were
used without further purification. The glass test
tubes (equipped with PTFE-lined screw-caps) were
heated at 350°C overnight before use.

Reagents

Methanolic HCI (1.3 and 3.6 M) was prepared by
adding acetyl chloride (1 or 3 ml) dropwise to meth-
anol (9 or 7.5 ml) at 0°C; 35% PFBO-CI solution
was prepared by adding 650 u! of acetonitrile to 350
ul of PFBO-CI; and 2% TEA solution was prepared
by mixing 980 ul of acetonitrile with 20 ul TEA. All
reagents were stored at 4°C in glass tubes with
PTFE-lined screw caps, and used within one week
of preparation.

Standard solutions

Stock solutions of the free hydroxy acids were
prepared by dissolving 5 mg of each acid in 5 ml of
hexane—~diethyl ether (4:1, v/v). LPS stock solutions
for the construction of calibration curves were pre-
pared by diluting Escherichia coli serotype 055:B5
LPS (Sigma) in pyrogen-free water to concentra-
tions of 1 and 10 ng/ul. The solutions were stored at
4 °C.

Derivatization of hydroxy acids and construction of
calibration curves

The free hydroxy acids 3-OH 14:0 and 3-OH 16:0
(250 ug of each) were heated in 1 ml of 1.3 M meth-
anolic HCI at 80 °C for 30 min. After the addition of
1 ml of distilled water, the samples were extracted
twice with 1 ml of n-hexane. and the combined hex-
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ane phases were evaporated to dryness under a
stream of nitrogen. Next, the samples were dis-
solved in 2.5 ml of hexane and divided into five
equal parts, which thus each contained 50 ug of
each acid. The solvent was then evaporated, and the
methyl esters were subjected to TMS or PFBO de-
rivatization as described below.

To four of the dried methyl ester samples were
added 30 ul of 35% PFBO-Cl and 20 ul of 2% TEA
(both in acetonitrile). To determine the influence of
the reaction temperature on the yield of the PFBO
derivatives, the four samples were heated for 1 h at
80°C, 100°C, 120°C and 150°C, respectively. Sub-
sequently, n-hexane (1.5 ml) and distilled water (1
ml) were added and after extraction, the hexane
phase was evaporated and the sample re-dissolved
in 250 ul of n-hexane.

TMS derivatization was accomplished by adding,
to the fifth sample, 50 ul of BSTFA and 5 ul of
pyridine. The sample was then heated at 80°C for 15
min. After evaporation of the pyridine, using a ni-
trogen stream, n-hexane was added to achieve a fi-
nal volume of 250 ul. Both the Me/PFBO and the
Me/TMS derivatives were analysed by GC using
flame ionization detection (see below).

To construct calibration curves, the pure 3-OH
14:0 and 3-OH 16:0 acids, plus an internal standard
(250 ug of each acid), were subjected to methanoly-
sis as above. PFBO derivatization (using 3-OH 9:0
as internal standard) was performed at 80°C for 1 h,
and TMS derivatization (using 3-OH 13:0 as inter-
nal standard) was performed as described above.
After serial dilution the final preparations were ana-
lysed by GC-MS in the EI (for the Me/TMS deriv-
atives), or the NICI (for the Me/PFBO derivatives)
mode.

Calibration curves for LPS analysis

To known amounts of LPS (in the range 5-1000
ng), 50 ng of either 3-OH 9:0 (for PFBO derivatiza-
tion) or 3-OH 13:0 (for TMS derivatization) were
added. The (dry) samples were heated overnight
(about 18 h) in 3.6 M methanolic HCI, and the
methyl esters were extracted with 1.5 ml of hexane
and 1 ml of water. The hexane layer was evaporated
under a stream of nitrogen, and redissolved in I ml
of hexane—dichloromethane (1:1, v/v). Each sample
was then applied to a disposable silica gel column (1
ml. Bond-Elut: Analytichem. Harbour City. CA.
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USA) to separate the methyl esters of hydroxylated
acids from those of non-hydroxylated acids. Prior
to use the column was washed with 1 ml of diethyl
ether followed by 1 ml of hexane—dichloromethane
(1:1, v/v). After the methyl ester preparations had
been applied to the column, 0.6 m! of hexane-di-
chloromethane (1:1, v/v) was added. The hydroxy
fatty acid methyl esters were eluted with 1.5 ml of
diethyl ether, and the solvent was evaporated.
Thereafter, PFBO or TMS derivatization was per-
formed as described above.

A calibration curve for the Me/PFBO derivative
was constructed by plotting the ratios of m/z 452
(LPS acid 3-OH 14:0) peak areas to mi/z 382 (in-
ternal standard 3-OH 9:0) peak areas against the
amounts of endotoxin added. Analysis was per-
formed in selected-ion monitoring (SIM) NICI
mode. Similarly, for the Me/TMS derivative, the
ions m/z 315 (LPS acid 3-OH 14:0) and m/z 301
(internal standard 3-OH 13:0) were used. Analysis
was performed in SIM EIl mode. The final prep-
arations were brought to a volume of 100 ul with
n-hexane, 1 ul of which was analysed by GC-MS.

Before each set of SIM analyses, a standard solu-
tion (containing ca. 500 pg of each derivatized acid)
was injected and analysed in scan mode for determi-
nation of retention time and m/z values for mon-
itoring. Injection (after the entire analytical proce-
dure) of blanks of solvents and reagents was per-
formed regularly to detect possible interfering com-
pounds.

Application

Internal standards (3-OH 9:0 and 3-OH 13:0, 100
ng of each) and 1 ml of 3.6 M methanolic HCI were
added to a dry pharmacological product suspected
(by the LAL test) to contain LPSs; the sample was
then heated at 100°C for 18 h. After this treatment
the preparation was purified using the Bond Elut
column (see above) and divided into two equal
parts, one for TMS derivatization and one for
PFBO derivatization (see above). These two parts
were then analysed by GC-MS in the EI and the
NICI mode, respectively.

Gas chromatography

A Varian Model 3500 (Los Altos, CA, USA) gas
chromatograph was used, equipped with a split/
splitless injector, a flame ionization detector, and a
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fused-silica capillary column (25 m X (.25 mm
I.D.) coated with OV-1 (SGE, Ringwood, Austra-
lia). The column temperature was programmed to
rise at 8°C/min from 120°C to 260°C. The nitrogen
carrier gas flow-rate through the column was 2 ml/
min. The temperature of the injector was 250°C and
that of the detector 270°C. The data were evaluated
by using a Chrompack control and integration sys-
tem with an IBM PS/2 Model 30 and a Chrompack
BD 70 printer/plotter.

Gas chromatography-mass spectrometry

A VG Trio-1 S GC-MS system (Manchester,
UK) was used. The gas chromatograph was a Hew-
lett-Packard Model 5890 (Avondale, PA, USA)
equipped with a fused-silica capillary column (25 m
x 0.25 mm 1.D) containing cross-linked OV-1 as
the stationary phase. Injections were made using a
Hewlett-Packard Model 7673 autosampler in the
splitless mode; the split valve was opened 1 min af-
ter the injection. Helium was used as the carrier gas,
at an inlet pressure of 7 p.s.i., and the temperature
of the column was programmed from 120°C to
260°C at 20°C/min. Both the injector and the in-
terface (between GC and MS) were kept at 260°C.
The Me/TMS derivatives were analysed in the EI
mode (ion source temperature 220°C) and the Me/
PFBO derivatives in the NICI mode (ion source
temperature 150°C), using both scanning and SIM.
Isobutane at a pressure of 10 p.s.i. was used as re-
agent gas. Jonization was performed at 70 eV.

RESULTS

Derivatization of hydroxy acids

The influence of reaction temperature on the
yield of the PFBO and TMS derivatives of the hy-
droxy acid methyl esters was studied by GC. TMS
derivatives were formed quantitatively after 15 min
at 80°C, therefore longer heating did not improve
the reaction yield. PFBO derivatization was com-
plete after heating at 80°C for 1 h (Fig. 1). At a
reaction temperature of 150°C, considerable de-
composition of the Me/PFBO derivative was ob-
served in the GC profile (Fig. 2); the same phenom-
enon was observed on GC-MS analysis (data not
shown). Both the Me/TMS and Me/PFBO deriv-
atives were chemically stable, as no decomposition
was observed after several weeks of storage at 4°C.
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Fig. 2. Gas chromatographic analysis of TMS (upper) and
PFBO (center, lower) methyl ester derivatives of 3-OH 14:0 and
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Mass spectra

Mass spectra of Me/TMS and Me/PFBO deriv-
atives of 3-OH 14:0 analysed in the EI and NICI
modes, respectively, are shown in Fig. 3. The spec-
trum of the Me/TMS derivative was characterized
by two abundant peaks with m/z 315 (M — 15, loss
of a CH; group) and m/z 175 (M — 155, cleavage of
C;—C, linkage); in the high-mass region, m/z 257
(M — 73, loss of a (CH3); Si group) was also seen.
The PFBO derivative produced a mass spectrum
dominated by m/z 452 (M). The Me/TMS and Me/
PFBO derivatives of the other 3-hydroxy fatty acids
studied produced analogous mass spectra.

Sensitivity and calibration curves

Calibration curves for the Me/TMS and Me/
PFBO derivatives of the individual hydroxy acids
are shown in Fig. 4. The lowest detectable injected
amounts of the TMS and PFBO derivatives were,
respectively, ca. 3 and 1 pg (signal-to noise ratio 4);
these values were obtained under routine analytical
conditions, using SIM focusing on mfz M — 15
(TMS derivatives) and m/z M (PFBO derivatives).
When using TMS derivatization, 3-OH 13:0 was
used as the internal standard, because the volatility
of the 3-OH 9:0 Me/TMS derivative led to its par-
tial evaporation, together with the pyridine, after
reaction.

Calibration curves for the LPSs, obtained using
3-OH 14:0 as the analyte, are also shown in Fig. 4.
Detection of a few nanograms of LPSs (starting ma-
terial) was easily accomplished, when using both
Me/TMS and Me/PFBO derivatization, following
injection of 1 ul of a final total sample volume of
100 ul. The two curves fitted the equations y =
4.7x — 54.4)107% (Me/TMS) and y = (3.9x —
50.6)10~ 3 (Me/PFBO); the correlation coefficient
was 0.9937 in both cases.

Application :

Fig. 5 illustrates mass chromatograms of the
freeze-dried pharmacological product after Me/
TMS and Me/PFBO derivatization of hydroxy
acids. The sample contained several 3-hydroxylated
fatty acids, the identities of which (3-OH 12:0, 3-
OH 14:0, 3-OH 16:0 and 3-OH 18:0) were establish-
ed by GC-MS analysis in scan mode. The amount
of LPSs in the sample was calculated by comparing
the peak areas of the hydroxy acids of LPSs with
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Fig. 3. Mass spectra of TMS (upper) and PFBO (lower) derivatized 3-OH 14:0 methyl ester analysed in the EI and the NICI mode,

respectively.

those of the internal standards. The number of
moles of the LPS-3-hydroxy acid derivatives was
then calculated and subsequently divided by four,
since one mole of lipid A generally contains four
moles of 3-hydroxy acids. The value obtained in
this manner was multiplied by an arbitrarily chosen
LPS molecular mass, in this case 8000, and the
amount of LPSs was thereby estimated to be 576
ng, using the Me/PFBO derivative, and 776 ng, us-
ing the Me/TMS derivative (Table I).

DISCUSSION
GC-MS analysis of 3-hydroxylated fatty acids al-

lows accurate quantitative measurement of endo-
toxins, even in complex environments. These acids

are present in lipid A, the part of the LPS molecule
that is responsible for endotoxic effects [13]. In ad-
dition, as the distribution of the 3-hydroxylated fat-
ty acids varies between different Gram-negative
bacteria, GC-MS analysis can also supply informa-
tion on the origin of LPS. For example, 3-OH 14:0
is the predominant 3-hydroxy acid in Enterobacte-
riaceaea, whereas 3-OH 10:0, 3-OH 12:0 and 3-OH
16:0 are indicative of Pseudomonadaceae, and sever-
al odd-numbered 3-hydroxy acids have been identi-
fied in a variety of bacterial species [14]. This in-
formation can, for instance, be useful for determin-
ing the origin of contamination caused by Gram-
negative bacteria.

In the present work, we compared TMS and
PFBO derivatization of 3-hydroxy fatty methyl es-
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ters for use in GC-MS analysis of endotoxins. TMS
derivatization was also used in early studies; a mini-
mum detectable amount (using the EI mode) of ca.
100 ng of LPSs per millilitre of sample was reported
[9]. Recently, PFBO derivatization was found to
provide superior sensitivity (using the NICI mode):
an amount of only 1 ng of LPSs was detectable [11].
The present detailed comparison of the two types of
derivative for LPS analysis was prompted by the
fact that several of the compact, low-cost modern
GC-MS instruments lack facilities for NICI analy-
sis, and the fact that the performance of GC-MS
instruments has been dramatically improved during
recent years.

The sensitivity of NICI analysis of Me/PFBO de-
rivatives was essentially the same as previously re-
ported [11] i.e. the presence of a nanogram amount
of LPSs in a sample was detectable under routine
working conditions. The difference in sensitivity be-
tween the Me/PFBO and Me/TMS derivatives of
3-OH 14:0 was lower than expected. The reason for
this is unclear, but the adsorption of subpicogram
amounts of the analyte in the GC-MS system might
be one explanation. In our experience, to achieve
optimal sensitivity, the following are necessary: (1)
PTFE-lined screw caps and clean glassware with a
non-active surface must be used; (2) contamination
from detergents, etc., must be carefully avoided
during sample preparation; (3) the glass liner in the
injection port of the chromatograph must be
changed or cleaned regularly; (4) a short (1-2 m)
interchangeable fused-silica pre-column should be
used or 1-m lengths of the inlet part of the analytical
column should be periodically removed to avoid

LIPOPOLYSACCHARIDE IN A PHARMACOLOGICAL SAMPLE

Values were calculated according to amounts of 3-hydroxylated fatty acids (12:0, 14:0. 16:0, and 18:0) analysed as Me/PFBO and
Me/TMS derivatives. “Relative amount” refers to an internal standard.

3-Hydroxy acid Relative amount Mol (x 10719) -Sum (mol) Mol LPS LPSs (ng)
Me|PFBO derivatives
12:0 0.46 1.07
14:0 0.73 1.50 1o 1o
16:0 0.12 0.22 2.86- 10 0.72-10 576
18:0 0.04 0.07
Me|TMS derivatives
12:0 0.40 0.93
14:0 0.75 1.53 C-to 1o
16:0 0.30 0.55 3.89-10 0.97 - 10 776
18:0 0.53 0.88
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Fig. 5. Mass chromatograms of a bacteria-contaminated pharmacological sample obtained by analysing (scan mode) PFBO (upper)
and TMS (lower) methyl ester derivatives of 3-hydroxylated fatty acids. For abbreviations, see text.

sample adsorption and/or decomposition on active
sites formed by carbonized material; (5) the ion
source should be frequently cleaned.

The amount of LPSs found in the studied phar-
macological sample when using TMS derivatization
differed somewhat from the amount found when us-
ing PFBO derivatization (Table I). This difference
was almost exclusively represented by a much high-
er relative amount of 3-OH 18:0 in the former case;
the adsorption of PFBO derivatives in the GC-MS
system cannot be excluded.

TMS derivatization is simpler to perform, i.e. the
reaction is quicker and requires one less extraction
step than PFBO derivatization. Furthermore, the
background noise was usually very low in Me/TMS
‘mass chromatograms, even when small amounts of
LPSs were analysed. Both types of derivative are
chemically stable. A general advantage that EI
analysis has over CI analysis is a longer filament
lifetime, but for optimal sensitivity, NICI analysis
of Me/PFBO derivatives is recommended.
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NOTE ADDED IN PROOF

The results presented in this paper were achieved
when the GC-MS instrument had been in use for 18
months. Thereafter the quadrupole pre-filter was
cleaned. This resulted in a considerable increase in
detection sensitivity of the 3-hydroxy fatty acid Me/
TMS derivatives, especially in SIM mode analysis
(data not shown). Thus, not only the condition of
the gas chromatograph and the ion source, but also
of the quadrupole pre-filter, is vital for high sensi-
tivity.
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ABSTRACT

The performance of a simple and reliable extraction method for the analysis of chlorinated solvents in soil was evaluated. The gas
chromatographic analysis of the final extracts dissolved in acetone showed that the tested compounds (tetrachloroethylene, trichlo-
roethylene, 1,1,1-trichloroethane and 1,2-dichloroethane) can be recovered with an efficiency ranging between 70 and 90% over a wide
concentration range in the sample. The method can be used for in situ analysis of polluted areas, dumping sites, sediments and sands.

INTRODUCTION

The contamination of the environment by halo-
genated methanes, ethanes and ethenes has been
widely investigated owing to the mutagenic effect of
some of these compounds [1-4]. The methods used
for the determination of these compounds in water
samples can be grouped into three different classes:
liquid—liquid extraction [5-7], static headspace [8—
11] and purge and trap [12.13]. The final concentrat-
ed extracts are analysed by gas chromatography
(GC) with specific electron-capture and Hall detec-
tors that exibit a very high sensitivity to these com-
pounds.

The extraction of halogenated compounds from
soil samples is carried out with water when their
expected concentration is below 1 mg/kg and with
‘methanol (followed by dilution of the extract with
water) when the expected concentration is higher
[14]. The aqueous solution is then analysed using
the methods mentioned above.

The use the headspace methods with solid sam-
ples has also been reported [15-19]. They require
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Castalia SpA, Via Borzoli 79A/r, I-16161 Genoa, Italy.
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dedicated instruments and a series of replicate sam-
plings in order to apply the so-called multiple head-
space extraction. The procedures can therefore
hardly be applied in field analyses. A large number
of analyses carried out during the decontamination
of a site polluted by tetrachloroethylene showed
that the application of the described methods is
complicated by the wide range of concentrations ex-
isting in the samples, which makes it difficult to pre-
dict the dilution needed to maintain the injected
sample within the linearity range of the detector
used. Further, the use of concentration methods for
the preparation of liquid extracts that must be
strongly diluted for GC analysis is time consuming
and may result in unacceptable errors.

The purpose of this paper is to present a simple
and reliable method for the analysis of contaminat-
ed soil for chlorinated industrial solvents.

EXPERIMENTAL

Soil samples were obtained from a site (Alessan-
dria, Italy) contaminated by tetrachloroethylene
discharged from metal-plating and degreasing oper-
ations. The soil samples were drilled and collected
from various depths in the contaminated area and
were transferred into amber-glass jars which were

1992 Elsevier Science Publishers B.V. All rights reserved
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closed with PTFE-lined caps and transported to the
laboratory in an ice-filled cooler.

A reference soil sample was taken from unpollut-
ed area in the same site, dried at 105°C for 24 h,
crushed, passed through a 0.075-mm sieve and used
for the preparation of the recovery samples.

Chemicals

Stock standard and working standard solutions
were prepared by dissolving aliquots of tetrachlo-
roethylene, trichloroethylene, 1,1,1-trichloroeth-
ane, 1,2-dichloroethane (Aldrich, Steinheim, Ger-
many) in pesticide-grade acetone (Merck, Darm-
stadt, Germany) and diluting with organic-free,
deionized, distilled water (Millipore, Bedford, MA,
USA).

The normal precautions appropriate for handling
volatile analytes were employed [12] and the work-
ing standards were checked against certified stan-
dards (Supelco, Bellefonte, PA, USA) and repre-
pared when the deviation was greater than 1%.

In recovery studies an accurately weighed 3-g
sample of clean reference soil was placed in a glass
flask with a ground-glass stopper, then 100 ul of
dilute aqueous standard were added with a micro-
syringe and the flask was stored for 12 h at 4°C to
minimize the losses due to evaporation and to allow
the chlorinated hydrocarbons to be absorbed by the
soil. Possible inhomogeneity of the distribution in
the sample is of minor importance because all the
spiked amount (3 g) is subjected to the analytical
procedure.

Analysis

The analyses were carried out with a Varian (Palo
Alto, CA, USA) Model 3600 gas chromatograph
equipped with a nickel-63 (8 mCi) electron-capture
detector.

A glass column (3 m x 1/4in. I.D.) packed with
10% SP-2100 on 80-100-mesh Supelcoport (Supel-
co) was used at 60°C with pure nitrogen as the carri-
er gas at a flow-rate of 30 ml/min. The on-column
injector was maintained at 70°C and the detector at
300°C.

The pH values of aqueous soil extracts [20] were
measured with an Orion Research Model 701 dig-
ital pH meter and the total organic carbon was de-
termined by the wet combustion method [20].

T. C. Gerbino et al. | J. Chromatogr., 623 (1992) 123-127

Procedures

The halogenated compounds are extracted from
3 g of soil with 60 ml of acetone-water (5:1) in a
100-ml stoppered flask and agitated for 2 h on a
shaker. The flask is then allowed to stand in the
dark at room temperature for 24 h. The losses of
volatile analytes in the extraction are minimal, as
the problem may arise when the partition is between
the headspace and water, where the compounds are
rather insoluble. The presence of the acetone layer
where the compounds are highly soluble strongly
reduced the losses due to evaporation and to liquid—
headspace partition.

An aliquot of clear upper layer (12 ml) is trans-
ferred into a 20-ml vial and 2 g of NaCl are added to
separate the water layer from the acetone contain-
ing the compounds to be determined [21,22].

A 2-ml volume of the acetone layer is taken, dried
with anhydrous CaCl, and stored in vials with
PTFE-lined caps at 4°C for further GC analysis; 3
ul of this solution are injected on to the column.

Series of samples spiked with different analyte
concentrations were run in duplicate. Analysis of
contaminated soils for tetrachloethylene was per-
formed in accordance with the procedure described
above.

The recovery of the extracted compounds was de-
termined by comparing the peak area from the
analysis of extracts with the peak area on the cali-
bration graph corresponding to the concentration
calculated from 100% recovery of the compound in
the organic layer.

RESULTS AND DISCUSSION

Tables I-IV show that the recovery of the com-
pounds is greater then 80% (except for 1,2-dichlo-
roethane) and seems to be independent of the con-
centration in the analysed soil. The lower recovery
observed for 1,2-dichloroethane is probably due to
the greater volatility of this compound. The lack of
a quantitative recovery may be explained by the
losses due to handling volatile analytes, but this sit-
uation reflects what may happen in authentic sam-
ples of contaminated soil, and it is therefore impor-
tant to follow the same procedure (times, temper-
atures, volumes) in the calibration and in the analy-
sis in order to minimize the fluctuations.

The incomplete recovery of the compounds is al-
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TABLE 1

RECOVERY OF TETRACHLOROETHYLENE (B.P. 121°C)
ADDED TO REFERENCE SOIL AT DIFFERENT LEVELS

Amount added Recovery (%)

(ug/kg)
Replicate 1 Replicate 2

54 95 91
108 81 83
162 89 93
540 92 87
1080 86 88
1540 76 84
3080 88 84
5400 84 91
Mean £+ S.D. 87.0 £ 4.9

so due to the different partition coefficients between
the aqueous and organic layers and to the mutual
miscibility of the two solvents [23]. The salting-out
effect due to the addition of NaCl increases the re-
covery to an extent that depends on the solubility in
the two layers [24].

The pratical detection limit is about 10 ug/kg for
tetrachloroetylene, 100 ug/kg for 1,1,1-trichloroeth-
ane and trichloroetylene and 1 mg/kg for 1,2-di-
chloroethane, owing to the different responses of
the detector to these molecules [25].

The overall linearity of the method also depends
on the linear dynamic range of the electron-capture

TABLE 11

RECOVERY OF TRICHLOROETHYLENE (B.P. 87°C)
ADDED TO REFERENCE SOIL AT DIFFERENT LEVELS
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TABLE 111

RECOVERY OF 1,1,1-TRICHLOROETHANE (B.P. 74°C)
ADDED TO REFERENCE SOIL AT DIFFERENT LEVELS

Amount added Recovery (%)

(ug/kg)
Replicate 1 Replicate 2

40 74 70

80 76 87
120 99 99
400 76 85
800 74 80
1200 77 78
2400 84 88
4000 88 88
Mean + S.D. 82.6 + 8.6

detector, which is a function of the analysed com-
pound and generally ranges within 2-3 orders of
magnitude [25]. When the detector signal is above
the linear range, a plateau region is observed on the
sensitvity plot, an apparent concentration lower
than the true value is found and the correct quanti-
tative analysis requires a suitable diluition of the
extract. If the concentrations of the various com-
pounds differ widely, two or more samples with dif-*
ferent dilution factors should be injected in order to
detect each compound within its linearity range.
The high recovery and satisfactory reproducibil-
ity over a wide concentration range, from a few ug/

TABLE IV

RECOVERY OF 1,2-DICHLOROETHANE (B.P. 57.2°C)
ADDED TO REFERENCE SOIL AT DIFFERENT LEVELS

Amount added Recovery (%)

Amount added Recovery (%)

(ug/ke) (ne/kg)
Replicate | Replicate 2 Replicate 1 Replicate 2
44 83 78 3750 62 56
88 91 82 7500 61 68
176 89 83 11 250 81 78
438 81 84 37 500 67 75
876 86 90 75000 89 91
1314 96 94 150 000 83 88
2628 84 86 300 000 77 78
4380 79 90 375 000 69 64
Mean + S.D. 86.0 £ 5.2 Mean + S.D. 74.0 £ 10.7
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TABLE V

T. C. Gerbino et al. | J. Chromatogr., 623 (1992) 123-127

REMOVAL OF TETRACHLOETHYLENE FROM CONTAMINATED SOILS AS FUNCTION OF EXTRACTION TIME,

WITH pH AND TOC VALUES OF THE SOILS EXAMINED

Sample Depth pH TOC Amount extracted (ug/kg)
No. (m) (mg/kg)
2h 24 h 48 h

1 1-1.40 7.76 3201 2245 5089 5239
2 2-2.40 8.00 1656 2305 4742 4775
3 3-3.40 7.66 4505 9922 28 228 26 884
4 4-4.40 7.38 3954 13 423 34182 38 354
5 5-5.40 7.70 2878 6106 7549 7388
6 6-6.40 7.73 618 149 646 684
7 7-7.40 8.61 873 681 1238 1375
8 8-8.40 7.71 691 76 173 170
9 9-9.50 7.83 564 16 67 70

kg to hundreds of mg/kg, show that the method can
be used for the extraction of chlorinated com-
pounds from soil polluted in different environments
and therefore containing variable amounts of con-
taminants, e.g., spill-over of solvents from chemical
plants, reclaimed areas contaminated by industrial
wastes and dumping sites. The experiments with
soil samples spiked with known amounts of stan-
dards showed that the extraction is virtually com-
plete after 2 h of extraction on a shaker.

It has been reported [26] that the sorbed com-
pounds in contaminated soil may be highly resistent
to desorption. The slow release of trichloroethylene
from contaminated soil requires an extended equili-
bration time for extraction; the equilibrium steady
state is reached within 24 h [27,28].

Table V reports the recovery efficiency for tetra-
chloroethylene from various samples of contami-
nated soil as a function of extraction time and con-
firms that the equilibrium between the extracted tet-
rachloroethylene and that still retained in the soil is
complete within 24 h. This behaviour does not de-
pend on the pH and total organic carbon (TOC)
values (Table V), which has been correlated with
the sorption of organic compounds in soils and sed-
iments [29-31]. This is expected for pH as a change
in pH should not affect the desorption of non-polar
tetrachloroethylene.

It has been well documented that there is a linear
relationship between soil organic carbon and parti-
tion coefficients, but when the organic content is
low (about 0.1%), the organic fraction is not a valid

predictor of the sorption of organic compounds and
other sorbent properties, such as specific surface
area and cation-exchange capacity, may control the
adsorption of non-polar organic compounds.

The available literature data [28] and the experi-
mental results ¢onfirm that a 24-h extraction time is
preferred in order to ensure the complete recovery
of the halogenated compounds from contaminated
soil.

CONCLUSIONS

The suggested method permits the determination
of chlorinated compounds in polluted soil to be car-
ried out in a short time and with high and reproduc-
ible recoveries. The compounds can be analysed
over a wide range of concentrations without the
problems connected with the extraction methods
obtained by modifying the procedures used for the
analysis of liquid samples and without requiring
dedicated instruments such as for multiple head-
space extraction.

The simplicity of the procedure permits its appli-
cation in field conditions mainly when a rapid anal-
ysis is necessary to evaluate the performance of re-
medial measures by conventional treatment or bi-
ological techniques, and is independent of variable
soil parameters such as pH and TOC.

Further experiments are in progress in order to
evaluate whether the proposed method can be ap-
plied to the analysis of sites that have been contam-
inated for many years (= 10 years), where the ha-
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logenated compounds may be strongly adsorbed. It
has in fact been reported [27,29,32] that the recov-
ery and efficiency may depend on the age of the
polluted sample.
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ABSTRACT

A multivariate optimization method, based on the method of steepest ascent, is proposed for the separation of two enantiomers on a
chiral stationary phase in open-tubular column supercritical fluid chromatography. The objective of the method is to optimize start
density, density gradient and temperature in order to locate a desired resolution in a first step and, if desired, minimize the retention

time in a second step without decrease in resolution.

INTRODUCTION

Open-tubular column supercritical fluid chroma-
tography (SFC) is a promising technique for chiral
separations {1,2]. It possesses important advantages
over gas chromatography (GC) and liquid chroma-
tography (LC) such as combined low-temperature
elution and access to a wide range of detection
methods, including “universal” and sensitive flame
ionization detection (FID). Low temperature is
important when working with chiral separations as
it will increase the chiral selectivity [3] of the
chromatographic system and reduce the probability
of racemization or thermal decomposition of the
enantiomers.

There are several factors that simplify the optimi-
zation of a chiral separation in comparison with the
separation of more complex mixtures. In most
instances, the purpose of the separation is to deter-
mine the ratio of the amounts of the two enan-
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tiomers of a chiral compound and therefore only the
resolution and retention times of the two enan-
tiomers have to be monitored. This eliminates the
need for the definition of more or less imaginative
quality measures, often refered to as response func-
tions [4,5]. In addition, there have been no reports,
to our knowledge, of a reversal of elution order of
enantiomers in SFC due to different elution temper-
ature or density. Therefore, there should be no need
for peak tracking [6] during the optimization. The
number of variables that can be used to optimize a
chiral separation using SFC-FID with a certain
column, restrictor and mobile phase are limited to
density/pressure, temprature and gradients of these,
as organic modifiers (possibly with the exception for
formic acid) are not suitable in combination with
FID. In the method described in this paper, the start
density, density gradient and temperature are the
variables chosen for optimization, a compromise
between the number of variables/experiments and
possibilities available to achieve the desired separa-
tion.

Multivariate optimization of separations in SFC
is a relatively new area where, until now, only two
papers have been published, neither of which treated
chiral separations. Crow and Foley [7] described the
use of a modified simplex algorithm whereas Ong et

1992 Elsevier Science Publishers B.V. All rights reserved
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al. [8] chose to use overlapping resolution mapping.
In the former study it was concluded that the
parameters that control the separation are highly
synergistic and therefore it would not be appropriate
to use an univariate optimization strategy.

For the separation of two enantiomers by open-
tubular column SFC-FID, a multivariate optimiza-
tion method consisting of two steps is suggested: the
first step locates and verifies the conditions of the
desired resolution after approximately six experi-
ments and the second step provides the possibility of
continuing with a minimization of the retention time
without a decrease in resolution. In this step sequen-
tial experiments are carried out until little progress is
made. A minimization of retention time should
result in an increase in peak height and therefore a
more favourable signal-to-noise ratio for the deter-
mination of optical purity. This optimization meth-
od has been designed in a way that does not require
any advanced software or skills in programming.

THEORY

Measure of resolution

The chiral resolution (CR) was calculated as a
measure of the separation of two enantiomers. This
measure was defined by Aichholz et al. [9] as a chiral
analogy to the trennzahl (7Z) or separation number

(SN):

(tr)2 — (tR)1
CR=————""— 1 1
()2 + (W) M
where tg is retention time and wy, is peak width at
half-height.

Determination of resolution

Chiral resolution was calculated from retention
times and peak widths obtained by the fitting of two
Gaussian functions to the recorded data. As long as
the peaks have a shape that is approximately
Gaussian, as in most instances in open-tubular
column SFC, these variables can easily be estimated
even for overlapping peaks (Fig. 1). The peak fitting
of overlapping peaks is simplified by the assumption
of equal widths for both peaks.

Steepest ascent
Box and Wilson first described the method of
steepest ascent in 1951 [10]. In this method, a
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Fig. 1. Overlapping (CR = —0.316) and baseline-resolved
(CR = 0.274) peaks of the enantiomers of diethyl tartrate
illustrating the advantage of fitting Gaussian functions for the
estimation of peak widths and retention times. Conditions: (A)
CO,, 78°C, start density 0.325 g ml™?, density gradient 0.037 g
ml~! min~?; (B) CO,, 91°C, start density 0.175 g ml~*, density

1

gradient 0.054 g ml~! min~'.

first-order polynomial is fitted from initial experi-
ments in a subregion of the experimental domain.
The response is maximized by sequential experi-
ments in the direction that results in the largest gain
in response. This is done by moving along the vector
described by the coefficients of the polynomial.
Subsequent experiments along the vector are con-
tinued until the curvature is considerable or little
progress is made. If the former applies the optimiza-
tion is ended or repeated around the experiment
which resulted in the largest response.

Step one: location of the desired resolution

Five experiments are performed in a half-frac-
tional factorial design [11] shaped as a cube with
experiments located in the centre and in four of the
corners (Fig. 2A) (the experimental domain is
chosen from the result of previous “scouting”,
always necessary to judge if the stationary phase
possess chiral selectivity for the analyte in question).
From these five experiments a first-order polynomi-
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al (eqn. 2) is fitted as a model of chiral resolution.
The fitting is performed by the general least-squares
matrix solution for linear models [11] (eqn. 3). If the
variables (x,-x3) are coded in threelevels, — 1, 0 and
+1, as illustrated in Table I, the fitting is simplified,
and only the matrix of the response has to be
changed in order to fit different models.

CR =0 + a1x1 + 02X + azx3 (2)
1 0 0 0 CR,
2o 1 -1 1 1 CR2
A=lo | X=|1 1 -1 1 CR = | CR,4
24} 1 1 1 -1 CR4
o3 1 -1 -1 -1 CR;

A = (X'X)"!X'CR 3)

The empirical coefficients of the polynomial
(ay—3) provide the direction which results in the
largest gain in resolution, the vector of steepest
ascent (Fig. 2B). The point on this vector where the
desired resolution (CR¥) is obtained is given by eqns.
4-6 in coded values. The scale factor (4), which is
related to the distance from the centre of the design,
is calculated according to eqn. 7. If there is an
unacceptable deviation between model and reality,
the scale factor is adjusted towards higher/lower
resolution.

x; = oA 4)

x;j=o;4 )

X = o4 (6)
CR* — oy

T ol +of M
Step two: minimization of retention time

If the retention time is critical for the analysis, it is
possible to minimize it without reducing the resolu-
tion. This is done by a modified method of steepest
ascent as described below.

From five experiments, a half-fractional factorial
design around the experiment which gave the desired
resolution (Fig. 2C), first-order polynomials are
fitted as models for the chiral resolution and the
retention time of the last-cluting enantiomer (eqns. 8
and 9).

CR = Bo + Bix1 + Paxs + Bax; ®
(tR)z = o + P1X1 + y2X2 + y3x3 )]
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Fig. 2. Schematic illustration of the multivariate optimization
method: (A) Five experiments to estimate a linear model for chiral
resolution; (B) calculation of the location of the desired resolution
along the vector of steepest ascent; (C) four experiments to
estimate linear models for the chiral resolution and the retention
time of the last-eluting enantiomer; (D) minimization of the
retention time by a line search along the vector of steepest ascent
for the retention time of the last eluting enantiomer. The chiral
resolution is kept above a specified value.

The coefficients of eqn. 9 give the vector of steepest
ascent for the retention time. However, in order to
keep the resolution equal to or higher than the
desired resolution during the minimization, eqn. 9
has to be modified. This is done by isolating one of
the variables of eqn. 8, as a dependent variable (x,),
and including the desired resolution in this expres-
sion (eqn. 10). The dependent variable is chosen so
that the starting point of the line search (see below) is
located as close as possible to the centre of the
experimental design (i.e., x; = x; = 0). The com-
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bination of eqns. 9 and 10 provides an expression
(eqn. 11) that allows the minimization of the reten-
tion time without a decrease in resolution.

CR* — o — Bix; — Bjx;
Bi

(10)

X =

CR*—fo —.Bixi—ﬁij)

(fR)2=70+?ixi+ijj+)’k< B
k

(11)

To minimize the retention time, an initial step size
for one of the independent variables (x;) is chosen by
the analyst while the other independent variable (x;)
is calculated by this initial step size and the coeffi-
cients of eqn. 9 (eqns. 12 and 13).

0 = xi/y; (12)
xj=7;0 13)

In order to reduce the number of experiments
along the vector, a method for line search is applied
(Fig. 2D), i.e., the step size is doubled for every step
until the direction of the search is changed for the
first time. From this moment the step size is halved
for every step no matter what the direction is (Fig.
3). The direction of the line search is changed when
the resolution decreases or the retention time in-
creases relative to the best experiment in the line
search (when a specified limit is passed, i.e., the
lower/upper limit of a confidence interval for the
variable). The line search is ended at the point where
the step size is limited by the chromatographic in-
strumentation. Four experiments in a half-fractional
factorial design centred around the last experiment
in the line search will give new linear models and
another vector of steepest ascent to follow. This
procedure is repeated until little progress is made.

(1] 2.3.4 6&85

Fig. 3. Illustration of the line search along the vector of steepest
ascent; the step size is doubled for every step until the direction of
the search is changed (5). From this moment the step size is halved
for every step. The direction of the line search is changed when the
resolution decrease or the retention time increase relative to the
best experiment in the line search (5 and 6). The line search is
ended at the point where the step size is limited by the
chromatographic instrumentation (8).
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EXPERIMENTAL

Instrumentation

The chromatograms were obtained with a Series
600-D SFC system (Dionex, Salt Lake City, UT,
USA) equipped with a flame ionization detector
(350°C). The injector consisted of a Model CI4W.2
high-pressure four-port valve injector with a 0.2-ul
sample loop (Valco Instruments, Houston, TX,
USA) and a splitter (300 um 1.D.) (SGE, Austin,
TX, USA). SFC-grade CO, (Scott Speciality Gases,
Plumsteadville, PA, USA) was used as the mobile
phase at an average linear velocity of ca. 1.5cm s™ !
(60°C, 0.30 g ml~ ) controlled by a deactivated frit
restrictor (50 uym 1.D.) obtained from Dionex.
The chromatograms were registered with a Model
SP4290 integrator (Spectra-Physics, San Jose, CA,
USA) and transferred to a Macintosh IIfx computer
(Apple Computer, Cupertino, CA, USA) for further
treatment.

Column

An open-tubular column (5 m x 50 ym LD.)
coated with a chiral copolymeric stationary phase,
poly[(1R)-trans-N,N’-1,2-cyclohexylenebisbenz-
amide]oligoalkylsiloxane [12] (film thickness =~ 0.25
um), was used.

Samples

(—)- and (+)-diethyl tartrate were purchased
from Aldrich (Steinheim am Albuch, Germany).
Ethyl-(2R,3S)-dihydroxyoctanoate and ethyl-(25,
3R)-dihydroxyoctanoate were provided by K. B.
Sharples (Massachusetts Institute of Technology)
and (+)-mephenytoin by Sandoz (Basle, Switzer-
land). Ethanol was used as the solvent except for
mephenytoin, which was dissolved in toluene.

Software

The chromatograms were transferred from the
integrator and subsequently decoded with an in-
house written routine in Microsoft QuickBasic
(Microsoft, Redmond, WA, USA). A program for
general graphing and data analysis, Igor (Wave
Metrics, Lake Oswego, OR, USA), was used for
peak fitting and Microsoft Excel was used for all
other calculations.
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RESULTS AND DISCUSSION

The optimization method is exemplified in Tables
I-VI with the separation of ethyl-(2R,3S)-dihydro-
xyoctanoate and ethyl-(2S,3R)-dihydroxyoctanoate.
According to the two-step theoretical discussion, a
two-step optimization was performed, as follows.

TABLE 1

Step one: coding of variables
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Step ome: conditions for the desired resolution
were located as follows. The levels of the variables
were coded (Table 1) and five experiments per-
formed according to a half-fractional factorial de-
sign. An experiment in the centre of the design was
included to give the possibility of detecting large
deviations from the linear model (Table II). Using

Coded variable® -1 0 +1
D, Start density (g ml™") 0.270 0.300 0.330
t Temperature (°C) 47 50 53
D, Density gradient (g ml™! min~1) 0.007 0.010 0.013

" x; = (Do — 0.300)/0.030; x, = (1 — 50)/3; x5 = (D — 0.010)/0.003.

TABLE 1I

Step one: half-fractional factorial design for the location of the desired resolution

Experiment Coded variables® Dy t D, CR (tR)2
No. egml™) (C) (gml ! min™!) (min)
X1 X2 X3

1 0 0 0 0.300 50 0.010 0.825 17.336
2 -1 1 1 0.270 53 0.013 0.756 16.270
3 1 -1 1 0.330 47 0.013 0.516 15.077
4 1 1 -1 0.330 53 0.007 0.659 15943
5 -1 -1 -1 0.270 47 0.007 1.219  25.980

4 See Table 1.

TABLE III

Step two: first half-fractional factorial design for the minimization of the retention time

Experiment Coded variables® Dy t D, CR (tR)2
No. (gml™) (°C) (gmi~! min~Y) (min)
X3 X3 X3
6 0 0 0 0.344 52 0.013 0.281  12.251
7 -1 1 1 0.314 55 0.016 0.365 11.882
8 1 -1 [ 0.374 49 0.016 0.050 11.180
9 1 1 -1 0.374 55 0.010 —0.009  10.964
10 —1 -1 -1 0.314 49 0.010 0.632 16416

“ In analogy with Table I, x; = (Do — 0.344)/0.030; x, = (1 — 52)/3; x3 = (D — 0.013)/0.003.
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TABLE 1V
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Step two: line search along the first vector of steepest ascent for the retention time

Experiment Dy t D, ) CR (tR)2
No. @E@ml™) (°C) (gml~'min~") (min)
11 0.343 52 0.013 0.000 0.327 12.303
12 0.338 53 0.014 —0.281 0.306 11.998
13 0.327 55 0.016 —0.842 0.283 11.423
14 0.306 59 0.020 —1.965 0.231 10.454
15 0.316 57 0.018 —1.404 0.264 10.944
16 0.311 58 0.019 —1.684 0.255 10.704
TABLE V

Step two: second half-fractional factorial design for the minimization of the retention time

Experiment  Coded variables® Dy t D, CR (tr)2
No. egmi™) (C) (gmi™' min~?) (min)
Xy X2 X3 .

17 0 0 0 0.311 58 0.019 0.255  10.704
18 -1 1 1 0.281 61 0.022 0.278 10.413
19 1 -1 | 0.341 55 0.022 0.086 9.734
20 1 1 -1 0.341 61 0.016 0.041 9.491
21 —1 -1 -1 0.281 55 0.016 0.547 13.629

“ In analogy with Table 1, x, = (Do — 0.311)/0.030; x; = (t — 58)/3; x3 = (D, — 0.019)/0.003.

TABLE V]

Step two: line search along the second vector of steepest ascent for the retention time

Experiment. D, t D, I} CR (tr)2
No. (gml™) (C) (gml™'min™") (min)
22 0.305 58 0.019 0.000 0.303 10.911
23 0.298 59 0.020 —0.385 0.284 10.738
24 0.283 61 0.022 ~1.156 0.280 10.410
25 0.254 65 0.025 —2.698 0.221 9.969
26 0.269 63 0.023 —1.927 0.245 10.177
27 0.276 62 0.022 —1.542 0.265 10.293

the coefficients of the polynomial fitted for the chiral
resolution (eqn. 14), the location of the desired
resolution, CR* = 0.274, along the vector of steep-
est ascent was calculated:

CR=0.7949 —0.2001x; —0.0799x, — 0.1512x5 (14)

The suggested conditions (Table 111, experiment 6)
gave a CR value (0.281) that is within an acceptable
resolution range. To estimate this standard error of
resolution, a large number of experiments were
carried out and it was found that CR* + 0.025isa
reasonable range (90% confidence interval for base-
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line resolution, n = 18). This estimate is not re-
quired in order to perform an optimization, it was
merely a necessary step in the development of the
method.

Step two: the retention time was minimized ac-
cording to the modified method of steepest ascent. A
half-fractional factorial design was located around
the point of the desired resolution and the levels of
the variables were coded in analogy with Table 1.
From the results of these five experiments (Table
IIT), polynomials were fitted for the chiral resolution
and the retention time of the last eluting enantiomer,
respectively (eqns. 15 and 16).

CR=0.2637—0.2394x, — 0.0815x, — 0.0520x; (15)
(tr)2 = 12.5387 — 1.5388x; — 1.1875x, — 1.0794x;

(16)

The coefficients of these polynomials were used to
follow the vector of steepest ascent for the retention
time of the last-eluting enantiomer (Table IV). In
this line search, the coded temperature (x,) was
chosen as the independent variable which deter-
mined the initial step size. The coded start density
(x1) was chosen as the dependent variable. [As a
result of the definition of the dependent variable
(eqn. 10), the first experiment in a line search does
not necessarily result in a retention time that is

OH O

/\/\)\HLO/\

OH

T T T i 1
9.0 9.5 10.0 10.5 11.0
min

Fig..4. Optimized separation of ethyl-(2R,3S)-dihydroxyocta-
noate and ethyl-(2S,3 R)-dihydroxyoctanoate. The desired resolu-
tion was located after six experiments. An additional 20 experi-
ments resulted in a 16% decrease in the retention time of the
last-eluting enantiomer. Conditions: CO,, 62°C, start density
0.276 g ml~ !, density gradient 0.022 g ml~! min~'.
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shorter than in the previous experiment, as seen in
Table IV.] After six experiments along the vector,
the smallest possible change in temperature was
reached and four experiments in a half-fractional
factorial design (Table V) gave two new polynomials
(eqns. 17 and 18) and a third vector to follow (Table
VI).

CR=0.2413—-0.1746x; — 0.0786x, — 0.0558x3 (17)
(tr)2 = 10.7943 — 1.2043x; — 0.8648x, — 0.7430x;

(18)

After this second line search, the optimization was
ended (Fig. 4). At this point the retention time had
been reduced by 16% compared with the point
where the desired resolution was achieved.

A more detailed investigation of the response
surface around the last experiment was performed
by a central composite design [11]. Second-order
polynomials fitted to these results as models of
resolution and retention time revealed that the area
of optimum conditions had been reached.

Before deciding to use the method of steepest
ascent, one alternative approach using a central
composite design was evaluated. Unfortunately, the
desired resolution often covered a large experi-
mental domain and a central composite design could
therefore not provide models which were good
enough to locate optimum conditions. However,
these experiments clearly indicated the need to
optimize the start density, density gradient and
temperature. Further, it showed that a first-order
polynomial should be a good approximation of
models for both resolution and retention time in a
subregion of the experimental domain (the response
surfaces obtained from the central composite designs
were smooth and slightly parabolic).

Figs. 5 and 6 show two other applications of the
optimization method where the enantiomers of
(+)-mephenytoin, an anticonvulsant drug, and
(t)-diethyltartrate were separated at retention
times comparable to those of a rapid GC analysis. In
the three examples the decreases in retention time,
from the point of location of the desired resolution
to the point of location of the area of optimum
conditions, are in the range 3-19%.

One problem that often is associated with sequen-
tial methods, such as the method of steepest ascent
or the simplex algorithm, is the risk of finding a local
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1
25 3.0 3.5 4.0 45 5.0

Fig. 5. Optimized separation of the enantiomers of the anti-
convulsant drug mephenytoin. The desired resolution was located
after seven experiments. An additional 18 experiments resulted in
a 3% reduction of the retention time of the last eluting enan-
tiomer. Conditions: CO,, 92°C, start density 0.555 g mi™!,
density gradient 0.024 g ml~* min~!

optimum instead of the true optimum. As only the
two enantiomers are to be separated and, as men-
tioned above, the response surfaces for both resolu-
tion and retention time are smooth and slightly
parabolic, there should be no risk of hitting a local
optimum with the described optimization proce-
dure. Therefore, the minimization of retention time

L] 1
2.0 2.5 3.0 3.5 4.0
min

Fig. 6. Optimized separation of the enantiomers of diethyl
tartrate. The desired resolution was located after seven experi-
ments. An additional 21 experiments resulted in a 19% decrease
in the retention time of the last-eluting enantiomer. Conditions:
CO,, 91°C, start density 0.175 g ml~*, density gradient 0.054 g

ml~! min~L
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in step two should also reach the optimum area
sooner or later by a successive application of the
method. The reliability of this location of optimum
conditions is dependent on the number of experi-
ments and therefore at least two vectors of steepest
ascent ought to be followed. An assumption made in
this second step, probably of no practical impor-
tance, is that the shortest possible retention time at a
certain resolution increases with increasing resolu-
tion.

The method outlined is designed to optimize the
separation of two enantiomers without any interfer-
ing compounds present in the sample. If interfering
compounds are present a modified approach should
be used. Step one provides conditions that give the
desired resolution of a racemic standard solution. A
central composite design, or alternatively a modified
simplex algorithm, located in this limited experi-
mental domain should then have good possibilities
of finding optimum conditions.

The deterministic gradient theories that have been
developed for GC [13-15] and LC[16,17] with good
results may also be useful for the optimization of
separations performed by SFC. There are, however,
a number of complications such as changes in
efficiency/mass transfer, linear velocity, etc., during
a density program.

CONCLUSIONS

It has been shown that the suggested method can
be used to optimize chiral separations in open-tubu-
lar column SFC. It has also been shown that it is
sufficient to use three parameters, start density,
density gradient and temperature, in order to reach a
desired resolution within a specified range (if possi-
ble with the chromatographic system) and, if the
retention time or signal-to-noise ratio is critical,
minimize the retention time without a reduction in
the resolution. The method was demonstrated using
open-tubular column SFC, but it is also applicable
to chiral separations in GC. It should be noted that
all calculations are possible with commercial soft-
ware and without skills in programming.
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Computer-aided optimization of gradient multiple-
development thin-layer chromatography

I. Two-stage development

W. Markowski and E. Soczewinski

Department of Inorganic and Analytical Chemistry, Medical Academy, Staszica 6, 20-081 Lublin ( Poland)
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ABSTRACT

A theoretical model of the simplest version of gradient multiple development, the technique of two-step development, is discussed as a
preliminary stage to a general theory of planar multi-step development and automated multiple development (AMD). A computer
program for the calculation of final R, values for two-step development in the gradient mode for known retention vs. eluent composi-
tion relationships is reported. Comparison of predicted and experimental R,, values shows satisfactory agreement; still better agreement

is observed for the consecutive 4R, values.

INTRODUCTION

The multiple development technique in thin-layer
chromatography (TLC) is a modern concept which
enables high spot capacities to be attained and is
suitable for the analysis of very complex mixtures
[1-4]. The evolution of this method has occurred in
three principal stages. The first is concerned with the
formulation of the experimental technique and a
better understanding of the phenomena involved in
the process of multiple development. The second
relates to attempts to automate the process: the
method of programmed (isocratic) multiple devel-
opment. The third, still in progress, is represented by
the automation of multiple gradient development
introduced by Burger [5].

In all techniques of multiple development, the
plate is repeatedly developed in the same direction,

Correspondence to: Dr. W. Markowski, Department of Inorganic
and Analytical Chemistry, Medical Academy, Staszica 6, 20-081
Lublin, Poland.

0021-9673/92/$05.00 ©

with intermittent evaporation of the mobile phase
between the consecutive developments. If the layer is
developed many times to the same distance with the
same eluent and the plate is removed from the
chamber between the stages to evaporate the sol-
vent, the process is called unidimensional multiple
chromatography; it was applied in this form by
Jeanes et al. [6]. A variation of this technique, called
incremental multiple development, consists in the
stepwise change of the development distance which
is the shortest in the first step and is then increased
usually by a constant increment; the last develop-
ment step corresponds to the maximum develop-
ment distance. If in the process of multiple develop-
ment the solvent strength of the mobile phase is
varied, the technique is then called gradient multiple
development in either the unidimensional or the
incremental version. The change in the mobile phase
may concern several or all steps. Depending on the
properties of the components of the mixture to be
analysed, an increasing or decreasing gradient of
solvent strength can be applied. The process of

1992 Elsevier Science Publishers B.V. All rights reserved
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multiple development with an increasing gradient
can be described by a model and equations reported
earlier [7-12], modified to take into account inter-
mittent evaporation of solvents. Such gradients are
advantageous when the mixture is to be separated
into fractions containing several components. In the
simplest case of a decreasing stepwise gradient, the
layer is developed to half the distance with a polar
eluent that separates the most polar components in
the lower part of the chromatogram; the less polar
components are accumulated in the front area. Their
separation occurs in the second stage when the layer
is developed to the full distance with a less polar
eluent. The incremental, multi-step version of this
technique, with programmed, automated develop-
ment and evaporation steps, is called automated
multiple development [13,14]; owing to flattening of
the spots at each passage of the front, increased
separation efficiencies are obtained and the method
is considered to be the most effective and versatile
technique of TLC [15].

In spite of the advantages of multiple gradient
development, there is no adequate model or theory
of decreasing stepwise gradient necessary for ratio-
nal optimization procedures.

In this paper, we present a basic theory of gradient
multiple development (with ‘computer assistance)
limited to the simplest case of two-step development,
carried out in a horizontal sandwich chamber [16—
18]. A comprehensive general theory of planar
gradient multiple development will be presented in a
later paper [19]. It should be added that the theory of
multiple development with intermittent evaporation
of the solvent is inherently different from the
technique of mobile phase gradients [7-12]. The
theory and complete programs apply also to isocratic
multiple development, assuming a constant solvent
strength, ie., k' values of individual components.

THEORY

The process of two-step gradient development
will be considered. The following assumptions are
made: (i) a binary eluent is employed and the solvent
strength is decreased in the second development; (ii)
two steps are necessary to develop a plate, which
corresponds to a total development time of 0.5-1 h,
and the total migration distance is less than 10 cm;
(iii) after the first development to a distance z,

[z(1y < 1], thelayer is dried under vacuum, so that the
first solvent is completely removed from the plate
and the composition of the second solvent intro-
duced in next step is not changed; (iv) the second
development is to the total distance z(; = 1.0; and
(v) a quantitative retention vs. solvent composition
relationship of the solutes for the given adsorbent—
eluent system is assumed.

For this purpose, one of the well known equations
could be applied (see ref. 20 for logarithmic forms of
the equations) to normal phase systems:

G = M

and to reversed-phase systems:

, ki
k(j'i) = 10™uci @

where k{; ;is the capacity factor of solute j for the ith
consecutive gradient step, k¢, is the capacity factor
of solute j for unit concentration of modifier (vol-
ume fraction ¢ = 1) for eqn. 1 and for unit concen-
tration of water [c; = 0] for eqn. 2 and my;, is the
slope of log—log plot for solute j.

Consider the diagram in Fig. 1, which shows the
path migrated by the solute and the paths of the
solvent fronts. In the first step of the gradient the
concentration of modifier [c;,] is very high and the
volume of the mobile phase [v(;)] is equal to develop-
ment to a partial distance z(;, of less than unity. For
example, this distance is equal to 0.25 of the total
development length. The ordinate represents the
migration along the plate and the abscissa the
volume of eluent absorbed by the layer. The void
volume of the layer (vo) is assumed to be equal to one
(see Symbols). Under these assumptions the solvent
front in the first step reaches only a fraction of the
total development distance. If that distance is 0.25
then the front of the mobile phase migrated a
segment of length zyy, = 0.25 (in Rp units). The
solute migrates a distance dependent on its proper-
ties. The distance can be calculated from the equa-
tion given in our earlier papers [7-11.21]:

Y. = Rrg.nza (3)
where z(;, is the development distance in the first step

[z = vl
The spots of the solutes are distributed along the
plate according to their retention in a polar mobile
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Fig. 1. Schematic diagram of migration of solute in two-stage development. (a) Migration of solute A during the first development; (b)
during the second development the spot remains in the same place until it is reached by the front of the second eluent; (c) then the zone

migrates in the second mobile phase.

phase: the non-polar solutes migrate near to the
front but the polar solutes are separated (Fig. 2).
After the first step, the plate is dried and the first
eluent is removed. The second development step
begins again from the start line of the layer. The
solvent front of the second step meets the spots of
solutes at different positions. The volume of the
mobile phase taking part in elution will be different
for individual solutes and depends on their positions

R 10 £ 2(2)=10

20
5
(9}

weak solvent
eg. CHCl3

strong solvent

08 | 9 MeOH -CHCI5
) 1:1

STEP 2

A
B
06 F c
D
04 3
F
02 G
H

00

02 05

00 02 04 06 08 WVpl0

Fig. 2. Migration paths of solutes A-H during a two-step
development (solid lines). In the first step polar solutes E-H are
separated; the less polar solutes A-D, poorly separated during the
first step, are separated during the second step.

after the first step. The volume of solvent corre-
sponding to the process of elution in the second step
is equal to

Ve =1 — Rp(; @

and the distance migrated by solute j is equal to

Y2 = Rrj, 2% = Rrgj,2)(1 — Rrgj,1) ©)
The total distance y migrated by solute j is

Yy =Yi.n + Y62 (6)

After substitution of eqns. 3 and 5 into eqn. 6 we
obtain the final form of the equation which deter-
mines the final Ry value:

(M
®)

From eqn. 8, the final Ry, values of solutes in
two-step gradient multiple development can be
calculated. This equation can be used when the
values of two parameters for each solute are known,
i.e., the slope and k° from the log-log relationship.

Eqn. 8 was applied to write a computer program
in GW Basic (or Pascal). The complete program is
presented in the Appendix.

Rry(jy = Yij)

Rpg(jy = z2ayRrg 1) + [1 — Reg120)]Rr, 2)
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TABLE 1

ABSOLUTE SLOPES, m;,, AND VALUES OF CAPACITY FACTORS

GRADIENT DEVELOPMENT

k%, OF SIX TEST SOLUTES USED IN TWO-STAGE

» Ky

Code  Compound Slope, m(;,  Capacity factor, k

2 2-Hydroxynaphthalene-1-azo-(4'-chlorobenzene) 1.52 0.091

3 2-Hydroxynaphthalene-1-azo-(3'-methoxybenzene) 1.67 0.023

5 Methy] red 0.86 0.885

6 Sudan 111 2.25 0.008

7 Sudan 1V 1.41 0.018

9 2,6-Dinitroaniline 1.00 0.279

EXPERIMENTAL gramme calculated the Ry values for individual

Chromatography was performed on 100 x 100mm
glass-backed plates precoated with a 0.25-mm layer
of silica gel 60 (E. Merck, Darmstadt, Germany).
Solvents of analytical-reagent grade were purchased
from Polish Reagents POCh (Gliwice, Poland). A
mixture of six solutes was chromatographed to a
distance of 2.5 cm in the first step and to 10 cm in the
second step in Type DS equilibrium sandwich cham-
bers [16,18], purchased from Chromdes (Lublin,
Poland). During the isocratic analysis, to eliminate
eluent demixing, the spotting of samples and elution
were preceded by wetting the layer with a fraction of
the void volume of the corresponding mobile phase.
The spots were detected visually. In stepwise gradi-
ent experiments, fractions of the eluent of decreasing
concentration of diisopropyl ether in toluene were
introduced into the eluent reservoir. The solvent
flow was observed by means of hon-retained azo-
benzene marker. The plates were dried under vacu-
um obtained by a water pump. The calculations
were made using an IBM XT computer.

RESULTS AND DISCUSSION

To illustrate the procedure and demonstrate the:
migration of the individual components, six com-
pounds were chosen; their absolute slopes #1;) and
values of capacity factors k{j are presented in
Table 1.

The gradient was selected as a two-step pro-
gramme (Table IT) with a development distance in
the first step of 0.25. The concentrations in the
second step were changed. The computer pro-

solutes corresponding to the chosen concentrations
and the volumes of eluents in each step. The final
Rpy;) values were then calculated by computer from
eqn. 8.

Comparison of experimental and calculated Rp
values demonstrates that for a given set of com-
pounds whose m and k° values are known, it is
possible to simulate the chromatographic process
for various stepwise gradient programmes in the
search for the optimum conditions.

These data aliow comparisons between predicted
and experimental results. Results for the tested
mixture show satisfactory agreement between exper-
imental and predicted Ry, values. The average errors
in computer-simulated values of Rp, are less than
6%. Considering the method of detection of solutes
and some phenomena that disturb the migration of
solutes during programmed analysis, this error
could be acceptable. Application of densitometry as
the method of detection would certainly improve the

TABLE 11

GRADIENT PROGRAMME USED IN TWO-STAGE
DEVELOPMENT RUNS

z = Development distance in Ry units; ¢ = concentration of polar
solvent in volume fraction.

No. ¢ Z(2) C2) Z(2)
I 1.00 0.260 025 1.0
1 1.00  0.240 050 1.0
111 1.00 0.260 0.0° 1.0

7 100% diluent.



W. Markowski and E. Soczewinski | J. Chromatogr. 623 (1992) 139-147 143

TABLE 111

COMPARISON OF EXPERIMENTAL AND SIMULATED Ry, VALUES FOR TEST MIXTURE

Conditions Code  Rp, (calc.)” Ry, (expt.)? R, (graph.)* Error in Error in
Rp, units  ARp, units
Gradient programme I 2 0.67 0.67 0.65 0.00 0.01
3 0.86 0.87 0.85 0.01 0.05
5 0.36 0.30 0.33 0.06 —0.01
6 0.89 0.94 0.90 0.05 —0.01
7 0.92 0.96 0.93 0.04 —0.03
9 0.52 0.59 0.59 0.01
Av. £0.03 +0.01
(5.45%) (2.04%)
Gradient programme I 2 0.84 0.73 0.11 -0.05
2 0.95 0.89: 0.06 —0.02
S 0.46 0.42 0.04 —-0.01
6 0.97 0.94 0.03 —0.00
7 0.97 0.94 0.03 —0.02
9 0.71 0.66 0.05
Av. +0.05 +0.06
(7.52%) (1.89%)
Gradient programme 111 2 0.27 0.24 0.03 0.01
3 0.47 043 0.04 0.04
5 0.14 0.06 0.08 —0.07
6 0.44 0.45 0.01 0.00
7 0.44 0.45 0.01 0.03
9 0.34 0.30 0.04
Av. +£0.02 +0.01
(7.6%) (5.01%)

¢ Calc. = values simulated; expt. = values from experiment; graph. = determined by graphical method [12].

precision of the Ry values obtained from gradient
and isocratic measurements. For the purpose of the
method development and optimization of the sepa-
ration, however, the errors in differences in Rp,
values are more important because the resolution, R,
is proportional to the difference in Ry values for
adjacent pairs of spots. It can be seen from Table I11
that the errors in 4Rp, are much smaller than those
in absolute Ry, values and this was observed in every
instance. The experimental data demonstrate that
eqn. 8 describes satisfactorily the chromatographic
migration of solutes under conditions of two-step
programmed reverse gradient elution. The possibil-
ity of the prediction of Ry, values with the aid of a
computer is a good starting point for further opti-
mization of analysis, i.e., shortening the time and
improving the resolution.

It should be mentioned that even a simple two-
step gradient development may lead to a satisfactory
separation of complex mixtures, as demonstrated by
Johansson [22] for plant waxes.

SYMBOLS

ey Concentration of modifier for the ith step

k) Capacity factor of solute j for unit concen-
tration of modifier (pure modifier) for
normal-phase systems and for ¢;, = 0 (pure
water) for reversed-phase systems

ki  Capacity factor of solute j for the ith step
myg;  Slope of log-log plot for solute j
Rr¢,iy RF value for solute j corresponding to ith

concentration of modifier
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APPENDIX Vi Volume of ith step”
Ve Elution volume*®
Rryj) Final value of Ry of solute j in gradient  y; Migration distance of solute jin the ith step
development ¥y  Total migration distance of solute j
Vo Void volume® Zy Development distance of the ith step

GW BASIC (VBASICA version 3.20c/1.40)

5

15
25
35
45
S0
S5
65
75
85
20
9%

105
115
125

W. Markowski and E. Soczewinski

’ DEPARTMENT, OF INORGANIC AND ANALYTICAL CHEMISTRY
*MEDICAL. ACADEMY

*STASZICA 6, 20-081 LUBLIN

* POLAND

OPTION BASE 1

’MULTIPLE DEVELOPMENT MD
PRINT "THIS PROGRAM USED RELATION Rm=Rmo-n Xlog c":PRINT

LPRINT "MULTIPLE DEVELOPMENT ":LPRINT:LPRINT
PRINT “THE NUMBER OF SOLUTES"

INPUT "N="§N

DIM N$(N,10)

DIM KO(N):DIM M(N)

135 FOR I=1 TO N

145 PRINT "THE CODE"

150 INPUT "#"3iN$(1,10)

152 NEXT I

1S4 CLS

155 FOR I=1 TO N

160 PRINT " # "3;N$(I,10):PRINT
165 PRINT "CAPACITY FACTOR KQ"

170 INPUT "KO=";KO(I)

172

PRINT "THE SLOFPE m"

175 INPUT "m="3iM(I)

185

PRINT "CORRECT"

195 INPUT "Y/N"3Y$

205
210
215
225

IF Y$="N" THEN GOTO 1&S5
CcLs
NEXT I

235 ’*THE GRADIENT PROGRAM

236

245 PRINT "THE NUMBER OF STEPS §=2"
250 INFUT "THE NUMBER OF STEPS S=":S

255
265
270
275

DIM C(S):DIM Z(S)

FOR L=1 TO S

PRINT "THE STEP L=";:L

PRINT "THE CONCENTRATION OF MODIFIER C <=1"

285 INPUT "C=";C(L)

295

PRINT "THE DEVELOPMENT DISTANCE

305 INPUT "Z="3Z (L)

315

PRINT "CORRECT"

325 INPUT “Y/N";Y$
335 IF Y$="N" THEN GOTO 275
340 CLS
345 NEXT L:CLS
s

359

365 ’THE CALCULATION OF FINAL VALUES RFG

366

370 LPRINT "THE RF VALUES IN CORRESPONDENCE TO THE STEPS OF GRADIENT"
375 DIM RG(N) :DIM R(N,2)
385 FOR I=1 TO N

@ All values v, v., vo ate expressed as dimensionless magnitudes
related to the void volume vy [V = vi/Vo, Ve = VefVo, Vo =
vofve = 1].
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395 FOR L=1 TO S

396 PRINT "THE STEP L="3L,
398 IF L=S THEN GOTO 645
405 K=KO(I) /(C(L)Y™M(I))
415 R(I,L)=1/(1+K)

418 LFRINT USING"\ \"sN$(I,10);

420 LPRINT USING " RE=#.##" s R(I,L): LPRINT
425 NEXT L

433 NEXT I

445 *THE FOLLOWING CALCULATIONS ARE VALID FOR TWO STEFS DEVELOPMENT

446

455 FOR I=1 TO N

465 RG(I) =V ¥R(I, 1)+ (1-V(1)XR(I, 1)) XR(I1,2)
475 NEXT 1

485 “THE PRINTOUT OF RESULTS

486
487 LPRINT

495 LPRINT “¥kkkkxkkkxk THE FINAL VALUES OF RFG IN MD Xkkkkkkkkk"

S0S LPRINT

515 LPRINT "THE GRADIENT PROGRAM "

525 LFRINT

535 FOR L=1 TO S

S45 LFPRINT USING "STEF #3L3

955 LPRINT USINGY C=#.#H#"3;C(L);

565 LPRINT USING " I=%.8$8"3Z (L)
575 NEXT L

585 LPRINT

S0 LPRINT "XXXXXkKXXkXXTHE FINAL RFG VALUESkXXkXXkXXk%x"
591 LPRINT

S92 LPRINT "CODE RFG*"

593 LPRINT

595 FOR I=1 TO N

600 LPRINT USING "\ AN"iN$(I,10)3

605 LPRINT USING * #.HE#"IREG (D)
606 LPRINT

610 NEXT I

612 LPRINT "XXkKkRkRKRKKKKK END KKKKKKKKKKKEKKKK®
615 CLS
620 PRINT "OTHER GRADIENT FROGRAM “
625 INPUT "Y/N"3;Y%
626 IF Y&="N" THEN GOTO 635
628 ERASE C,Z,RG,R
30 GOTO 245
635 END

645 PRINT "IF IN THE LAST STEF IS USED THE DILUENT THEN INPUT

655 IF Y$="N" THEN GOTO 4095

658 FRINT "CODE #";N#$(I,10)

660 INFUT "VALUES RF IN PURE DILUENT RF="j;RF
662 K=(1-RF)/RF

665 CLS

670 GOTO 415

TURBO PASCAL (version 6.0)

PROGRAM FMD23

USES
PRINTER, CRT;

CONST
S = 23

VAR
N,I,J.L : INTEGER;
CONC : ARRAY [1..51 OF REAL ;
DIST : ARRAY [1..51 OF REAL;
RF : ARRAY [1..20,1..81 OF REALj
RFG : ARRAY [1..20] OF REAL;
CODE : STRING L[S1;
KO : ARRAY [1..201 OF REAL;
M : ARRAY C1..201 OF REAL;

YES"

145
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BEGIN
WRITE (7 NUMBER OF SOLUTES )3
READLN (N)j
WRITELN (*NUMBER OF SOLUTES N=",N)
FOR I:=1 TO N DO
BEGIN
WRITE(*CODE OF SOLUTE # *)g
READ (CODE);
END;
FOR I:=1 TO N DO
BEGIN
WRITELN (* # °,I,CODE);
WRITE (* KO= 7");
READILN (KOCIJ) 3
WRITELN(® KO= ?,KOCI1:S5:3);
WRITE (°SLOPE M=")3
READLN (MCI1);
WRITELN ¢ M= * ,MCI1:4:2);
END 3
WRITELN (* *Xx GRADIENT PROGRAM *Xxx s
FOR L:=1 TO 2 DO
BEGIN
WRITELN (°STEP L=",L)3
WRITE (*CONCENTRATION OF MODIFIER C=0 OR C<=1 C=’);
READLN (CONCCL.]);
WRITE (*DISTANCE Z=7);
READLN (DISTCL.J);
END3
FOR J:=1 TO N DO
BEGIN
FOR L:=1 TO S DO
BEGIN
IF CONC [21=0
THEN
BEGIN
WRITE (* GIVE VALUES OF RF FOR DILUENT *);
READLN ( RFLJ,LI )3
END
ELSE
RFLJ,LI:=1/(1+KOCJI/ (EXP(MLIIXLNC(CONCILI) I ) ;
END;
END3
FOR J:=1 TO N DO
BEGIN
RFGLI1:=DISTCL11XRFLJL 11+ (1~DISTL1IXRFLJ,11)X¥RFLJ, 2]
END3;
WRITELN (LST, * FINAL VALUES OF RFG *)j
EGR J:=1 TO N DO
BEGIN
WRITE (LST,” # *,I1,” *,CODE,’ "7 RFG=",RFGL[JI:4:2);
END;
CLRSCR;
END.
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ABSTRACT

The behaviour of the system peak has been studied using an ion chromatographic system equipped with an ultraviolet detector and
an ODS column coated with cetyltrimethylammonium bromide and trimellitate (pH 4.0). The intensity of the system peak depended on
the pH of the sample injected and also on the injected anion concentration, especially for the injection of an acidic anion of high

concentration.

INTRODUCTION

In high-performance liquid chromatography
(HPLC) or ion chromatography (IC), the injection
of a sample into a eluent containing more than one
component often causes the appearance of so-called
system peaks [1-8] (or dip peaks [9]). Many papers
have reported the formation mechanism and the
simulation of the first and second system peaks. A
first system peak is eluted at the solvent front and is
due to ion exclusion of the sample cation from the
resin and the elution of water from the sample [3-9].
The peak is referred to as the injection peak and its
retention volume coincides with the void volume of
the column [3-8].

A sccond system peak, which is simply called the

Correspondence to: Dr. Y. Michigami, Department of Chemistry
and Chemical Engineering, Faculty of Technology, Kanazawa
University, 2-40 Kodatsuno, Kanazawa 920, Japan.
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“system peak” in this paper, is eluted later and may
cause incorrect peak identification and waste time.
Many formation mechanisms of this system peak
have been discussed, with some computer simula-
tions in IC [4,5,8,9]. It is generaly assumed that the
system peak mainly results from a eluent-deficient
zone formed by the sample injection and also de-
pends on the pH of the injected sample. Samples
containing no eluent anion were injected in previous
studies [4,5,8,9].

In this paper, the behaviour of the system peak is
reported for anion chromatography using trimelli-
tate (TMA, pH 4.0) as the eluent and some anion
samples containing TMA with ultraviolet detection.

EXPERIMENTAL
Apparatus and reagents

The IC equipment consisted of a pump (CCPD,
Tosoh, Japan),a variable-wavelength ultraviolet de-

© 1992 Elsevier Science Publishers B.V. All rights reserved
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tector (UV-8000, Tosoh), an injector (Rheodyne,
USA) with a 100-ul sample loop, a column oven
(CO-8000, Tosoh) and a pen recoder (YEW Type
3066, Yokogawa, Japan).

All chemicals were of analytical-reagent grade,
and deionised, distilled water, further filtered
through a 0.45-um membrane filter, was used
throughout. The solutions of anions were prepared
from their sodium salts. The eluent of 1 mM TMA
was adjusted to pH 4.0 with diluted sodium hydrox-
ide solution and filtered through a 0.45-um mem-
brane filter before use. Phthalate, citrate and ben-
zoate as eluents were also compared with TMA.

Dynamically coated columns were prepared us-
ing columns (50 x 4.6 mm I.D.) packed with ODS
resin (Capcell Pack C18, AG120, 5 um particle size,
Shiseido, Japan). The column was coated with ce-
tyltrimethylammonium bromide (CTMABr) as de-
scribed previously [10]. The ion-exchange capacity
of the coated column was about 0.10 mequiv. per
column for the eluent ion. Regeneration of the col-
umn was carried out by washing with methanol and
coating with CTMABr. The commercial TSK gel
IC anion SW (Tosoh) was also compared with the
coated column.

The injected anions (0.4 mequiv. 17! sulphate,
nitrate, chloride, acetate and citrate) were dissolved
in 1 mM TMA (pH 7.0) and showed a stable in-
jection pH and large relative absorbance of the sys-
tem peak. The chromatographic conditions used
are summarized in Table 1.

RESULTS AND DISCUSSION

Effect of eluent TM A concentration

A basic equation (egn. 1) has been published for
IC in terms ofthe capacity factor (k') and the con-
centration of the eluent ion (E), if all other chro-
matographic conditions are constant except the
eluent concentration [4].

log k" = —a/blog [E] + constant )]

where a and b are the charges on the sample ion and
the eluent ion, respectively.

A slope of plots of log k&’ versus log [E] shows the
ratio (—a/b) of the charges on the sample and
cluent ions. Fig. 1 shows the plots of the log k&’ ver-
sus log [TMA] in the coated column and the non-
coated column. The slopes for the system peak. ni-

TABLE I
CHROMATOGRAPHIC CONDITIONS

ODS column coated with cetyltrimeth-
ylammonium bromide (CTMABTI)
Column temperature 35°C

Column

Flow-rate 1.0 ml min~*

Detection wavelength 275 nm

Sample loop 100 ul

Eluent 1.0 mM Trimellitate (TMA)

Eluent pH 4.0

Sample 0.4 mequiv. 17! of sample anion in 1
mM TMA solution

Sample pH 7.0

trate and sulphate were 0.73, 0.64 and 0.96 in the
coated column, respectively. The charge of the
TMA eluent ion at pH 4.0 was about 1.6 as calcu-
lated from the acid dissociation constant (pK,
2.52, pK,2 3.85, pK,s 5.20) [11]. The slope for the
nitrate (univalent) ion as sodium nitrate, 0.64 of the
experimental value, agrees with the theoretical val-
ue of 0.62. Similarly, the slopes (0.94, 0.32 and 0.53)
of the system peaks for phthalate, benzoate and ci-
trate eluent were also obtained, as shown in Table
II. These slopes should theoretically be 1.0 accord-

1°or

log K

osr

1 1

33 30 2‘47
—log(TMA]
Fig. 1. Log [TMA] versus log k’. (A) System peak; (B) sulphate;
(C) nitrate; (D) system peak on non-coated ODS column. Other
chromatographic conditions as in Table L.
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TABLE 11
EFFECT OF ELUENT ON THE SLOPE (a/b)
Equation: log k' = —afblog[E] + constant. Eluent concentra-
tion 1 mM.
Eluent Eluent Eluention  Slope (—a/b)
pH charge

Nitrate  System peak
TMA 4.0. 1.6 0.64 0.73

- 0.78°
Phthalate 4.3 1.03 0.83 0.94
Citrate 3.6 0.80 - 0.53
Benzoate 4.5 0.67 0.98 0.32

% Column: commercial TSK gel IC anion SW (Tosoh). The other
chromatographic conditions are the same as in Table L.

ing to ion-exchange "processes only. However, the
experimental values were smaller than 1.0, therefore
another process (probably a reversed-phase interac-
tion) must have occurred on the resin. The behavior
of system peak observed was similar to that of uni-
valent anion by the two process (ion exchange and
reversed phase interaction) for TMA and phthalate
eluents. The slope (— a/b) of the system peak for the
non-coated ODS column was 0.22. This value also
suggests that another interaction occurred on the
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Fig. 2. Effect of injection pH on the relative absorbance of sys-
tem peak. Eluent: (A) 1 mM TMA (pH 4.0); (B) | mM TMA (pH
5.0). Sample: 1 mM TMA. Other chromatographic conditions'as
in Table 1.

ODS resin in addition to ion exchange. It was found
that nitrate and sulphate were not retained on the
non-coated column.

Effects of eluent pH and injection pH

The retention times of sulphate and chloride de-
creased with increasing eluent pH from 4.0 to 6.0
and levelled off at pH values greater than 6, whereas
that of the system peak rapidly increased at pH 4.0—
5.0 and then disappeared at pH values greater than
6.0.

The effect of the injection pH on the relative
absorbances of the system peak and some anions
was examined in the pH range 4.0-9.0. The results
obtained for the relative absorbance of the system
peak are shown in Fig. 2. The system peak appeared
as a negative peak when the injection pH was higher
than the eluent pH (pH 4.0), whereas the system
peak appeared as a positive peak when the injection
pH was lower than the eluent pH. The relative ab-
sorbance of a negative or positive system peak in-
creased with increasing difference between the in-
jection pH and the eluent pH, although the relative
absorbances of the anions did not vary for any in-
jection pH. The absorbance of 1 mM TMA de-
creased with increasing pH at 275 nm and showed
no decrease at pH values greater than 6.0. It is con-
sidered that the system peak results from the elution
of the TMA band at increased pH (greater than pH
4.0) around the sample zone by sample injection
(greater than pH 4.0) into the eluent (pH 4.0). The
relative absorbances of the system peak in an aque-
ous solution and 1 mM TMA solution, the pH
equal to the pH of the aqueous solution, pH 4.0 and
pH 7.0, are shown in Table III. The relative absor-
bances of the anions show little variation. It is clear
that the presence of TMA in the sample and the
difference in pH between the sample and the eluent
strongly affects the intensity of the system peak.
The intensities of the system peaks by injection of
the aqueous sample are smaller compared with
those following injection of the sample containing
TMA (pH equal to the aqueous solution pH).

Effect of injected sample concentration

The effect of the injected sample anion concentra-
tion on the relative absorbance of the system peak
obtained by the injection of TMA and some anions
was examined in the injected anion concentration
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TABLE III

EFFECT OF SAMPLE SOLVENT ON THE RELATIVE AB-
SORBANCE OF THE SYSTEM PEAK

The chromatographic conditions are as shown in Table 1.

Anion Solvent Sample pH  Relative
absorbance

None 1 mM TMA 7.0 0.024

1 mM TMA 4.0 0.002
Acetate 1 mM TMA 6.6 0.028

Aqueous 6.6 0.010

1 mM TMA 4.0 0.001
Chloride 1 mM TMA 7.0 0.022

1 mM TMA 5.6 0.015.

Aqueous 5.6 0.004

1 mM TMA 4.0 0.002
Sulphate 1 mM TMA 7.0 0.022

1 mM TMA 5.8 0.019

Aqueous 5.8 0.003

1 mM TMA 4.0 0.002

range 0-10 mequiv. 171, The results obtained are
shown in Fig. 3. The relative absorbances of the
negative system peak from acetate, citrate and
TMA injections increased with increasing concen-
tration of the injected anion, whereas those from
chloride and sulphate injections gradually de-
creased. On injection of more than 0.6 mequiv. 17!
sulphate, a positive system peak appeared just in
front of the negative system peak usually observed,
as shown in Fig. 4, and the relative absorbance of
the positive system peak increased with increasing
concentration of the injected sulphate. This positive
system peak may result from the excess of TMA
excluded by the sample injection, as shown in Fig. 4
(lines A and C). A positive system peak also ap-
peared at high concentrations (tens of mequivalents
per litre) of chloride. The same phenomena were
also observed by using a commercial TSK gel IC
anion SW column. The negative system peak was
obtained by the injection of hydrogencarbonate,
phosphate, acetate and hippurate, and positive and
negative system peaks were obtained by chloride
and sulphate injections.

Injections of anions with an acid dissociation
constant (pK,) [12] of more than 4.0 (the eluent pH
value), such as acetate (pK, 4.76), citrate (pK,, 4.76,
pKa, 6.40) and phosphate (pK,; 7.20, pK,, 12.35),

004t

Relative absorbance:

002

Sample concentration/mequiv!™

Fig. 3. Effect of sample concentrations on the relative absor-
bance of system peak. Negative system peak on the injection of:
(A) TMA,; (B) sulphate; (C) chloride; (D) acetate; and (E) citrate.
(B’) Positive system peak by injection of sulphate. Other chro-
matographic conditions as in Table I.

and those of less than 4.0, such as chloride and sul-
phate (pK,, 1.99), give negative system peaks and
both positive (at high concentrations) and negative
system peaks, respectively. For the injection of the
latter, when the sample anion (pH 7.0) was added
the low pH eluent (pH 4.0), the charge of the sample
anion did not vary, whereas that of TMA around
the sample zone changed and the local pH of TMA

002AU

—aat

0 0 20 3
Retention time/min

Fig. 4. Chromatogram of system peak. System peak on the in-
Jection of: (A) (solid line) 5 mM sulphate; (B) (broken line) 0.2
mM sulphate; (C) (fine line) 4 mM TMA (pH 4.0). Other chro-
matographic conditions as in Table I.
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became higher than 4.0. The combination of a nega-
tive and positive contribution to the intensity of the
system peak due to the higher pH and the excess of
TMA by sample injection may explain the appear-
ance of negative and positive system peaks. How-
ever, the charges of sample anion and TMA were
affected by the injection; the charge of sample anion
decreased, the charge of TMA became higher than
that of eluent TMA and then the local TMA be-
came more basic. When the basic TMA was eluted,
only a negative system peak appeared. The contri-
bution of the excess TMA by sample injection was
smaller than that of pH. The intensity of the nega-
tive system peak only became larger for an injected
anion with a basic pK, value.

It was confirmed that system peak resulted from
the elution of local TMA when the pH was varied
by sample injection. The intensity of the system
peak depended greatly on the difference in pH be-
tween the injected sample containing the eluent
anion and eluent, and also on the injected anion

concentration. The profile of the system peak on the
chromatogram was varied by the injection of an
acidic anion of high concentration.
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ABSTRACT

A highly sensitive method for the determination of tetracycline antibiotics (TCs) using reversed-phase high-performance liquid
chromatography with fluorescence detection is presented. This method was based on the use of disodium ethylenediaminetetraacetate
(EDTA) and calcium chloride as fluorescence-increasing reagents in the mobile phase. The concentrations of each reagent in the mobile
phase greatly influenced the fluorescence intensity of TCs. When the concentration of EDTA and calcium chloride were 25 and 35 mM,
respectively, and the pH of the mobile phase was 6.5, the maximum fluorescence intensity was obtained. The column temperature
hardly influenced the fluorescence intensity. At 3.75 ng of TCs injected, the precision (relative standard deviation) ranged from 1.12 to
2.20%. In the range 0.075-37.5 ng for tetracycline and oxytetracycline and 0.225-37.5 ng for chlortetracycline, a linear response was
observed. The detection limits of this method were 49-190 pg for three different TCs. The proposed method was applied to the
determination of one of the TCs in pharmaceuticals by the internal standard method using other TCs as internal standards and was also

applied to determination of TCs added to fish tissue.

INTRODUCTION

Tetracycline antibiotics (TCs) are widely used in
the stockbreeding and fishery industries and a selec-
tive and sensitive analytical method is still required
for pharmacokinetic studies of TCs. Recently, vari-
ous high-performance liquid chromatographic
(HPLC) methods for the determination of TCs have
been reported [1-9]. These methods use spectropho-
tometric detection of TCs, which limits the sensitiv-
ity that can be achieved. More recently, Blanch-

Correspondence to: Dr. K. Iwaki, School of Pharmacy, Hokuri-
ku University, Ho-3, Kanagawa-machi, Kanazawa-shi, Ishika-
wa 920-11, Japan.
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flower et al. [10] discussed this and other disadvan-
tages of these methods, and developed an HPLC
method for chlorotetracycline (CTC) at residual
levels with fluorescence detection. This method al-
lowed the detection of CTC at picomole levels, but
it is restricted to CTC. An HPLC method for TCs
with electrochemical detection was reported by
Hou and Wang [11]. This allowed highly selective
detection, but electrochemical detectors are not
widely used compared with spectrophotometric and
fluorimetric detectors.

It is well known that TCs combine with divalent
metal ions to give fluorescent chelate compounds.
Although only TCs show fluorescence under basic
conditions, the fluorescence intensity of the chelate
under neutral or alkaline conditions is stronger

1992 Elsevier Science Publishers B.V. All rights reserved
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than that of free TCs. This suggests the possibility
of their highly sensitive detection. Indeed, this has
applied to the determination of TCs by the manual
methods [12,13]. However, application to an
HPLC-fluorescence detection method for TCs us-
ing this property has not been reported, because
TCs experience problems in reversed-phase HPLC.
In order to resolve these problems, an acidic mobile
phase must be used, but this results in quenching of
the fluorescence. The problems are a decrease in re-
covery from the column owing to chelation between
the TCs and trace metal ions in the packing and on
the surface of the column tube, and asymmetric
peaks arising from interactions between TCs and
residual silanols present in the packing, resulting in
poor sensitivity.

In order to overcome the above problems, in this
work calcium chloride (CC) and disodium ethylene-
diaminetetraacetate (EDTA) were added to the
neutral mobile phase and a metal ion-free packing
was used, resulting in a highly sensitive HPLC
method for the determination of tetracycline (TC),
oxytetracycline (OTC) and CTC with fluorimetric
detection. The method was applied successfully to
the determination of TCs present in pharmaceutical
preparations and added to fish tissue.

EXPERIMENTAL

Apparatus

The HPLC system consisted of an 1L-6200 deliv-
ery system (Hitachi, Tokyo, Japan), a Model 7125
loop injector (Rheodyne, Cotati, CA, USA), a Cap-
cell Cyg type SG-120 (5-um) prepacked column (250
x 4.6 mm 1.D.) (Shiseido, Tokyo, Japan) and an
L-1200 spectrofluorimeter (Hitachi). The column
was thermostated at 30 = 0.2°C. The detector exci-
tation and emission wavelengths were set at 390 and
512 nm, respectively. Results were recorded on a
D-2500 chromato-integrator (Hitachi).

Reagents

Methanol was of HPLC grade; all other reagents
were of analytical-reagent grade. Water was puri-
fied by distillation, followed by final clean-up
through a Milli-Q Labo system (Nihon Millipore,
Tokyo, Japan). TC - HCl and OTC - HCI were ob-
tained from Wako (Osaka, Japan) and CTC - HCI

K. Iwaki et al. | J. Chromatogr. 623 (1992) 153-158

from Sigma (St. Louis, MO, USA). A 1 mg/ml
stock solution of each TC was prepared with 50
mM HCI. The mobile phase consisted of 0.1 M ace-
tate buffer (pH 6.5) containing 35 mM CC and 25
mM EDTA (buffer A) and methanol.

Procedure for standard samples

Standard solutions of each TC were prepared by
diluting the stock solution to appropriate concen-
trations with 50 mAf HC. To 150 ul of the standard
solution were added 250 ul of 24% trichioroacetic
acid (TCA) solution in methanol. An aliquot (10 ul)
of the resulting mixture was injected on to the
HPLC column.

Procedure for determining OTC and TC in pharma-
ceutical formulations by the internal standard method

For Terramycin capsules (Pfizer). One capsule
was dissolved and diluted with 50 mAM HCl in a
250-ml calibrated flask, and this solution was cen-
trifuged for 15 min at 2000 g. Further, 100 ul of the
supernatant were diluted with 50 mAM HCl in a 50-
ml calibrated flask. To 150 ul of this solution and
the standard solution of OTC (2 ug/ml) were added
250 ul of internal standard solution (prepared by
dissolving TC in 24% methanolic TCA solution
concentrated to 2 ug/ml), respectively. An aliquot
(10 ) of the each resulting mixture was injected on
to the HPLC column successively. The content of
OTC in the capsule was calculated by using the ra-
tio of the peak area of OTC to that of the internal
standard (TC) for each chromatogram.

For Achromycin V syrup (Lederle). A 1-ml vol-
ume of syrup was diluted with 50 mM HCl in a
25-m] calibrated flask and this solution was cen-
trifuged for 15 min at 2000 g. Further, 100 ul of the
supernatant were diluted with 50 mA HCl in a 50-
ml calibrated flask. To 150 ul of this solution and
the standard solution of TC (2 ug/ml) were added
250 pl of internal standard solution (prepared by
dissolving OTC in 24% methanolic TCA solution
concentrated to 2 ug/ml), respectively. An aliquot
(10 ul) of the each resulting mixture was injected on
to the HPLC column successively. The content of
TC in the syrup was calculated by using the ratio of
the peak area of TC to that of the internal standard
(OTC) for each chromatogram.
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Procedure for detérmining three TCs spiked in silver
salmon tissue

A 1-g amount of tissue was homogenized with 3
ml of 1 M HCI, then further homogenized with 6 ml
of 24% methanolic TCA solution. This mixture was
centrifuged at 2000 g for 15 min. To 600 ul of the
supernatant were added 600 ul of buffer A. After
the mixture had been vortex mixed and allow to
stand for 5 min, it was centrifuged at 2000 g for 10
min. An aliquot (50 ul) of the resulting supernatant
was injected on to the HPLC column.

RESULTS AND DISCUSSION

Effects of calcium ion and EDTA on fluorescence in-
tensity and elution from a reversed-phase column

The effects of calcium ion and EDTA on fluo-
rescence intensity were investigated by a flow-injec-
tion method. The mobile phase containing CC
alone gave fluorescence but its intensity was less
than half of that when both CC and EDTA were
present. With EDTA alone or no additive hardly
any fluorescence was obtained. This suggests that
the presence of the appropriate amount of EDTA
further increased the fluorescence of the TC—calci-
um chelates.

Fig. 1 shows typical chromatograms of three TCs
obtained with the above mobile phase systems using
a reversed-phase column. The mobile phase con-
taining both CC and EDTA gave three symmetrical
peaks (Fig. 1A), whereas the three TCs could not be
detected using mobile phases containing CC alone,
EDTA alone or no additive (Fig. 1B-D). Undesir-
able interactions between TC chelates and the pack-
ing were diminished by addition of EDTA to a CC-
containing mobile phase.

In order to compare with fluorescence intensity
of TC-magnesium chelates, a mobile phase con-
taining magnesium chloride instead of CC was also
studied by the flow-injection method. A slightly
stronger fluorescence of the three TCs was observed
with CC compared with magnesium chloride.

Optimization of HPLC conditions

In order to optimize the HPLC conditions, the
effects of the concentration of each additive in the
mobile phase, pH and column temperature were in-
vestigated. The maximum fluorescence intensity of
the TCs was obtained when the CC, EDTA and
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Fig. 1. Chromatographic profiles of three TCs obtained on a
reversed-phase column using various mobile phases. Mobile
phase: (A) methanol-buffer A (45:55); (B) without EDTA; (C)
without CC; (D) without both EDTA and CC. Flow-rate, 1.0
ml/min; sample concentration, 37.5 ng per injection. Peaks: 1 =
OTC; 2 = TC; 3 = CTC.

sodium acetate concentrations in the mobile phase
were 235 mM, 25 mM and = 0.01 M, respectively.

The mobile phases were tested in the pH range
5.0-7.5. Only OTC showed a different pattern from
the other two TCs, but the fluorescence intensity of
the three TCs was almost constant in the pH range
6.5-7.5; lower pH values decreased the intensity
(Fig. 2). Figure 3 shows the effect of column tem-
perature on the fluorescence intensity in the range
20-40°C. In this range, the fluorescence intensity of
TC and CTC remained almost constant, whereas
that of OTC decreased slightly with an increase in
temperature. Consequently, the HPLC conditions
given under Experimental were adopted.

Under these conditions, column packings, vari-
ous kinds of conventional ODS (including end-
capped types) and a few metal-free type ODS, were
also investigated. A Capcell C;5 type SG-120 (met-
al-free type) gave the most symmetrical peaks, and
was adopted. The details are omitted. As TCA is
generally used in bioanalysis as deproteinization re-
agent for TCs, TCA was added to the standard so-
lution.
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Fig. 2. Effect of pH of buffer A on the fluorescence intensity of
TCs. Mobile phase, methanol-buffer A (45:55); flow-rate, 1.0
ml/min; column temperature, 30°C; sample concentration, 37.5
ng per injection. A = TC; O = OTC; O = CTC. RFI =
relative fluorescence intensity.

Evaluation of present method

Linear responses were observed in the range
0.075-37.5 ng for OTC and TC and 0.225-37.5 ng
for CTC. The equations of the regression lines for
the calibration graphs were y = 4.787x — 0.343 for
OTC, y = 6.245x + 0.114 for TC and y = 2.751x
+ 0.070 for CTC (y = peak area - 107>, x = ng).
The correlation coefficient for the three TCs were >
0.9999.

Several analyses were performed to determine the
reproducibility of the method. Table I gives the rel-
ative standard deviations of peak area for the three
TCs at a concentration of 3.75 ng per injection. The
detection limits with both fluorimetric and spectro-

10078 & b A
X O ___
— O\o
50 \
o n/B
a O y
o.
20 25 30 35 40

Temp.(°C )
Fig. 3. Effect of column temperature on the fluorescence intensi-
ty of TCs. pH of buffer A, 6.5; other conditions and symbols as
in Fig. 2.
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TABLE I

REPRODUCIBILITIES OF PEAK AREA AND DETEC-
TION LIMITS FOR TETRACYCLINES

Sample R.S.D. (%) Detection limit® (ng)

Intra-assay® Inter-assay’ Fluorimetric UV

detection detection’
OTC 1.46 2.20 0.051 1.9
TC 1.24 1.48 0.049 36
CTC 1.18 1.12 0.190 3.6
4 3,75 ng per injection, n = 10.
b 3.75 ng per injection, n = 5.
3.

¢ Signal-to-noise ratio =
¢ Wavelength, 350 nm.

photometric (350 nm) detection (signal-to-noise ra-
tio = 3) are also given in Table I. The results dem-
onstrate that highly sensitive detection for all three
TCs was achieved.

Application to determination of TCs in pharmaceu-
ticals

The method was applied to the determination of
OTC in Terramycin capsules and TC in Achromy-
cin V syrup using the internal standard method as
an example. TC and OTC were used as internal
standards in the former and latter analyses, respec-
tively. Fig. 4 shows chromatograms for (A) Terra-
mycin capsules and (B) Achromycin V syrup. The
mean results (£ S.D., n = 5) were 106.7 £ 3.8%
OTC in Terramycin capsules and 92.3 + 1.1% TC
in Achromycin V syrup.

Application to determination of TCs added to fish
tissue

As the conventional HPLC methods for the de-
termination for TCs mainly used spectrophotomet-
ric detection, they required concentration steps in-
volving extraction using organic solvents or a pre-
column as a pretreatment for the determination of
TCs in biological fluids. These methods are general-
ly tedious and are responsible for unsystematic er-
rors in the analysis. In contrast, the present method
allows the highly sensitive detection of TCs, sug-
gesting the possibility of the determination of TCs
in biological fluids without the need for tedious pre-
treatment.
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Fig. 4. Chromatograms for determining OTC in (A) Terramycin
capsules and TC in (B) Achromycin V syrup by the internal
standard method. Mobile phase, methanol-buffer A (45:55);
flow-rate, 1.0 ml/min. Peaks: 1 = OTC; 2 = TC.

The effect of the extraction reagent on the recov-
ery from silver salmon tissue is shown in Table II.
The extraction conditions specified under Experi-
mental gave maximum recoveries. Fig. 5 shows
chromatograms of standard TCs, tissue blank and
the three TCs added to tissue. Isocratic elution as in
Fig. 1 suffered interference from endogenous mate-
rials in the detection of OTC. This problem was
resolved by a combination of gradient elution as

indicated in the caption of Fig. 5 and the use of 0.3’

M instead of 0.1 M sodium acetate in buffer A. Un-
der these conditions, the calibration graphs for
OTC, TC and CTC were linear in the ranges of

TABLE 11

RECOVERY OF TETRACYCLINES FROM SILVER
SALMON FISH TISSUE BY THE USE OF VARIOUS EX-
TRACTION REAGENT SYSTEMS

Method” Recovery (%)
OTC TC CTC
24% TCA in methanol, 3 ml 76.8 75.9 79.4
1 M HCL 3ml 72.6 73.4 70.9
24% TCA in methanol, 3 ml
I M HClL, 3ml 91.0 93.5 934
24% TCA in methanol, 6 ml
24% TCA in methanol, 9 m] 87.8 86.0 93.1

¢ For 1 g of muscle tissue; sample concentration, 1 ppm.
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Fig. 5. Chromatograms of (A) standard TCs, (B) tissue blank
and (C) TCs added to tissue. Mobile phase, mixture of 90%
methanol and buffer A (using 0.3 M instead of 0.1 M sodium
acetate). Gradient programme: 0-1 min, 67% buffer A; 1-8.5
min, 45% buffer A; 8.5 min onwards, 67% buffer A. Flow-rate,
1.0 ml/min; sample concentration, 1 ppm. Peaks: 1 = OTC;2 =
TC; 3 = CTC.

0.08-10, 0.06-10 and 0.1-10 ppm (all with r
>0.999), respectively. The recovery and reproduc-
ibility [relative standard deviation (R.S.D.)] for
OTC at 0.1, 0.5 and 1.0 ppm were 73.6-91.9% and
R.S.D. 2.77-4.44% (n = 7), for TC 90.6-95.5%
and R.S.D. 2.62-4.63% (n = 7) and for CTC 85.6—
93.4% and R.S.D. 3.48-4.70% (n = 7). The repro-
ducibility of the retention time of each TCs was
R.S.D. = 0.77-1.78% (n = 7).

The detection limits for the three TCs were 32-90
ppb (signal-to-noise ratio = 3). The three TCs were
stable for at least 24 h in the resulting mixture at
room temperature.

Although the tedious pretreatment step discussed
above was omitted, the detection limits were as
good as those for the conventional methods [1,3,4].
This demonstrates the possibility of the simple de-
termination of TCs in biological fluids and also of a
more sensitive determination by a combination of
the present method and concentration steps. Con-
centration steps that are as simple as possible and
suitable for the present method are currently being
studied.
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ABSTRACT

The enantiomers of a 1,3-dihydrophenylindol-2-one derivative were separated on a Pirkle chiral phase. This phase was unable to
separate the enantiomers of a structurally similar 2,3-dihydro-2-oxo-benzofuran derivative, where an oxygen atom replaces the N-CH,
in the hetero-ring. The enantiomers of this compound were instead separated using a Chiralpak OP(+) column.

INTRODUCTION

1,3-Dihydro-1,34,6-tetramethyl-3-(2-amino)phenyl-
indol-2-one (1), 3-(2-amino)phenyl-2,3-dihydro-2-
0x0-34,6-trimethylbenzofuran (2) and 3-(4-amino)-
phenyl-2 3-dihydro-2-imino-34,6-trimethylthianaph-
thene (3) (Fig. 1) were the main racemic products
of the rearrangements of 2-phenylhydrazo-1,3,4,6-
tetramethylindole, 2-phenythydrazo-3,4,6-trimethyl-

Correspondence to: Dr. S. Caccamese, Dipartimento di Scienze
Chimiche, Universita di Catania, Viale A. Doria 6, 95125
Catania, Italy.
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benzofuran and 2-phenylhydrazo-3,4,6-trimethyl-
thianaphthene, respectively, in acidic medium [1];
these new compounds are expected to show some
pharmacological activity as they possess a skeleton
which is known to be biologically active [2-5].

CHj

NH
O N O 2
X

CHa Y

Fig. 1. Structures of compounds 1-3: 1: X = N(CH;), Y = O,
ortho NH,; 2: X =0,Y =0, ortho NH,; 3: X =85, Y =NH,
para NH,.

1992 Elsevier Science Publishers B.V. All rights reserved
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This paper reports the direct enantiomeric resolu-
tion of compound 1 by high-performance liquid
chromatography (HPLC) on a donor-acceptor
chiral stationary phase (CSP) (Pirkle column) and
of compound 2 on a helical column [Chiralpak
OP(+)]. The resolution factor of compound 1
afforded milligram separation and circular dichro-
ism (CD) measurement of the enantiomeric pair.

EXPERIMENTAL

Apparatus

The HPLC system consisted of a Varian 5060
liquid chromatograph with a 10-ul Valco sample
loop, a Jasco Uvidec 100-IIT UV spectrophotomet-
ric detector operating at 240 nm and a Varian
CDS 401 data system. For semi-preparative purpose
repetitive injections on a 50-ul loop were performed.
CD spectra were recorded on a Jasco 600 spectro-
polarimeter. The columns (25 cm x 4.6 mm 1.D.)
were packed with (R)-N-3,5 dinitrobenzoylphenyl-
glycine covalently bonded to y-aminopropylsilaniz-
ed silica (DNPBG) from Regis (Morton Grove, IL,
USA) and with (+)-polydiphenyl-2-pyridyimethyl-
methacrylate [6] coated on silica gel [Chiralpak
OP(+)] from Daicel (Tokyo). The void volume (zo)
was determined by injection of 1,3,5-tri-zert.-butyl-
benzene as a non-retained sample.

Chemicals
Compounds 1-3 were prepared by treatment with
acetic acid and concentrated sulphuric acid of 2-
phenylhydrazo-1,3,4,6-tetramethylindole, 2-phenyl-
hydrazo-3,4,6-trimethylbenzofuran and 2-phenyl-
hydrazo-3,4,6-trimethylthianaphthene, respectively.
1,3,4,6 Tetramethyl-3-(2-amino)phenylindolinone
(1) was obtained in 30% yield, m.p. 133°C; 'H NMR
(C?HCl,) 6 7.35 (1H, dd, aromatic), 7.08 (1H, m,
aromatic), 6.98 (1H, m, aromatic), 6.68-6.40 (3H,
m, aromatic), 3.25 (3H, s, CHj in position 1), 3.10
(2H, broad s exchangeable with 2H,0, NH,), 2.30,
1.95 and 1.80 (3 x 3H, 3s, 3 CH,).
3-(2-Amino)phenyl-2,3-dihydro-2-ox0-3,4,6-tri-
methylbenzofuran (2) was obtained in 58% yield,
m.p. 195°C; *H NMR (C2HCl;) § 7.25-6.20 (6H, m,
aromatic), 4.2 (2H, broad s exchangeable with
2H,0,NH,,2.35(2 x 3H,s,2 CH; in position 4 and
6), 1.80 (3H, s, CH; in position 1).
3-(4-Amino)phenyl-23-dihydro-2-imino-3,4,6-tri-
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methylthianaphthene (3) was obtained in 47% yield,
m.p. 152°C; *H NMR (C?*HCl3) 6 7.10-6.90 (3H, m,
aromatic), 6.50-6.75 (3H, m, aromatic), 5.3 (3H,
broad s exchangeable with 2H,0, NH and NH,),
2.30 and 1.80 (9H, 2s, 3 CH3).

RESULTS AND DISCUSSION

The chromatographic results are presented in
Table 1. Racemic compound 1 was completely
resolved using the Pirkle-type DNBPG column,
obtaining a good separation factor («) which was
slightly affected by an increase in the percentage of
propan-2-ol in the mobile phase, and excellent
resolution factors (R) as shown in Table I and
Fig. 2a. This gave a quantitative separation of the
enantiomers by repeated 50-ul injections of racemic

TABLE 1

CSP-HPLC RESOLUTION OF ENANTIOMERIC COM-
POUNDS 1-3

Compound CSP® A k'¢ o R
(%)

1 DNBPG 3 5.25 1.44 25
DNBPG 5 3.70 142 28
DNBPG 10 2.414 1.39 25
DNBPG 15 1.74 1.33 25
Chiralpak OP(+) 5° 4327 NS¢

2 DNBPG 0 1.74/ 1.02

Chiralpak OP(+) 0° 479 119 098
Chiralpak OP(4+) 5%  2.61 1.16 0.69
Chiralpak OP(+) 10° 204 115 0.57
Chiralpak OP(+) 10" 212 116 0.68

3 DNBPG 10 6.19 NS
DNBPG 10¢ 4077 NS
DNBPG 109 4497 1.02

Chiralpak OP(+) 10  6.64/ NS

@ CSPs are described under Experimental.

b Percentage of propan-2-ol in n-hexane at a flow-rate of
1.5 ml/min unless otherwise specified, 1o = 2.37 min.

¢ Capacity factor of the first eluted enantiomer.

4 CD-positive enantiomer, see text.

¢ Flow-rate of 1 mi/min, ¢, = 3.21 min.

7 Shoulder in the rising edge of the peak.

9 Not separated.

" Flow-rate of 0.7 mi/min.

! Propan-2-ol doped with 0.5% diethylamine.

4 Flow-rate of 0.7 ml/min, fo = 5.50 min.
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CD (mdeg)

230 280 330 Alnm)

Fig. 2. (a) HPLC separation of the enantiomeric pair of com-
pound 1 on DNBPG, mobile phase n-hexane—propan-2-ol (95:5,
v/v) at 1.5 ml/min. (b) CD spectra of the enantiomeric pair of
compound 1 obtained from the first eluted peak: (positive) and
from the second peak (negative) in ethanol at 22°C.

1 and collection of the eluates from the two chroma-
tographic peaks. The CD spectra of both eluates
were measured and these were mirror images of each
other as shown in Fig. 2b, indicating that the two
eluates are optical isomers. Analytical HPLC reruns
of the eluates indicated a 100% enantiomeric purity
of each peak. Their UV spectra are also identical. No
separation of the enantiomers of compound 1 was
achieved using the Chiralpak OP(+ ) column, which
owes its chirality to the macromolecular helicity, as
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shown in Table I and from other trials with various
percentages of propan-2-ol in hexane.

Compound 2 was well resolved using the Chiral-
pak OP(+) column, as shown in Table I. The best
results were achieved by eliminating the propan-2-ol
in the eluent and by decreasing the flow-rate of the
mobile phase, thus obtaining a beneficial effect on
the resolution factor. The Pirkle-type CSP was
ineffective in the resolution of compound 2. A single
sharp peak was observed using hexane-propan-2-ol
mobile phases and barely resolved peaks were
observed using only n-hexane as the eluent, as shown
in Table 1.

Compound 3 was only slightly resolved using the
DNBPG column and the addition of a small amount
of diethylamine, combined with a low flow-rate
(0.7 ml/min) was crucial to observe this poor resolu-
tion, as shown in Table I. No separation was
achieved using the Chiralpak OP(+) column, as
shown in Table 1.

The different behaviour of compounds 1 and 2,
structurally very similar, to the DNBPG chiral
stationary phase is explained using the chiral recog-
nition model proposed by Pirkle for its DNBPG
phase [7]. We envisage three simultaneous interac-
tions for the relative configurations of compound 1:
(a) a =—= bonding interaction between the 3,5-di-
methylphenyl ring of the analyte and the 3,5-dinitro-
benzoy! group of the CSP; (b) a dipole-stacking [8]
between the N-methyllactame moiety of compound 1
and the 3,5-DNB carboxamide group of the CSP;
and (c) a stereochemically dependent steric interac-
tion between the analyte and the CSP. The dipolar
interaction in (b) is strong if the dipole moments of
the N-methylpyrrolidone (4.06 D [9]) and of the
trans-carboxamide group of the CSP (3:9 D [10]) are
considered as a model.

The dipole stacking is instead much less effective
between the lactone function of compound 2 and the
carboxamide group of the DNBPG CSP and this
results in a minor enantioselectivity with respect to
compound 1. The estereal function of analyte 2
interacts in some way with the estereal function of
the Chiralpak OP(+) column, resulting in the
resolution of the enantiomers.

Thus the use of the correct CSP is crucial to obtain
enantioselectivity sufficient for the preparative reso-
lution of compounds 1 and 2.
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ABSTRACT

The separations of the enantiomers of some 3,4-dihydro-2,2’-dimethyl-2H-1-benzopyrans and a related tetrahydronaphthalene on
a,-acid glycoprotein (Chiral-AGP) are presented, together with the results from an investigation of the effects of organic modifier and
pH on the separations achieved. The general utility of Chiral-AGP in separating the enantiomers of compounds from this class of

antihypertensive agents is demonstrated in this paper.

INTRODUCTION

3,4-Dihydro-2,2-dimethyl-2H-1-benzopyrans
such as 1-5 and the related tetrahydronaphthalene
6 are potent antihypertensive agents which relax
smooth muscle by activating potassium channels
(1,2]. These compounds contain two chiral centres
but the relative stereochemistry of these is fixed in
the trans configuration, so that each compound ex-
ists as only one pair of enantiomers. The biological
activity of cromakalim 1 is known to reside princi-
pally in one enantiomer [3], and it is therefore im-
portant to have analytical methods which can dis-
tinguish between the enantiomers of 1 and also be-
tween the enantiomers of its analogues. High-per-
formance liquid chromatography (HPLC) methods
have been reported previously for the separation of
the enantiomers of similar compounds on a hexa-
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helicene phase [4] and using chiral ion pairs [5] but
the former method required the presence of a nitro
group in the aryl group of the benzopyran for enan-
tioselectivity and the latter required the presence of
a basic nitrogen group in the molecule. Neither
method was general, therefore. The separation of
the enantiomers of 1 has also been reported by gas
chromatography [6]. This study describes the sep-
aration of the enantiomers of 1-6 by HPLC on «;-
acid glycoprotein (Chiral-AGP), a column which
appears to separate the enantiomers of a wide range
of compounds from this class and thus provides a
method more general than any previously de-
scribed.

EXPERIMENTAL

Chemicals

The synthesis of compounds 1-6 has been de-
scribed [3,7,8]. Methano! and propan-2-ol were
from Romil Chemicals (Loughborough, UK); other
chemicals were from Aldrich (Gillingham, UK). So-

1992 Elsevier Science Publishers B.V. All rights reserved
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dium phosphate buffers were prepared by dissolv-
ing the appropriate amount of sodium phosphate
dibasic heptahydrate or sodium phosphate mono-
basic monohydrate in HPLC grade water to give
0.01 M solutions, adjusting to the required pH with
concentrated orthophosphoric acid and filtering
through a Millipore Durapore membrane (0.45

um).

HPLC

All mobile phases were degassed with helium be-
fore use. Chromatographic analyses were perform-
ed on a Waters 991 photodiode array system
equipped with a Waters M600E pump and a Gilson
231/401 autosampler. The primary detection wave-
lengths were 220 and 252 nm. Analyses were carried
out on a Chiral-AGP column (100 x 4.0 mm L.D.),
supplied by Technicol (Stockport, UK) at a flow-
rate of 0.9 ml/min. Samples were prepared as 0.1
mg/ml solutions in eluent after prior dissolutionin a
small volume of methanol. Injection volumes were 5
ul. All analyses were performed at ambient temper-
ature (approx. 21°C). Capacity factors (k") for the
peaks were calculated using the equation ki =
(11 — to)/to, where #; was the retention time of peak
1 and t, was the retention time of an unretained
substance. The latter was determined by injection of
mobile phase with a slight difference in composi-
tion.
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RESULTS AND DISCUSSION

Compounds 1-6 were chromatographed using
eluents of three different pH values and with vary-
ing percentages of either methanol or propan-2-ol
as organic modifiers to determine the best separa-
tion conditions for each racemate. Example chro-
matograms for 2 and 3 are shown in Fig. 1 and the
results for all the compounds are summarized in
Tables I, II and III. The data in Table I show that
the k' values, and usually also the enantioselectiv-
ities (x), increase with a decrease in the percentage
propan-2-ol. Compound 5 was so well retained at
5% propan-2-ol that experiments below this mod-
ifier concentration were not performed. It can be
seen from the data in Table I that all the racemates
in the series can be separated using an eluent con-
sisting of propan-2-ol and phosphate buffer at pH
7, although the enantiomers of the two cyclic
amides (1 and 2) were less well separated than those
of the other compounds. The increase in retention
for the series 3, 1, 2, 5 appeared to correlate with the
expected order of hydrophobicities of these com-
pounds; the aromatic ring in 5 produced a partic-
ularly marked increase in retention. However, the
enantioselectivities observed for these compounds
did not mirror the trend in retention —it appears
that processes giving rise to retention for these com-
pounds do not necessarily also give rise to chiral
discrimination. This can also be seen from a com-
parison of the behaviours of 3, 4 and 6. For this
range of similar compounds, 3 was the least re-
tained in all conditions tried, but it consistently
gave the best enantioselectivity. Such observations
further illustrate the documented dependence of the
stereoselectivity of the Chiral-AGP column on
small structural changes in the solute molecules
[9,10].

Variation of mobile phase pH (using 1% pro-
pan-2-ol as organic modifier) gave the results shown
in Table II. For all compounds, reducing the pH
lead to decreased retention and for most of the com-
pounds it also lead to decreased enantioselectivity.
However, for 2, decreasing the pH from 4.7 to 3
increased the enantioselectivity observed, in marked
contrast to the result for the very similar compound
1. The effect of pH was also investigated for 5, using
5% propan-2-ol as the organic modifier. At pH 3
there was a decrease in retention compared to that
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Fig. 1. Example chromatograms for 2 (solid line) and 3 (broken line) with eluent conditions as follows: (a) 1% propan-2-ol in aqueous
phosphate buffer pH 7.0; (b) 1% propan-2-ol in aqueous phosphate buffer pH 4.7, (c) 1% propan-2-ol in aqueous phosphate buffer pH
3.0

observed at pH 7 (k; = 6.35 at pH 3), but the de- (Table III) produced, in most cases, approximately
cline in enantioselectivity was less marked (o = 1.29 the same enantioselectivities as observed using 1%
at pH 3). propan-2-ol, but the retention times were reduced,

Changing the organic modifier to 10% methanol thus giving shorter analysis times. Compound 2 was
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TABLE I
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INFLUENCE OF CONCENTRATION OF PROPAN-2-OL ON THE RETENTION AND ENANTIOSELECTIVITY FOR 1-6
Column, Chiral-AGP (100 x 4 mm 1.D.); mobile phase, 0.01 M phosphate buffer (pH 7.0) containing different concentrations of

propan-2-ol; flow-rate.0.9 ml/min.

Compound 5% Propan-2-ol 2.5% Propan-2-ol 1% Propan-2-ol
k, o k5 o Ky o

1 0.82 1.00 1.86 1.10 4.08 1.20
2 1.59 1.00 4.42 1.14 10.66 1.11
3 0.45 1.19 0.95 1.51 1.86 1.84
4 0.75 1.19 1.96 1.33 4.69 1.49
5 10.32 1.34 Np* NP*

6 0.78 1.00 1.60 1.11 3.16 1.29

“ NP = Experiment not performed.

again an exception; the enantioselectivity observed
for this compound was considerably reduced with
methanol, except at pH 3. Again this contrasted
with the behaviour of 1, for which 10% methanol
gave improved enantioselectivities, except at pH 3.

From the results, it can be concluded that Chiral-
AGP appears to be very useful column for the sep-
aration of the enantiomers of these antihypertensive
agents and that their separations can be usefully
manipulated by changing the eluent pH or the or-

TABLE II

INFLUENCE OF BUFFER pH ON THE RETENTION AND
ENANTIOSELECTIVITIES FOR 1-6 WITH PROPAN-2-OL
AS ORGANIC MODIFIER

Conditions as in Table I, with 1% propan-2-ol used as the organ-
ic modifier and variation of buffer pH.

ganic modifier. A mobile phase pH of around 7
gives the best chance of obtaining a separation and
either propan-2-ol or methanol can be used as the
organic modifier, with methanol usually being pre-
ferred for the shorter analysis times it can provide
(for the same selectivity). The series of compounds
described in this study has shown some interesting
contrasts in chromatographic behaviour and this
aspect will be further investigated in the near future.

TABLE III

INFLUENCE OF BUFFER pH ON THE RETENTION AND
ENANTIOSELECTIVITIES FOR 1-6 WITH METHANOL
AS ORGANIC MODIFIER

Conditions as in Table II, with methanol in place of propan-2-ol.

Compound pH 7 pH 4.7 pH 3 Compound pH7 pH 4.7 pH 3
k, o ks, o k; o k, o k o k, o

1 408 120 389 112 321 1.00 1 3.03 125 237 120 209 1.00
2 1066 1.11 900 1.10 693 120 2 7.1 1.00 493 100 447 115
3 186 184 198 170 1.66 1.33 3 156 179 133 180 124 1.37
4 469 149 405 123 322 1.00 4 388 141 297 130 255 110
5 Experiment not performed 5 Experiment not performed

6 316 129 310 117 3.00 1.06 6 246 134 206 131 202 1.14
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ABSTRACT

Highly mutagenic 2-hydroxy-3-aminophenazine (HAP) and 2,3-diaminophenazine (DAF) are possible impurities present in technical
samples of the pesticides carbendazim and benomyl. A liquid chromatographic method with electrochemical detection was developed
for the determination of HAP and DAP in technical or formulated samples of these pesticides. The method involves sample clean-up by
strong cation-exchange solid-phase extraction prior to high-performance liquid chromatographic analysis. The method is relatively

simple and can be used for analytical control of the contents of HAP and DAP impurities in pesticide products.

INTRODUCTION

Carbendazim and benomyl (Fig. 1, I and 1I, re-
spectively) are fungicides that are used as active in-
gredients in pesticide formulations. The structures
of these compounds are closely related and beno-
myl is, in fact, thought to act biologically as a pre-
cursor of carbendazim [1]. For some years it has
been known that the mutagenic effects displayed by
carbendazim and benomyl [2,3] are caused by the
presence of phenazine impurities in the technical ac-
tive ingredients, namely 2-hydroxy-3-aminophena-
zine (HAP) and 2,3-diaminophenazine (DAP) (Fig.
1, III and IV, respectively) [4,5].

Correspondence to: Dr. Benny Keppen, National Environmental
Research Institute, Frederiksborgvej 399, P.O. Box 358,
DK-4000 Roskilde, Denmark.

According to information provided by DuPont,
which produces the active ingredients, the Ames test
for mutagenic effect is negative if the total content

H CO.NH(CH,),CH,
N N

/>— NHCO.OCH, />— NHCO.OCH,
N N
I I

Qs O
N OH n NH,
nr oo

Fig. 1. Structures of the active ingredients carbendazim (I) and
benomyl (II) and those of the two impurities 2-hydroxy-3-ami- .
nophenazine (III) and 2,3-diaminophenazine (IV).

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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of HAP and DAP impurities in the active ingre-
dients is below 3.5 ppm. For authority control of
the pesticide products available in Denmark, a
method was needed by which the content of these
two impurities in carbendazim and benomyl formu-
lations could be determined. The method should
have a detection limit below 3.5 ppm relative to the
content of active ingredient (benomyl or carbenda-
zim) in the formulation. The only published method
for the determination of HAP and DAP in technical
carbendazim and carbendazim-containing formula-
tions is that of Van Damme et al. [6], which is a
normal-phase high-performance liquid chromato-
graphic (HPLC) method with UV-VIS absorption
detection at 453 nm. The method proposed in this
paper is a reversed-phase HPLC method with elec-
trochemical detection, which offers increased sensi-
tivity compared with absorption detection. Further,
the method is also applicable to formulations con-
taining benomyl as the active ingredient.

EXPERIMENTAL

Reagents

Phosphoric acid (85%) (Merck, Germany), sodi-
um hydroxide (Merck) and triethylamine (Fluka,
Switzerland) were of analytical-reagent grade and
methanol (Merck) was of gradient grade. All chem-
icals were used as received. Water was purified with
a Milli-Q purification system (Millipore, USA). 2,3-
Diaminophenazine and 2-hydroxy-3-aminophena-
zine were received as a gift from Dupont.

Apparatus and chromatographic conditions

A Bransonic 52 ultrasonic bath (Branson), an
Omnifuge centrifuge (Heraeus-Christ), 0.5-um
pore-size Fluoropore filters (Millipore) and Bond
Elut strong cation-exchange (SCX) solid-phase ex-
traction columns (50 mg) (Analytichem) were used.

The HPLC system consisted of a Waters Model
510 pump equipped with a Waters Model 712 WISP
autosampler, a BAS LC-4 electrochemical detector
(Bioanalytical Systems) and a D-2000 Chromato-
Integrator (Hitachi). The applied detector voltage
was +0.75 V vs. Ag/AgCl reference electrode. The
analytical column was a Novapak C;g (15¢cm x 3.9
mm 1.D.), 4-um particle size (Waters). The column
temperature was maintained at 30.0 + 0.1°C using
a laboratory-made LC column thermostat. The mo-

169

bile phase was: 0.050 M phosphoric acid-0.025 M
triethylamine, adjusted to pH 6.0 with 2 M NaOH-
methanol (68:32, v/v), at a flow-rate of 1.0 ml/min.

Preparation of standards

Standards were protected from light during prep-
aration and analysis. Stock solutions of HAP and
DAP were prepared separately by dissolving 5.0 mg
of the compound in 50 ml of methanol. Volumes of
1.0 ml each of the HAP and DAP stock solutions
were mixed and made up to 10 ml with methanol.
The stock solutions and mixed stock solutions were
stable for at least 2 months when stored at 4°C. A
calibration standard solution, that was used for
HPLC analysis, was prepared by diluting 100 ul of
the mixed stock solution to 50 ml with mobile
phase. A fresh calibration standard solution was
prepared each day.

Prepar.ition of samples

Samples were protected from light during prep-
aration and analysis. An amount of sample corre-
sponding to 300 mg of active ingredient was
weighed and extracted with 10.0 ml of methanol by
ultrasonic treatment for 15 min. Following centrifu-
gation (ca. 1000 g, 10 min) a 3.0-ml aliquot of the
supernatant was diluted with 6.0 ml of 0.2 M phos-
phoric acid. If necessary the mixture was filtered
and 6.0 ml of the filtrate were applied to a Bond
Elut SCX column, pre-equilibrated with 3.0 ml of
0.2 M phosphoric acid. The column was washed
with 3 x 3.0 ml of 0.2 M phosphoric acid followed
by 3.0 ml of water. The column was then eluted with
9.0 ml of 0.15 M sodium phosphate buffer (pH 9.0)-
methanol (65:35). The eluate was made up to 10.0
ml with mobile phase and analysed by HPLC.

RESULTS AND DISCUSSION

In order to select the optimum detection condi-
tions for the HPLC of HAP and DAP, a compari-
son between UV-VIS absorbance detection and
electrochemical detection was made. Absorption
spectra (200-600 nm) and response vs. applied volt-
age curves for HAP and DAP were obtained and
are shown in Fig. 2. Under optimum detection con-
ditions (electrochemical detection at +0.75 V ap-
plied voltage and absorbance detection at 254 nm),
the signal-to-noise ratio was 10-15 times higher us-
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Fig. 2. Top: UV-VIS absorption spectra of (dashed line) HAP
and (solid line) DAP, obtained on solutions of HAP and DAP in
the HPLC mobile phase. Bottom: electrochemical detection re-
sponse of (M) HAP and (A) DAP as a function of applied volt-
age. Other HPLC conditions as described in the text.

ing electrochemical detection than using absor-
bance detection. Hence electrochemical detection
was preferred.

HAP and DAP are very soluble in polar solvents
such as water and methanol, but less soluble in less
polar organic solvents such as dichloromethane and
benzene [6,7]. Methanol was chosen as the extrac-
tion solvent because preliminary experiments indi-
cated that the stability of HAP and DAP was better
in methanolic than in aqueous solution. It was
found that HAP and DAP degraded when they
were exposed to light, and that degradation was fas-
ter in aqueous than in methanolic solution, in agree-
ment with the findings of Van Damme et al. [6]. In
order to prevent degradation of HAP and DAP, the
samples were protected from light during sample
preparation and analysis.
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A clean-up step before HPLC analysis was found
to be necessary, because sample matrix components
(especially when analysing suspension formula-
tions) interfered with the electrochemical detector
signal of the analytes. Two different types of solid-
phase extraction columns (C,s and SCX) were in-
vestigated. Allthough C,4 columns showed an ac-
ceptable retention of the analytes, the interfering
matrix components were also retained on the col-
umn and it was not possible to find a water—metha-
nol composition of the eluting solvent that selec-
tively eluted the analytes.

Strong-cation exchange columns were preferred
because selective retention of the analytes (in the
protonated ionic form) was achieved, with the pos-
sibility of washing sample matrix interferences
through the column. The sample solution was
therefore acidified with phoshoric acid prior to ap-
plication to the SCX clean-up column. Elution of
the analytes from the column was done by changing
to an eluting solvent of increased pH (9.0) and con-
taining 35% methanol. Addition of methanol to the
eluting solvent was found to be necessary to opti-
mize the elution effiency, probably because of some
non-ionic adsorption of HAP and DAP on the col-
umn.

Linearity, precision and detection limits

Linearity was investigated by analysing a series of
dilutions (six concentrations) of HAP and DAP
standards. The relationship between peak area and
HAP and DAP concentration was linear (correla-
tion coefficients 0.9999 and 0.9997, respectively)
over the concentration range 10-200 ng/ml for both
compounds.

The precision of the method was evaluated by
triplicate analysis of several different technical sam-
ples (TC), suspension concentrate (SC) and wetta-
ble powder (WP) formulation samples. The results
are shown in Table I. As no authentic samples were
available that contained the phenazine impurities,
all the samples used for evaluation of the precision
of the method were spiked samples. A typical chro-
matogram from the analysis of a spiked sample is
shown in Fig. 3. The precision of the method was
5-7% for determination of both HAP and DAP in
the various types of samples.

Detection limits (calculated as injected amount of
analyte with a signal-to-noise ratio of ca. 3) was
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TABLE I
PRECISION OF THE METHOD
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Sample Active Analyte Content®, ppm R.S.D.C (%)
type* ingredient
HAP DAP

TC Carbendazim HAP 7.8 6.8

DAP : 9.4 1.2
TC Benomyl HAP 6.3 6.6

DAP 6.7 3.8
SC Carbendazim HAP 1.6 32

DAP 1.8 9.4
SC Carbendazim HAP 2.1 11.1

DAP 2.3 19
WP Benomyl HAP 2.8 5.3

DAP 2.2 9.6
Mean 6.6 4.5

¢ TC = technical; SC = suspension concentrate; WP = wettable powder.

® Mean of triplicate analyses.
¢ Relative standard deviation.

0.10 ng for both HAP and DAP, corresponding to a
content of 0.3 ppm relative to the content of active
ingredient in a typical sample (containing 50% of
active ingredient). Detection limits reported by Van
Damme et al. [6] were 0.4 and 0.8 ppm, respectively.

Recovery
The recovery of the method was evaluated by

I 05 nA

ED response

b “\U \

o

0 5 10 15 20 25
Time, (min.)

Fig. 3. Typical chromatogruin ol u sumple (suspension concen-

trate formulation containing carbendazim as active ingredient)

spiked with HAP (1) and DAP (2). The contents of HAP and
DAP in the spiked sample were 1.56 and 1.84 ppm, respectively.

analysing samples before and after addition of
known amounts of HAP and DAP. Two spike lev-
els of each of the different sample types were in-
vestigated and the results are shown in Table II.
The recoveries ranged between 62% and 112% with
a mean recovery for both compounds of ca. 80%.
The low and variable recovery for the method may
be ascribed to two different parameters: non-ionic
adsorption of the two analytes on the SCX car-
tridge column, in spite of the optimized elution con-
ditions, and the inherent limited photostability of
the analytes. Significant variation of the recovery
within a sample type was seen, which might be ex-
plained as resulting from variations in the adsorp-
tion characteristics of the solid-phase extraction
columns. Despite the low recovery, the method was
considered acceptable for the purpose of analytical
control of the contents of HAP and DAP in pesti-
cide formulations in relation to given limits.

Application

The method has been used as a part of a author-
ity control programme monitoring pesticide prod-
ucts available in Denmark. Seven different formula-
tion samples (five containing carbendazim and two
containing benomy! as the active ingredient) were
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TABLE 11

RECOVERY DATA

Sample Active Spike level (ppm) Recovery® (%)

type® ingredient
HAP DAP HAP DAP

TC Carbendazim 5.0 50 90 74
50 50 94 86

TC Benomyl 5.0 5.0 79 83
50 50 65 65

SC Carbendazim 2.5 25 65 74
25 25 93 107

SC Carbendazim 2.5 2.5 87 88
25 25 78 88

WP Benomy! 25 2.5 90 72
25 25 63 I

WP Benomyl 2.5 25 112 95
25 25 62 71

Mean 82 81

¢ TC = technical; SC = suspension concentrate; WP = wettable powder.

b Means of duplicate analyses.

analysed. In all of the samples the contents of HAP
and DAP were below the detection limit of the
method. Two plausible explanations for this can be

100

751

501

G/C.. (%)

25

0

0 50 100 150
Time (hours)

Fig. 4. Stability of (M) HAP and (A) DAP. A sample of a sus-
pension concentrate formulation containing carbendazim as the
active ingredient was spiked with HAP and DAP (initial concen-
trations C, 13.1 and 16.0 ppm, respectively) and stored at room
temperature protected from light. At different times during stor-
age, the concentrations (C) of HAP and DAP in subsamples
were determined (single determinations) as described in the text.

given: the contents of the synthesis impurities HAP
and DAP in the active ingredients were initially very
low or the impurities had degraded during the peri-
od between synthesis of the active ingredient and
analysis of the commercial formulation. As dis-
cussed by van Damme et al. [6], who also were un-
able to detect HAP and DAP in newer formula-
tions, it is very likely that any HAP or DAP initially
present in the technical active ingredient will de-
grade during formulation production or storage, es-
pecially when formulations (such as SC formula-
tions) contain water.

This is demonstrated by the results shown in Fig.
4. A sample of an SC formulation was spiked with
HAP and DAP and stored at Toom temperature
protected from light. At different times during stor-
age subsamples were analysed for their contents of
HAP and DAP. As can be seen from Fig. 4, the
stability of HAP and DAP (at least in an SC formu-
lation) is very limited.

CONCLUSIONS

The method presented here is relatively simple
and useful for the determination of HAP and DAP
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impurities in pesticide formulations containing car-
bendazim or benomyl as the active ingredient. The
precision and accuracy of the method are accept-
able for use in authority pesticide formulation con-
trol.
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ABSTRACT

Dithionite (S,027,) and hydroxymethanesulphinate (HOCH,SO~,) were separated from other sulphur oxyanions by ion-pair
chromatography and determined using a UV absorbance detector. To circumvent the autoxidation of dithionite it was derivatized by
quantitative reaction with formaldehyde to give hydroxymethanesulphinate; the UV spectrum of the latter is reported. The detection
limit of HOCH,SO,Na - 2H,0 (Rongalite) was 0.5 mg 17! (0.5 ppm).

INTRODUCTION

Sodium dithionite and sodium hydroxymethane-
sulphinate (Rongalite) are commercial chemicals
widely used as powerful reducing agents, in partic-
ular in the textile, printing and paper industries [2].
The determination of dithionite is difficult owing to
its extreme sensitivity to oxygen in aqueous solution
and to the spontaneous decomposition of such solu-
tions even with exclusion of oxygen [3,4]. This de-
composition depends strongly on the pH and is rap-

Correspondence to: Professor Dr. R. Steudel, Institut fiir Anor-
ganische und Analytische Chemie, Sekr. C2, Technische Uni-
versitdt Berlin, Strasse des 17. Juni 135, D-1000 Berlin 12 (Ger-
many).

* For Part CLVIII, see ref. 1.
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id at pH < 5.5. At pH values close to 7 the main
decomposition reaction can be represented by the
equation [5].

28,03 + H,0 - S,03~ + 2 HSO; )

So far, dithionite has been determined by iodimetric
[6,7], potentiometric [8], and spectrophotometric [§]
titration, polarography [9], Raman spectroscopy
[10] and spectrophotometry [11]. Reports on the ion
chromatographic determination of dithionite [12]
will be discussed below.

Inorganic sulphide (HS™), polysulphide (SZ7),
sulphite (SO%7), thiosulphate (S,03 ), polythion-
ates (S,0%27) and organic S-sulphonate anions
(RSSO3) can be separated and determined by ion-
pair chromatography [13-15]. This method uses an

1992 Elsevier Science Publishers B.V. All rights reserved
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inert organic stationary phase and a water-aceto-
nitrile mixture containing tetrabutylammonium
ions and a buffer as the mobile phase. A UV absor-
bance detector has been applied in all instances. We
report here the analysis of aqueous dithionite and
Rongalite by ion-pair chromatography. To circum-
vent the oxygen sensitivity of dithionite, the freshly
prepared solutions were reacted with formaldehyde,
which converts S,03~ rapidly and quantitatively
into the less sensitive sulphinate and sulphonate
ions [6,7]:

8204_ + 2 CH20 + Hzo g

HOCH,SO; + HOCH,SOg 2)

EXPERIMENTAL

The chromatographic and spectroscopic equip-
ment described in a previous paper [14] were used.
The variable-wavelength UV detector was operated
at 215 nm. As in the earlier work [14], a PRLP-S
column (Polymer Labs.) (120 mm X 4 mm I.D.,
particle size 8 um) connected to a PRP-100 precol-
umn (Knauer) (Eurogel, particle size 8 um) was
used. Two different eluent compositions were em-
ployed, depending on the accompanying ions to be
determined. For mixtures of S,0%~ with S,0%~
and polythionates the eluent was water—acetonitrile
(Promochem Chrom AR) (75:25, v/v) containing 1
mmol 17! of Na,CO; and 2 mmol 17! of tetra-a-
butylammonium hydrogenphosphate (pH of eluent
= 7.7). Mixtures of S,0%~ with HS~ and S,03%~
were analysed with an eluent consisting of water—
acetonitrile (93:7, v/v) containing 1 mmol 17! of
Na,COj; and 2 mmol 17! of tetra-n-butylammoni-
um hydroxide. The pH of this eluent was adjusted
to 11.0 by addition of H;PO, (8%). The eluents
were degassed and in some instances oxygen-free
helium was bubbled through. However, even then it
was not possible to detect S,0%~ directly [16]. The
flow-rate was always 1 ml min 1.

Water for sample and eluent preparation was
doubly distilled. To remove dissolved oxygen, the
water for samples was then refluxed under nitrogen
for 10 h. The nitrogen had an oxygen content of
<0.1 ppm. To avoid the intrusion of O, from the
air, the apparatus was made from glass and copper
and the use of plastic pipes was avoided as far as
possible.
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Na,S,04 (93%; containing 6.5% Na,SO; and
0.5% Na,S0,) (BASF) and Rongalite (98.8% di-
hydrate) (BASF) were used as received. Na,S,0,4
was stored at —18°C under nitrogen. Na,S -
7-9H,0 (Merck) was recrystallized from degassed
water. Aqueous formaldehyde (37%) (Merck),
Na,S0; (puriss.) (Fluka) and K,S,0; - 3/2H,0
(purum) (Fluka) were used as received. Polythion-
ates were prepared in almost 100% purity accord-
ing to ref. 17.

To calibrate the chromatographic system, stan-
dard solutions of Rongalite and dithionite were
made daily. The latter was added directly to aque-
ous formaldehyde of pH 8-9. To study the decom-
position of aqueous dithionite (see below), the
S,03%~ solution (ca. 20 mmol 171; 1 ml) was added
to aqueous formaldehyde (2 ml) which had been
adjusted to pH 8-9 with NaOH (0.1 mol 1) fol-
lowed by dilution to 50 ml with doubly distilled wa-
ter. After completion of reaction 2, exclusion of ox-
ygen was no longer necessary.

o~
b4 .
N ~
N ” [
X
3} ] Q a
(o] 0
i,
I
3
|
T T T
0 5 10 min
w
X 72} b
(3]
:
o]
[T
w

(') é 1|0 1l5 2IO min

Fig. 1. Chromatograms of the following mixtures: (a)
HOCH,SO; (0.75 mmol 1=*), HS ™ (0.44 mmol 1-1), SO~ (0.80
mmol 1) and 8,02~ (0.70 mmol 1~') using an alkaline eluent
(pH 11.0); (b) HOCH,SO5 (0.39 mmol 1-*), $,02" (0.39 mmol
171),$;02~ (0.90 mmol [~%), §,02~ (0.03 mmol 1~ 1), $,02~
(0.09 mmol 171), S,02~ (0.02 mmol I ~?) using an almost neutral
eluent (pH 7.7).
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RESULTS

Fig. 1a shows the chromatographic separation of
hydroxymethanesulphinate, hydrogensulphide, sul-
phite and thiosulphate at pH 11.0 of eluent No. 2.
In Fig. 1b the corresponding separation of hydroxy-
methanesulphinate, thiosulphate and the poly-
thionates S,02~ (n = 3-6) is shown (eluent No. 1 at
pH 7.7). The different retention times on the two
chromatograms are due to the different eluent com-
positions. The assignment of the peaks was made
using pure substances and by comparison of reten-
tion times and UV absorbance spectra recorded on-
line with a diode-array detector [14].

Fig. 2 shows the previously unknown UV spec-
trum of the sulphinate; identical spectra were ob-
tained from either Rongalite or S,03 ~—~CH,O mix-
tures. The sulphonate does not absorb at 215 nm
and therefore does not show up in the chromato-
grams of $,0% -CH,O mixtures. However, when
the akaline eluent was used it was observed that the
sulphonate partly hydrolyzed to give sulphite and
CH,0 during analysis. Whereas CH,O does not
absorb at 215 nm the sulphite peak was well sep-
arated (see Fig. 1a). As neither sulphide, thiosul-
phate nor polythionates react with CH,O at 20°Cin
water, ali these species, which have been found in
decomposing dithionite solutions, can now be de-
termined by ion-pair chromatography. However,
sulphite reacts with CH,O to give the sulphonate
which, as mentioned above, does not absorb at 215
nm. Its determination requires the use of another
detection technique.

The calibration functions for Rongalite and di-

absorbance

200 . 220 240 260 280 300
wavelength / nm
Fig. 2. Absorption spectrum of the HOCH,SO; ion in water—
acetonitrile (75:25, v/v) at pH 7.7 recorded with a diode-array
detector. No absorptions were detected in the range 300-800 nm.

R. Steudel and V. Miinchow | J. Chromatogr. 623 (1992) 174-177

tionite (after reaction with CH,O) were investigated
in the concentration range (c) 0.09-0.46 mmol 17 1.
Straight lines were obtained in both instances (cor-
relation coefficients r = 0.999), the slopes of which
differed by only 1.6%: Rongalite, peak height =
974c — 12.2; dithionite, peak height = 959¢ —
11.7. The negative intercepts expected for ¢ = 0 are
caused by the negative peak preceding the sulphi-
nate peak. In both instances the concentration of
the solution was determined by iodimetric titration
of the sulphinate. The results show that reaction 2
must proceed rapidly and quantitatively. Using a
sample loop of 10 ul the detection limit of Rongalite
(HOCH,SO;,Na - 2H,0) was 0.5 mg 171

To test the applicability of the method, we ana-
lysed an aqueous dithionite solution exposed to air
simultaneously by iodimetric titration and by quan-
titative ion-pair chromatography. The results
shown in Fig. 3 demonstrate that both methods'
yield virtually identical values. Owing to the reac-
tion
S,03” + 0, —» 25035~ 3)
the dithionite concentration (c¢) slowly decreased
but in between sometimes oscillations of ¢ occurred,
as had already been observed by others [18]. A more

detailed account of the dithionite decomposition
will be published elsewhere.

DISCUSSION

We have demonstrated that dithionite can be de-
termined chromatographically after derivatization

4
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—°'- »* ; »
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min
Fig. 3. Autoxidation and decomposition of aqueous sodium
dithionite on exposure to air (initial pH = 7). The $,03~ con-
centration was independently determined by () ion-pair chro-
matography and (O) iodimetric titration.
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to the more stable hydroxymethanesulphinate,
which has absorption maxima at 206 and 225 nm
and can therefore be detected using a UV absor-
bance detector. The dithionite anion also shows a
strong UV absorption (maxima near 200 and 320
nm [19,20], but its extreme sensitivity to oxygen in
solution prevented its direct chromatographic sep-
aration and UV detection. However, Stutts [12] re-
ported the detection of $;03~ by ion chromatogra-
phy using a UV detector operating at 254 nm, al-
though S,02~ shows an absorption minimum near
260 nm. He added sulphite to the eluent to prevent
autoxidation of the dithionite. However, Dixon [20]
has demonstrated that dithionite reacts much faster
with molecular oxygen than sulphite. Therefore, the
use of sulphite as an antioxidant may remove the
oxygen dissolved in the eluent, but oxygen diffusing
into the system during sample handling will first ox-
idize S,0% ~ rather then SO%~. We therefore consid-
er that our technique of immediate derivatization of
dithionite and its indirect detection as sulphinate is
superior. Not only is the sample handling simpler,
but also the detection limit of 0.5 mg 17! (0.5 ppm)
is much lower than the 10 ppm reported for Stutt’s
method [12].

The separation of S,0%~ from other sulphur oxy-
anions by ion-pair chromatography reported by
Weiss and Go6bl [21] is in error as the peak assigned
to dithionite was in fact due to sulphate [22].
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ABSTRACT

The dispersion and selectivity indices of a series of n-alkyl- and I-(alkyl), (alkyl) benzenes were determined using retention index
values determined on a non-polar (DB-1) and a polar (DB-wax) fused-silica capillary column. The effect of the individual groups and
the multiple alkyl substituents and their position on the alkyl chain are discussed in terms of the relevant polar interactions.

INTRODUCTION

The effect of the solute—solvent interactions in
chromatography on the retention of a substance in
chromatography is conveniently determined as the
retention index value, this being a summation of
both non-polar and polar forces, moderated by
steric factors. Evans et al. [1] have expressed the
retention index (/) as the sum of two factors:

I=1I,+1I*

where I, the dispersion index is defined as the
retention index of a hypothetical n-alkane having
the same molecular mass as the solute and 7* is the
selectivity index, which reflects the combined effects
of molecular shape and functionality.

Since an r-alkane has a molecular formula of
CH,;., or (CH,); + 2H its molecular mass is

Correspondence to: Dr. J. K. Haken, Department of Polymer
Science, University of New South Wales, P.O. Box 1, Kensington,
NSW 2033, Australia.
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m = 14.026i + 2.016. Therefore I, can be calculated
from:

™7 0.14026

where m is the molecular mass of the solute.

The scheme has been applied to a study of the
homologous carboxyl and -carboxyl compounds
[2,3], alkyl, chlorinated and alkenyl benzoate esters
(4], n-alkylbenzenes [5] and chlorinated derivatives
of cyclohexane, benzene and anisole [6]. This paper
extends the analyses of n-alkylbenzenes by the use of
a wider range of alkyl chain lengths than previously
reported [5] and includes homologous branched
chain alkylbenzenes.

DATA

The retention data used in this paper are repro-
duced from work reported by Peng et al. [7] who
used Hewlett-Packard Model 5890 and 5880 A gas
chromatographs, equipped with thermal conductiv-
ity detectors using non-polar and polar fused-silica

1992 Elsevier Science Publishers B.V. All rights reserved
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capillary columns (30 m x 0.53 mm [L.D., film
thickness 1.0 yum of DB-wax and 1.5 ym of DB-1 (J.
& W. Scientific, Folsom, CA, USA). The tempera-
ture was linearly programmed, the initial oven
temperature of 40°C was held for 4 min and then
increased at a rate of 8°C/min to 280°C for DB-1 and
to 200°C for the DB-wax column. The maximum
oven temperature was maintained for 20 min. The
retention index values were calculated using the
equation of Van der Dool and Kratz [§].

RESULTS

Table I shows retention data of C,—C, n-alkyl-
benzenes determined by Engewald ez al. [9] on
packed OV-1 and UCON LBS550 columns and
similar data of C;~C,; n-alkylbenzenes determined
by Peng et al. [7] on capillary columns coated with a
comparable dimethylsiloxane and DB-wax. The
earlier values on the OV-1 column are essentially
identical with those of Peng et al. [7] indicating that
the works should be generally comparable. With
C,—C, n-alkylbenzenes it was shown that the value

TABLE 1
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of the selectivity indices /* gradually decreased
indicating a reduction in polar character as the alkyl
chain length increased. With the longer chain length
homologues the trend is reversed and the values
increase due evidently to alteration of the configura-
tion of the alkyl chain.

This effect was not as expected or as observed in
the earlier works [4-6] where the 7* values tended to
approach a constant value. However, this work
differs from the earlier studies in that a much wider
range of homologues was considered. A variation in
the trend of properties of homologues which pass
through a minimum is well known with many
systems. One of the earliest studies of homologue
properties considers the polyalkyl acrylates and the
polyalkyl methacrylates. The brittle point and the
hardness of the first eight n-alkyl acrylates and the
first twelve m-alkyl methacrylates follow a linear
function with the logarithm of the carbon number of
the alkyl groups but with increased alkyl chain
length the relationship does not continue as the
values dramatically alter and the previous trend is
reversed [10]. The systems which find considerable

RETENTION (7), DISPERSION (7,,) AND SELECTIVITY (/*) INDICES OF n-ALKYLBENZENES

n-Alkylbenzenes I OV-100 DB-1 LBS550X DB-wax

A N ) Y A LU /S TS S LN N U SR N £ £
Benzene 542 664 122 654 112 759 217 947 405
Toluene 642 767 125 3 764 122 10 862 220 3 1051409 4
Ethylbenzene 742 859 117 -5 858 116 4 950 208 -9 1129 382 —18
n-Propylbenzene 842 950 108 —14 945 103 —9 1037 185 —22 1206 364 —d41
n-Butylbenzene 942 1047 105 —17 1047 105 —7 1134 192 —25 1306 364 —41
n-Pentylbenzene 1042 1146 104 —18 - — — 1233 191 -26 - N -
n-Hexylbenzene 1142 1244 102 1254 112 ¢ 1332 190 —27 315 373 —32
n-Heptylbenzene 1242 1342 100 1348 106 —6 1611369 -36
n-Octylbenzene 1342 1456 114 2 1715373 =32
n-Nonylbenzene 1442 1560 118 6 1821 379 -26
n-Decylbenzene 1542 1664 122 10 1928 386 ~19
n-Dodecylbenzene 1742 1870 128 16 2141 399 -6
n-Tridecylbenzene 1842 1958 136 24 2265 423 18
CIE = Lmpounds 15 = Loenzene:



180

TABLE II
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RETENTION (I), DISPERSION (/) AND SELECTIVITY (/*) INDICES OF 1-(ALKYL)ALKYLBENZENES

Compound I DB-1 DB-wax
I *or-Ir 1 F AN i S 4
Benzene, (I-butythexyl) 1542 1326 —16 —128 1729 187 —-30
(1-propylheptyl) 1542 1534 -8 —120 1743 201 -—16
(1-ethyloctyl) 1542 1553 11 -101 1767 225 -2
(1-methylnonyl) 1542 1588 46 —66 1833 291 74
n-decyl 1542 1664 122 10 1928 306 169
(1-pentylhexyl) 1642 1620 —22 —134 1820 178 -39
(1-butylheptyt) 1642 1626 —16 —128 1828 186 —31
(1-propyloctyl) 1642 1636 —6 —118 1843 201 —16
(1-ethylnonyl) 1642 1656 14 —98 1873 231 14
(1-methyldecyl) 1642 1692 50 —62 1933 291 74
(1-pentylheptyl) 1742 1719 —23 —135 1918 176 —41
(1-butyloctyl) 1742 1723 —-19 —-131 1928 188 -—-29
(1-propylnonyl) 1742 1735 -7 -—119 1943 201 -—16
(1-ethyldecyl) 1742 1755 13 —99 1972 230 13
(1-methylundecyl) 1742 1791 49 —63 2036 294 77
n-dodecyl 1742 1870 128 16 2140 398 181
(1-pentyloctyl) 1842 1814 —28 —140 2015 173 —44
(1-butylnonyl) 1842 1821 -21 —133 2026 184 -—33
(1-propyldecyl) 1842 1836 —9 —121 2046 204 —13

(1-ethylundecyl) 1842 1856 14 —63
(1-methyldodecyl) 1842 1894 50 —-62

n-tridecyl 1842 1978 164 52

2079 237 20
2143 301 84

2275 433 216

industrial application have been extensively studied
and other physical properties show the same trends
[11].

Most of the contribution to the 7'* value is due to
the aromatic ring, the effect of the alkyl chain may
be estimated by subtraction of I* for benzene. The
values decrease due to the reduction in polar forces
with increasing chain length then increase as the end
of the alkyl chain comes closer to the aromatic ring.

A comparison of the I* values on the dimethyl
polysiloxanes, on UCON LB550X and on DB-wax
shows the increasing polar character of the station-
ary phases. The values of 7* on DB-wax show the
same decrease and then an increase as the chain
length is increased. The contribution of the alkyl
chain similarly varies the negative values showing
that the effect is small compared to the contribution
of the aromatic ring.

Several examples. of the retention of isomers are

evident, isopropylbenzene exhibiting a lower reten-
tion value than the n-alkyl homologue due to the
more compact shape, diethylbenzene showing mini-
mally lower values than n-alkylbenzene and cyclo-
propylbenzene and cyclohexylbenzene showing
greater retention than the n-alkyl isomers due to the
increased rigidity of the ring system.

Table II shows retention indices, together with
dispersion and selectivity indices of several series of
1-(alkyl),,(alkyl),benzenes where m varies from 1 to
(n — 1) while the value of m + »n remains constant.

Movement of a methylene group from the m or
long alkyl chain to the short alkyl chain makes the
molecule more symmetrical. The more symmetrical
isomer exhibits the lower retention. The trend
continues with all of the series and the isomer in each
case where the two alkyl chains are closest in size has
the lowest retention.

The selectivity indices on the polysiloxane station-
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ary phase increase as the symmetry of the alkyl chains
isreduced, the values showing the greater influence of
the aromatic ring as the interference of the aliphatic
structure is reduced. The effect is more apparent by
subtraction of I'* for benzene from the 7* value of the
compound where the polar interactions are reduced
as the proximity of the alkyl groups are increased
from the aromatic ring. With the DB-wax stationary
phase the I'* values of the compounds are greatly
enhanced while the values less the contribution doe
to the aromatic ring are reduced, the interactions of
the aromatic structure and the more polar phase
overshadowing the effect of the alkyl substituents.

CONCLUSIONS

The retention of a larger range of alkyl chain
lengths of n-alkylbenzenes than previously available
have been examined. It is evident that while the I*
(selectivity index) values decrease with increased
alkyl chain length they then increase as the polar
character of the extremity of the chain increases due
to its configuration and increasing proximity of the
aromatic ring.

181

With 1-(alkyl),(alkyl),benzenes the selectivity
indices increase as the symmetry of the alkyl chains
is reduced the values showing the greater influence
of the aromatic ring as the interference of the
aliphatic structure is reduced. The I* values show
the greater influence of the aromatic ring with the
stationary phase of increased polar character.
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ABSTRACT

Underivatized phenolic constituents from propolis (flavonoid aglycones, phenolic acids and their esters) were analysed by capillary
gas chromatography using an electron-capture detector. The analysis was possible because of the good electron-capture response of
these compounds, which belong to the so-called “conjugated electrophores”.

INTRODUCTION

Phenolic compounds are widespread in plants
and they are important as active ingredients of
many phytogenic preparations in cosmetics and
medicine [1,2]. Phenolic compounds -(flavonoid
aglycones, phenolic acids and their esters) are the
main components of propolis (bee glue) [3] and are
thought to be responsible for its valuable biological
activity [4]. Among the various methods used for
the separation and analysis of complex mixtures of
natural phenolics, such as propolis, capillary gas
chromatography (GC) is- of major importance due
to its sensitivity and resolving power. It is common
practice to prepare derivatives of phenolic com-
pounds before GC analysis [methyl or trimethylsilyl

Correspondence to: Dr. R. Christov, Institute of Organic Chem-
istry with Centre of Phytochemistry, Bulgarian Academy of
Sciences, Acad. G. Bonchev str. bl. 9, 1113 Sofia, Bulgaria.
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(TMS) ethers] and to use flame ionization detection
[5]. The derivatization is thought to be necessary to
increase the volatility of the phenolic compounds,
but it has some disadvantages, especially when fla-
vonoids are to be analysed [5,6]. Some recent re-
ports have shown that under the conditions of py-
rolysis GC—mass spectrometry some flavonoid agly-
cones have been detected [7]. This is an indication
that even the underivatized compounds of this type
are volatile enough and transmit well through suit-
able GC columns at 300-350°C without thermal
degradation. The main groups of propolis phenolics
(flavonoid aglycones, phenolic acids and their es-
ters) are also known to belong to the so-called “con-
jugated electrofores” which have a good electron-
capture response [8] and in these compounds the
electron-capture detector might be more sensitive
than the flame ionization detector. This was con-
firmed by experiments to use electron capture for
the detection of the TMS derivatives of phenolic

1992 Elsevier Science Publishers B.V. All rights reserved
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compounds. For this reason we tried to determine if
underivatized phenolic compounds could be deter-
mined by capillary GC using an electron-capture
detector.

EXPERIMENTAL

The flavonoids pinocembrin (2), tectochrysin (3)
and galangin (5) were isolated from propolis as de-
scribed by Bankova et al. [9]. The methodology of
p-phenylethyl caffeate (6) synthesis has been de-
scribed by Bankova [10]. Caffeic acid (1) was pur-
chased from Merck and chrysin (4) from Roth.
Propolis was collected in south Bulgaria near Plov-
div.

Extraction of propolis

Propolis (1 g) was grated after cooling and re-
fluxed with 15 ml of methanol for 1 h. The hot ex-
tract was filtered, diluted with water and extracted
successively with light petroleum (b.p. 40-60°C)
(3x) and diethyl ether (3 x). The ether extracts
were combined and evaporated to dryness. This ex-
tract (1 mg) was dissolved in 100 ul of acetone, and
1-2 ul of this solution were injected into the gas
chromatograph.

Trimethylsilylation

A 1 mg mass of the model mixture or of the ether
extract of propolis was silylated with 50 ul of N,O-
bis(trimethylsilyl)trifluoroacetamide at 65°C for 30
min; 1-2 ul of the solution was injected into the gas
chromatograph.

Gas chromatography

GC analysis was carried out on a Perkin-Elmer
8700 instrument. The separation was accomplished
ona9m x 0.25 mm I.D. SE-54 fused-silica capil-
lary column with a film thickness of 0.25 pym. The
linear velocity of the nitrogen carrier gas was 9 cm
s~ ! (split ratio 1:25). The temperature programme
was as follows: 80-280°C, rate 20°C min~1; 280~
300°C, rate 2°C min ~!, with a 10-min hold at
300°C. The injector temperature was 320°C and the
detector temperature was 350°C. At the end of the
column the gas flow was split in a ratio of 1:1 using
two 10 cm x 0.25 mm, 0.25 um film thickness
SE-54 capillaries, the first of them going into the
flame ionization detector and the other into the
electron-capture detector.

183
RESULTS AND DISCUSSION

Experiments were carried out to see if the TMS
ethers of propolis phenolics have a significant elec-
tron-capture response. In these experiments a mod-
el mixture of representatives of the three main
groups of propolis phenolics (caffeic acid, 1; flavo-
noid aglycones pinocembrin, 2; galangin, 5; and the
ester B-phenylethyl caffeate 6) and propolis extract
were used. At the end of the column both detectors
were run simultaneously. It is shown that the elec-
tron-capture response was about one order of mag-
nitude higher than the flame ionization response
(Fig. 1). When the injector temperature was in-
creased (280-320°C), higher responses were ob-
served for both detectors because of the increasing
vapour pressure of the compounds analysed. An in-
crease in the detector temperature (320-350°C) re-
sulted in a lower electron-capture response (15—
40% for the different compounds). This is an in-
dication that the electron-capture process in this in-
stance occurs in a way which represents an undis-
sociative attachment producing a stable negative
molecular ion [8]. The high electron-capture re-
sponse of the conjugated electrophores (silylated
flavonoids and cinnamic acid derivatives) encour-
aged the analysis of the low-volatile underivatized
compounds by capillary GC with electron-capture
detection. The same column was used for the sep-
aration of derivatized and underivatized propolis
phenolic components (cafleic acid, 1; pinocembrin,
2; tectochrysin, 3; chrysin, 4; galangin, §; and
B-phenylethyl caffeate, 6). A satisfactory resolution
(not the optimum solution) of the underivatized
compounds was achieved under the conditions used
for the analysis of the TMS ethers, so these condi-
tions were used for the comparison study (Fig. 2).

The injector temperature was 320°C; when it was
increased to 350°C, only a slight increase in the rela-
tive areas of the peaks with the longest retention
times (chrysin 4 and galangin 5) was observed. The
percentage of caffeic acid 1 (retention time 4.5 min)
in these samples was low (less than 1%) [11] and
was below the limit of detection. It is interesting to
note that when underivatized propolis phenolic
components were analysed using the two detection
methods simultaneously, only the largest peaks pi-
nocembrin and galangin, were satisfactorily detect-
ed by flame ionization detection at an acceptable
signal-to-noise ratio.
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Fig. 1. Capillary gas chromatogram of TMS ethers of propolis
phenolic constituents. For GC conditions, see under Experimen-
tal. Peaks: 1 = caffeic acid, 2 = pinocembrin, 3 = tectochrysin,
4 = chrysin, 5 = galangin, 6 = B-phenylethyl caffeate. ( )
Flame ionization response; (----) electron-capture.

To the best of our knowledge this is the first anal-
ysis of underivatized flavonoid aglycones by capil-
lary GC. It was possible because of the good elec-
tron-capture response of these compounds. The
method proposed allows the rapid qualitative anal-
ysis of the main biologically active components of
propolis [12]. The good reproducibility of the peak
areas is an indication that the method could also be
used for the quantitative analysis of this valuable
natural product.
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Fig. 2. Capillary gas chromatogram of underivatized propolis
phenolic constituents using electron-capture detection. For GC
conditions, see under Experimental. For peak identification, see
Fig. 1.
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ABSTRACT

The suitability of high-resolution gas chromatography (HGRC) for the analysis of the raffinose family oligosaccharides (raffinose,
stachyose, verbascose) was investigated. Aqueous methanol (80%) extracts of pea flour were dried and derivatized with either trimethyl-
imidazole or N-methyl-bis(trifluoroacetamide). Separation of the sugar derivatives was achieved uitilizing a 10-m DB5-60W capillary
column. The effects of carrier gas (He) flow-rate and split ratio on resolution and reproducibility were studied. HRGC analysis was
characterized by excellent resolution and satisfactory reproducibility, and proved to be a rapid, sensitive method for quantitation of

oligosaccharides in pea flours.

INTRODUCTION

A well known problem associated with the con-
sumption of legume-based foods is their content of
galactose-containing oligosaccharides (raffinose,
stachyose, verbascose) at levels that may contribute
to the development of flatulence [1]. These a-galac-
tosides escape digestion and absorption in the small
intestine due to the absence of a-galactosidase activ-
ity and are consequently metabolized by bacteria in
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Laboratory, Department of Applied Microbiology and Food
Science, University of Saskatchewan, Saskatoon, Saskatchewan,
S7N 0W0, Canada.
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the lower intestinal tract, resulting in the produc-
tion of carbon dioxide and hydrogen.

A variety of chromatographic techniques have
been employed for analysis of o-galactosides in le-
gumes subsequent to an initial aqueous or alcoholic
extraction and partial purification from non-carbo-
hydrate material. Tanaka et al. [2] encountered con-
siderable difficulties in the quantitation of o-galac-
tosides by paper chromatography. The high-per-
formance liquid chromatographic (HPLC) metho-
dology employed to date suffers shortcomings relat-
ed to peak resolution and detector sensitivity {3,4].
Anion-exchange chromatography at high pH, cou-
pled with pulsed amperometric detection, over-
comes the major shortcomings of conventional

1992 Elsevier Science Publishers B.V. All rights reserved
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HPLC for the analysis of carbohydrates [5]. Its ap-
plication to the analysis of legume oligosaccharides,
however, has not yet been reported. Packed-column
gas chromatography (GC) was used by Sosulski ez
al. [6] for the analysis of oligosaccharides in eleven
legumes. Long retention times and poor reproduc-
ibility for larger oligosaccharides were major draw-
backs of their methodology.

The aim of this work was to investigate the suit-
ability of HRGC for rapid, quantitative determina-
tion of a-galactosides in pea flours.

EXPERIMENTAL

Chromatographic equipment

A Hewlett-Packard 5710A gas chromatograph
was equipped with a 10-m DB5-60W (0.32 mm 1.D.,
0.25 pm film thickness) capillary column, a flame
ionization detector (FID) using nitrogen as the
make-up gas, and a Hewlett-Packard 3390A inte-
grator. Helium was used as the carrier gas. The in-
jector and detector temperatures were 250 and
300°C, respectively.

Standards

Sorbitol, sucrose, phenyl a-D-glucoside, raffinose
and stachyose were purchased from Sigma (St.
Louis, MO, USA).

Derivatization reagents

N-Methyl-bis(trifluoroacetamide) (MBTFA) and
Tri-Sil Z reagents were purchased from Chromato-
graphic Specialties (Brockville, Canada).

Trifluoroacetylation

Each sugar (0.1-5.0 mg) was dissolved in 0.25 ml
pyridine (silylation grade, Chromatographic Spe-
cialties) in a reaction vial by shaking and heating at
70°C for 30 min. Derivatization was completed by
adding 0.25 ml MBTFA and heating at the same
temperature for 15 min. The same trifluoroacetyla-
tion procedure was applied to oligosaccharides ex-
tracted from pea flour (refer to Extraction proce-
dure, below).

Silylation

Each sugar (0.1-5.0 mg) was dissolved in 0.50 ml
Tri-Sil Z reagent in a reaction vial by shaking and
heating at 70°C for 30 min. The same silylation pro-
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cedure was applied to oligosaccharides extracted
from pea flour (refer to Extraction procedure, be-
low).

Pea flour

High protein pea flour (air-classified pea protein
concentrate), containing approximately 55% pro-
tein, was supplied by Parrheim Foods (Saskatoon,
Canada).

Extraction procedure

Extraction of a-galactosides from pea flour was
carried out according to the procedure of Sosulski
et al. [6] with modifications. Pea flour (2.0 g) was
homogenized for 2 min in 30 ml 80% aqueous
methanol. Samples were then centrifuged at 1000 g
for 4 min. The supernatant was treated with sat-
urated lead acetate solution (20 drops/5 ml) to pre-
cipitate soluble proteins, and clarified using a
hydrophobic (0.22-um) membrane filter (Acrodisc
PTFE-Gelman, Montreal, Canada). A 2-ml volume
of the filtrate was treated with 2 drops of saturated
monopotassium phosphate to remove excess lead
and filtered again. Finally, 1 ml of clear filtrate plus
1 ml of phenyl a-D-glucoside solution (1.0 mg/ml in
80% methanol) were evaporated to dryness in a re-
action vial at 50°C under nitrogen. Refluxing of pea
flour (2.0 g) for 1 h in 30 ml 80% aqueous methanol
was an equally effective extraction procedure.

RESULTS AND DISCUSSION

Effect of carrier gas flow-rate on elution profile

As expected, the flow-rate of the carrier gas (He)
had a pronounced effect on the elution profiles of
the o-galactoside derivatives. Retention times de-
creased significantly with increasing flow-rates (Fig.
1). The excellent resolution obtained for trimethyl-
silyl (TMS) derivatives permitted the use of rela-
tively high carrier flows, which markedly shortened
analysis times.

MBTFA derivatives exhibited greater volatility
than did the corresponding TMS derivatives, which
led to considerably shorter retention times (Fig. 2).
These findings were in agreement with results ob-
tained earlier by Selosse and Reilly [7] for MBTFA
derivatives of several trisaccharides, including raffi-
nose. However, we observed poor resolution be-
tween the peaks corresponding to sucrose and
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Fig. 1. The effect of carrier gas (He) flow-rate on the elution
profiles of TMS derivatives of legume oligosaccharides extracted
from air-classified pea protein concentrate. (A) 6.7 ml/min; (B)
3.7 ml/min; (C) 1.6 ml/min. Chromatographic conditions: split
ratio 1:50; temperature programming: initial temperature,
188°C, temperature gradient, 8°C/min, final temperature, 316°C,
hold time at final temperature, 8-32 min; column: DB5-60W (10
m X 0.32mm 1.D., 0.25 um film thickness). Components identi-
fied: a = phenyl a-D-glucoside; b = sucrose; ¢ = raffinose; d =
stachyose; e = verbascose.

Min

Fig. 2. HRGC analysis of MBTFA derivatives of oligosaccha-
rides extracted from air-classified pea protein concentrate. Chro-
matographic conditions: carrier (He) flow, 2.7 ml/min; split ra-
tio, 1:100; temperature programming; initial temperature, 80°C,
temperature, gradient 8°C/min, final temperature, 250°C; col-
umn: DB5-60W (10 m x 0.32 mm I1.D., 0.25 um film thickness).
Components identified: a = phenyl a-D-glucoside; b = sucrose;
¢ = raffinose; d = stachyose; e = verbascose.
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Fig. 3. Curve depicting relative response factors for sorbitol (1
hexose unit), sucrose (2 hexose units), raffinose (3 hexose units),
and stachyose (4 hexose units). Phenyl a-D-glucoside was em-
ployed as internal standard. Dashed line indicates extrapolation
required to obtain a response factor for verbascose (5 hexose
units). Flow rate: 6.7 ml/min, split ratio: 1:50.

phenyl a-pD-glucoside, the most suitable internal
standard identified. At a carrier gas flow of 2.7 ml/
min, the retention times for sucrose and phenyl o-D-
glucoside were nearly identical at 7.0 and 7.2 min,
respectively. Resolution was not improved at carri-
er gas flows lower than 2.7 ml/min (data not
shown).

Quantitation of oligosaccharide TMS derivatives
The relationship between relative response factor
(mass basis) and the number of hexose units is
shown in Fig. 3 for sorbitol, sucrose, raffinose and
stachyose TMS derivatives as determined at a flow-
rate of 6.7 ml/min and a split ratio of 1:50. No stan-
dard was available for direct determination of a re-
sponse factor for verbascose. However, extrapola-
tion from the response factor curve indicated that it
was very similar to that of stachyose. Quantitation
of verbascose was based on this assumption. The
marked decrease in relative response for larger oli-
gosaccharides was attributed to discrimination
against higher mass/less volatile derivatives in the
injector of the chromatograph, and to on-column
breakdown of derivatives, particularly at higher
column temperatures (larger oligosaccharides). In-
jector discrimination was particularly evident at
higher split ratios, as shown in Fig. 4, where the
verbascose peak, in particular, became progressiv-
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Fig. 4. The effect of split ratio on the elution profiles of TMS
derivatives of legume oligosaccharides extracted from air-classi-
fied pea protein concentrate. (A) 1:50; (B) 1:100; (C) 1:150. Chro-
matographic conditions: carrier gas (He) flow-rate, 3.7 ml/min;
temperature programming - initial temperature, 183°C, temper-
ature gradient, 8°C/min, final temperature, 316°C, hold time at
final temperature, 16 min; column: DB5-60W (10 m x 0.32 mm
1.D., 0.25 um film thickness). Components identified: a = phenyl
o-D-glucoside; b = sucrose; ¢ = raffinose; d = stachyose; e =
verbascose.
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ely smaller relative to other component peaks as the
split ratio was increased from 1:50 to 1:150. Sosul-
ski et al. [5] reported a similar, but essentially linear
in their case, inverse relationship between relative
response and mass using packed-column GC meth-
odology.

Reproducibility of analyses

Although TMS derivatives generally gave satis-
factory reproducibility at all carrier gas flow-rates
(Table I), results were most reproducible at the -
highest flow-rate tested, 6.7 ml/min.of He. Verbas-
cose was an exception, reproducibility of analysis
being poorest at 1.6 ml/min and best at 3.7 ml/min.
Reproducibility improved (smaller coefficients of
variation) with decreasing split ratio at all flow-
rates tested (Table I) with the exception of raffinose
at 1.6 ml/min and sucrose and stachyose at 3.7 ml/
min.

Results using MBTFA as derivatizing agent were
poorly reproducible, which we attributed to more
severe and variable discrimination at the injector
with the more volatile MBTFA derivatives. For ex-
ample, the coefficients of variation for triplicate
analyses of raffinose, stachyose and verbascose were
13, 16 and 25%, respectively, at 2.7 ml/min and a
split ratio of 1:50. This was not the case in an earlier
packed-column GC study [8] using MBTFA deriv-
atives, where reproducibility for raffinose and sta-
chyose was satisfactory.

TABLE 1
THE EFFECT OF FLOW-RATE AND SPLIT RATIO ON REPRODUCIBILITY OF ANALYSIS OF a-GALACTOSIDE TMS
DERIVATIVES
Flow-rate Coeflicient of variation Split ratio
(ml/min) (%)
Sucrose Raffinose Stachyose Verbascose
1.6 2.4 5.8 42 10.2 1:50
2.5 5.9 5.1 11.2 1:100
27 5.7 6.2 11.6 1:150
3.7 2.5 22 0.4 2.2 1:50
4.7 5.3 59 3.5 1:100
4.6 6.1 49 7.6 1:150
6.7 1.4 0.8 0.3 5.2 1:50
22 29 3.1 7.1 1:100
2.8 3.1 4.5 8.3 1:150




190
CONCLUSIONS

The aim of the present study was to establish the
efficacy of HRGC as a chromatographic technique
for the analysis of legume oligosaccharides (raffi-
nose, stachyose, verbascose). Research was fo-
cussed on the effect of analysis parameters such as
carrier flow-rate, split ratio and the nature of the
derivatizing agent on peak broadening and resolu-
tion, reproducibility, and analysis time.

TMS derivatives gave satisfactory results over a
wide range of carrier gas (He) flow-rates (1.6-6.7
ml/min) with the fastest analysis (retention time of
23 min for verbascose, the largest oligosaccharide)
and the least peak broadening at 6.7 ml/min. Reso-
lution was excellent at all flow-rates and split ratios
investigated. Reproducibility, in general, was satis-.
factory, with the best results at a flow-rate of 3.7
ml/min and a split ratio of 1:50 (coefficients of vari-
ation were 2.5% or less for all oligosaccharides).
The more volatile MBTFA derivatives gave much
lower elution temperatures and shorter analysis
times than did TMS derivatives, but discrimination
during splitting of the sample in the injector of the

A. 1. Karoutis et al. | J. Chromatogr. 623 (1992) 186-190

gas chromatograph caused serious reproducibility
problems.

In summary, HRGC proved to be a rapid, sensi-
tive method for quantitation of oligosaccharides in
pea flour. Compared to packed-column GC,
HRGC offered superior resolution and reproduc-
ibility, shorter analysis times and reduced peak
broadening for larger oligosaccharides, verbascose
in particular.
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ABSTRACT

A significantly improved method for the determination of the monoamine oxidase A inhibitor brofaromine hydrochloride and its
major metabolite is described. A newly constructed multi-purpose injector for capillary column gas chromatography (cGC) was
utilised. The injector can be used either in split/splitless or hot or cold quasi-on-column mode. For this purpose it was used in the hot
on-column mode. The injector is equipped with a septum cooling device, allowing injection temperatures of up to 400°C without septum
glueing. The utilization of cGC with the new highly thermally stable injector showed improvements over the standard GC procedure in

terms of retention time stability and ease of operation.

INTRODUCTION

A procedure for the determination of brofaro-
mine, a monoamine oxidase A inhibitor (MAOQI),
and its major metabolite, O-desmethylbrofaromine
(Fig. 1), by packed-column gas chromatography
(GC) was reported in a previous paper [1]. The
method is based on liquid-liquid extraction fol-
lowed by acylation with heptafluorobutyric anhy-
dride (HFBA) and GC using an OV-17 column. Us-
ing packed columns, the chromatography of the
major metabolite required time-consuming condi-
tioning, to overcome adsorption losses, by repeated
injections of O-desmethylbrofaromine. The utiliza-
tion of capillary GC (¢GC) columns in combination

Correspondence to: Dr. P. H. Degen, Pharma Research and De-
velopment, Pharmaceuticals Division, Ciba-Geigy Ltd., Basle,
Switzerland.

with automated quasi-on-column injection (injec-
tion into a precolumn or retention gap) was
achieved by the use of a newly designed multi-pur-
pose injector, which is based on the Grob injector
[2].

The technique of hot on-column injections has
been discussed before but has not often been uti-
lized owing to a lack of adequate hardware [3,4].
The advantages of this injector are its flexibility in
its use as a hot or cold quasi-on-column or as a
split/splitless injector and especially its homogene-
ous temperature field over the entire injector. To
avoid cold parts or spots at the splitter outlet and
septum purge, these tubings are integrated within
the heated block up to the exit valves. In addition,
the dead volumes of these tubings are minimized.
The problems arising from temperature gradients in
the injector have been recognized and discussed in
detail by Grob [2]. The temperatures of the top part

0021-9673/92/805.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Structures of brofaromine hydrochloride, O-desmethylbrofaromine hydrochloride and the internal standard.

of commercial injectors are kept relatively low in
order to preserve the heat-sensitive septum. It was
demonstrated that normalized peak areas of n-al-
kanes (C;0—Ca44) showed the best stability when the
top part of the injector was also actively heated.
When injector temperatures above 250°C are to be
used, an,additional intensive septum cooling system
is recommended to avoid septum glueing. The sep-
tum cooling system allows the utilization of injector
temperatures as high as 400°C.

EXPERIMENTAL

Method

The extraction and derivatisation procedure was
used as described previously [1]. Briefly, brofaro-
mine [4-(7-bromo-5-methoxy-2-benzofuranyl)pipe-
ridine hydrochloride, C;4H;6BrNO, - HCI, mol.wt.
346.65], its O-desmethyl metabolite [4-(7-bromo-5-
hydroxy-2-benzofuranyl)piperidine hydrochloride,
C;3H4BINO, - HCl, mol.wt. 332.63] and the in-
ternal standard [4-(5-bromo-2-benzofuranyl)piperi-
dine hydrochloride, C;3H;4,BrNO - HCI, mol.wt.
316.63] are extracted with diethyl ether—dichloro-
methane (4:1, v/v) at basic pH. After evaporation of

the solvents, the compounds are acylated with
HFBA and chromatographed.

Gas chromatographic instrumentation

The GC instrument used was a Carlo Erba
MEGA Series Model 5360, equipped with a Model
91 Ciba-Geigy injector (Mechanical Workshop, Ci-
ba-Geigy, Basle, Switzerland) and a A200S auto-
sampler (Carlo Erba, Milan, Italy, for Europe and
Leap Technology, Chapel Hill, NC, USA, for the
USA). Data evaluation was performed with a
Merck—Hitachi D-2500 MEGA integrator.

The Ciba-Geigy injector, tooled from stainless
steel, can be operated either in the split/splitless or
in the cold or hot quasi-on-column injection mode.
All three injection techniques can be automated
with the A200S autosampler. For application with
brofaromine, the injector was used in the hot quasi-
on-column mode with the splitter open, splitting ra-
tio 1:20, during the entire analysis. Using hot on-
column injection, the peak shape, the limit of detec-
tion and the quantitative reproducibility of the
chromatograms were optimal.

Sectional views of the injector in the three modes
are shown in Fig. 2. The diagrams show the possible
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Fig. 2. Sectional views of the Ciba-Geigy Model 91 detector. Split/splitless mode and hot on-column mode: septum cooling device
installed. Cold on-column mode: conventional septum cap installed.

different configurations of the injector, e.g., if the
injector is to be used for cold on-column, injections
exclusively, no septum cooling cap would be neces-
sary. For the split/splitless mode, the column end-
ing is positioned just above the splitter outlet con-
nection. For both other modes, the column ending
is positioned at the very top of the injector below
the septum purge exit.

Advantages of this injector over existing models
are the temperature stability over the entire length
of the injector, the placement of all gas lines within
the uniformely heated injector body and its versatil-
ity. In addition, it can be fitted to most commercial
gas chromatographs.

Column

GC analyses were performed with a SO m X 0.3
mm I.D. glass capillary column [Duran-50 glass
tubing obtained from Schott Ruhrglas, Bayreuth,
Germany, drawn on a GCDM Model 03 instru-
ment (Brechbiihler, Schlieren, Switzerland)]. The
capillaries were pretreated, coated and immobilized
with SE-54, chemically bonded and cross-linked as
described by Grob [5].

For autosampler injections an additional 18 cm
x 0.5 mm 1.D. glass tube was mounted at the start

of the column. This was connected in front of the
analytical column with a 2-cm length of fused silica
(without polyimide) between the additional reten-
tion gap and the column, to prevent collapse during
the connection process. The dimensions of the glass
tubing allow the use of commercially available mi-
crosyringes (0.5 mm O.D. needle, e.g., Hamilton
701N).

The column was used with 3-m retention gaps at
both ends. With such columns, the direction of the
gas flow is not critical, i.e., the column may be in-
stalled either way. The loss of resolution due to the
retention gap at the end of the column was insignif-
icant for this application. The carrier gas was hy-
drogen with a precolumn pressure of 100 kPa.

Conditions

The injector temperature was 250°C and the de-
tector temperature was 250°C. The column oven
was heated using a temperature programme as fol-
lows: 120-240°C at 15°C/min, 240-290°C at 2.5°C/
min, final temperature 290°C maintained for 6 min
before a new cycle. The retention times of the deriv-
atives under these conditions were as follows: O-
desmethyl metabolite, 16.03 min; brofaromine,
18.05 min; and internal standard, 19.60 min.
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RESULTS AND DISCUSSION

Calibration

Calibration graphs were prepared by analysis of
plasma samples spiked with brofaromine hydro-
chloride and O-desmethylbrofaromine hydrochlo-
ride (metabolite). The peak-height ratios (brofaro-
mine and metabolite/internal standard) were then
plotted against original concentrations and ana-
lysed by quadratic least-squares regression analysis
(y = a + bx + cx?). The parameters obtained are
given in Table 1.

Chromatograms of blank matrix extracts and. ex-
tracts of plasma samples spiked with brofaromine,
metabolite and internal standard are given in Fig. 3.

Method validation

The method was validated as follows. Blank hu-
man plasma samples were spiked with brofaromine
hydrochloride (14-588 nmol/l) and with O-des-
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TABLE 1
CALIBRATION CURVES

Parameter® Brofaromine Metabolite
Range 14-588 pmol 15-302 pmol
a 0.0036 0.0065

b 0.0030 0.0040

¢ —0.0000009 —0.0000002
R 0.9999 0.9997

S, 0.0101 0.0092

* R = Correlation coefficient; S, = estimated standard devia-
tion.

methylbrofaromine hydrochloride (10-270 nmol/l)
and analysed as described. The chromatograms
were evaluated and the given —found results were
subjected to a linear least-squares regression analy-
sis (¥ = a + bx). The parameters obtained are giv-
en in Table II.

-—
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Fig. 3. Chromatograms of plasma extracts: (A) blank human plasma (! ml); (B) human plasma (1 ml) spiked with brofaromine - HCI (14
nmol/l), O-desmethyl metabolite (15 nmol/l) and internal standard (1.26 umol/l); (C) human plasma (1 ml) spiked with brofaromine -
HCI (577 nmol/l), O-desmethyl metabolite (300 nmol/l) and internal standard (1.26 ymol/l). 1 = O-Desmethyl metabolite; 2 =
brofaromine; 3 = internal standard.
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TABLE II
METHOD VALIDATION

Parameter® Brofaromine Metabolite
Range 14-588 nmol/l 10-270 nmol/l
a 3.8088 —0.4094

b 1.0136 1.0261

R 0.9986 0.9953

S, 10.3289 9.7682

“ R = Correlation coefficient; S, = estimated standard devia-
tion.

Reproducibility of the retention times

In a pharmacokinetic study, extracts of 58 differ-
ent plasma samples (varying concentrations.over
the entire range) were injected into the same column
over a period of 3 weeks. The relative standard de-
viations were 0.05, 0.07 and 0.07% for O-desmethyl
metabolite, brofaromine and the internal standard,
respectively. This high reproducibility of <0.1%
was probably achieved owing to the high temper-
ature stability of the injector. With conventional
split/splitless injectors the reproducibilities of reten-
tion times and the determinations were unsatisfac-
tory.
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CONCLUSIONS

The utilization of ¢cGC and a newly constructed
multi-purpose injector resulted in a dramatic im-
provement in the determination of brofaromine and
its major metabolite in plasma. The injector has a
high temperature stability, resulting in excellent re-
producibility of the chromatograms. In addition,
the injector may easily be used for other types of
¢GC injection techniques and can also be fitted to
most commercial gas chromatographs.
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ABSTRACT

A simple and rapid method for the simultaneous determination of eight quaternary alkaloids (coptisine, berberine, epiberberine,
palmatine, columbamine, berberastine, jatrorrhizine and magnoflorine) in coptis rhizome by capillary electrophoresis was developed. A
buffer solution composed of 85% 0.1 M sodium acetate solution and 15% methanol was found to be the most suitable electrolyte for
this separation, whereby the levels of the eight quaternary alkaloids in the crude drug Coptidis Rhizoma could be easily determined.

INTRODUCTION

Coptidis Rhizoma (huang-lien) is a commonly
used Chinese herbal drug indicated as a bitter-
tasting gastric and intestinal regulative, and is
known to contain seven protoberberinium salts
(coptisine, berberine, epiberberine, palmatine,
columbamine, berberastine and jatrorrhizine) and a
quaternary aporphine salt(magnoflorine) (Fig. 1) as
its major bioactive components [1-7].

Several methods have been reported for the
determination of some of these eight quaternary
alkaloids, including thin-layer chromatography [5,
8-12], micellar chromatography [13], electron mi-
croscopic analysis [14-16] and high-performance
liquid chromatography (HPLC) [17-22]. However,
none of these methods is entirely adequate because
their accuracy, degree of separation or sensitivity is

Correspondence to. Professor S.-J. Sheu, Department of Chem-
istry, National Taiwan Normal University, Taipei, Taiwan.
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unsatisfactory and above all their resolution is
limited to at the most six [20] (excluding columb-
amine and magnoflorine; the former was found to
overlap with jatrorrhizine) of the eight quaternary
alkaloids.

We describe here the development of a simple and
rapid method for the simultaneous determination of
these eight quaternary alkaloids in samples of crude
Coptidis Rhizoma by capillary electrophoresis.

EXPERIMENTAL

Reagents and materials

Berberine chloride was purchased from Sigma
(St. Louis, MO, USA), coptisine chloride from
Nacalai (Kyoto, Japan) and palmatine chloride
from Wako (Osaka, Japan). Sodium acetate was
obtained from Osaka (Osaka, Japan) and benzyltri-
ethylammonium chloride from Merck (Darmstadt,
Germany). Epiberberine, columbamine, berberas-
tine and jatrorrhizine were isolated from coptis
rhizome [7,19]. Magnoflorine was isolated from

1992 Elsevier Science Publishers B.V. All rights reserved
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coptisine

columbamine berberastine
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palmatine

jatrorrhizine magnoflorine

Fig. 1. The molecular structures of the eight alkaloids in Coptidis Rhizoma.

Phellodendri Cortex [23]. Coptidis Rhizoma was
purchased from the Chinese herbal market in Taipei
(Taiwan).

Preparation of Coptidis Rhizoma extracts

A 0.2-g sample of pulverized Coptidis Rhizoma
was extracted with 50% ethanol (7 ml) by stirring at
room temperature for 30 min, then centrifuged at
1500 g for 10 min. The extraction was repeated three
times. The extracts were combined and filtered
through a No. 1 filter-paper. After the addition of a
2.5-ml aliquot of internal standard solution (6 mg of
benzyltriethylammonium chloride in 1 ml of water),
the Coptidis Rhizoma extract was diluted to 25 ml
with 50% ethanol. This solution was passed through
a 0.45-ym filter and ca. 2.4 nl (8-s hydrostatic
sampling) of the filtrate was injected into the
capillary electrophoresis system directly.

Apparatus and conditions

All analysis were carried out on a Waters Quanta
4000 capillary electrophoresis system equipped with
a UV detector set at 254 nm and a 100cm x 100 yum
1.D. uncoated capillary (Millipore, USA) with the
detection window placed at 92.5 cm. The conditions
were as follows: sampling time, 8 s hydrostatic; run
time, 15 min; applied voltage, 25 kV (constant
voltage, positive to negative polarity; electroosmotic
flow, ca. 7.2 cm/min); temperature, 27.5-28.0°C.
The electrolyte was a buffer solution consisting of

85% 0.1 M sodium acetate solution and 15%
methanol. The electrolyte was filtered through a
0.45-um filter before use.

RESULTS AND DISCUSSION

By eluting with a mixture of acetonitrile and a
buffer solution that consisted of 15 ml of acetic acid,
3 gof sodium acetate, 1 g of sodium dodecylsulphate
and 0.5 ml of diethylamine in 300 ml of water, we
have developed an HPLC method for the separation
of the eight quaternary alkaloids [24]. However,
there are still some problems: the analysis time is too
long, the composition of mobile phase is too com-
plicated, and the retention times of peaks are
unstable. Recently, capillary electrophoresis has
been applied to the determination of the com-
ponents of crude drugs [25,26] with good results.
Hence, we tried to use it in our analysis.

The eight quaternary alkaloids of Coptidis Rhi-
zoma do not differ much in their molecular masses,
and each carries a single positive charge. So, it is
necessary to find a counter-ion that can undergo
different interactions with the positively charged
nitrogen of the alkaloids and can also lead to an
effective separation. We tested many negative ions
and found that carboxylates gave the best results. At
appropriate concentrations, sodium oxalate, sodi-
um citrate and sodium acetate can each give good
resolution. However, only sodium acetate can sepa-
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Fig. 2. Capillary electropherogram of a mixture ol qualcrnary
alkaloids usually present in Coptidis Rhizoma. Peaks: 1 =
internal standard (benzyltriethylammonium chloride), 1.44 ng;
2 = coptisine, 0.56 ng; 3 = berberine, 1.10 ng; 4 = epiberberine,
0.36ng; 5 = palmatine, 0.29 ng; 6 = columbamine, 0.26ng; 7 =
berberastine, 0.13 ng; 8 = jatrorrhizine, 0.07 ng; 9 = magno-
florine, 0.17 ng.

rate the peak of magnoflorine from that of the
solvent.

After a series of experiments, it was found that 0.1
M sodium acetate could separate all the alkaloids
well, especially the coptisine, berberine, epiberberine
and palmatine. Lower concentrations of acetate
resulted in overlapping of these four components,
and higher concentrations caused prolonged reten-
tion times and gave a high current. Addition of
methanol to the buffer solution made the peaks
sharper and produced a better separation. A concen-
tration of 15% methanol was selected: smaller
amounts had little effect, and higher amounts re-
tarded the peaks.

An electrolyte containing 85% 0.1 M sodium
acetate solution and 15% methanol was found to
produce the best resolution. Fig. 2 is an electro-
pherogram showing the separation of the eight
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Fig. 3. Capillary electropherogram of the extract of a Coptidis
Rhizoma sample. Peaks: 1 = internal standard, 1.44 ng; 2 =
coptisine, 0.33 ng; 3 = berberine, 1.08 ng; 4 = epiberberine,
0.21 ng; S = palmatine, 0.27 ng; 6 = columbamine, 0.16 ng; 7 =
berberastine, 0.09 ng; 8 = jatrorrhizine, 0.07 ng; 9 = magno-
florine, 0.07 ng.

authentic quaternary alkaloids with the following
retention times: 8.3 min, benzyltriethylammonium
chloride (internal standard); 8.8 min, coptisine; 9.0
min, berberine; 9.2 min, epiberberine; 9.4 min,
palmatine; 10.5 min, columbamine; 10.8 min, ber-
berastine; 11.0 min, jatrorrhizine; 12.6 min, magno-
florine. The measurement of all the constituents can
be completed within 13 min. As the ethanol-water
extract of Coptidis Rhizoma was injected directly
and analysed, the results were as good as those
obtained with pure chemical samples without inter-
ference, and the analysis could be completed within
13 min, as shown in Fig. 3.

Calibration graphs for quaternary alkaloids
Calibration graphs (peak-area ratio, y, vs. concen-

tration, x, mg/ml) were constructed in the range

0.80-0.04 mg/ml for berberine, 0.25-0.02 mg/ml for
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coptisine, epiberberine, and palmatine, and 0.15-
0.01 mg/ml for columbamine, berberastine, jatror-
rhizine and magnoflorine. The regression equations
of these curves and their correlation coefficients
were calculated as follows:

coptisine y= 9.26x+ 0.01 (r = 0.9999),
berberine y= 9.78x + 0.14 (r = 0.9997);
epiberberine y = 10.18x + 0.10 (r = 0.9996);
palmatine y= 9.81x + 0.09 (r = 0.9996);

columbamine y = 8.62x + 0.05 (r = 0.9991);
berberastine y = 6.24x + 0.00 (r = 0.9997);
jatrorrhizine y = 13.87x + 0.04 (r = 0.9994);
magnoflorine y = 5.53x + 0.01 (r = 0.9999);

Determination of quaternary alkaloids in Coptidis
Rhizoma

The coptis rhizome drug material was extracted at
room temperature with water, with 50% methanol
and with 50% ethanol. We found that 50% ethanol
gave the best extraction yield, so the 50% ethanol
extract of Coptidis Rhizoma was used as a test
solution. When the test solution was analysed by
capillary electrophoresis under the selected condi-
tions, the electropherogram as shown in Fig. 3 was
obtained. The peaks were identified by comparison
with those obtained from authentic samples of the
alkaloids. By substituting the area ratios of the
individual peaks for y in the above equations, we
obtained the contents of the individual quaternary
alkaloids in the analysed Coptidis Rhizoma (+S.D.,
n = 3): coptisine, 1.95 + 0.01%; berberine, 6.60 +
0.02%; epiberberine, 0.96 + 0.02%; palmatine,
1.57 + 0.02%; columbamine, 0.78 + 0.01%; ber-
berastine, 0.61 + 0.02%; jatrorrhizine, 0.51 +
0.01%; magnoflorine, 0.55 + 0.01%. Suitable
amounts of the eight quaternary alkaloids were
added to a sample of Coptidis Rhizoma of known
alkaloidal content and the mixture was extracted
and analysed using the proposed procedure. The
recoveries of the alkaloids were 96.7-102.5% with
relative standard deviations of 1.6-3.3%.

From the above results, it can be concluded that
the method of simultaneous determination of the
quaternary alkaloids in Coptidis Rhizoma by capil-
lary electrophoresis as established in this study has
the advantages that only a small amount of sample is
required, the analysis time is short, and the electro-
lyte preparation is simple.
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Capillary electrophoresis—principles, practice and applications (Journal of Chromatography Library, Vol. 52),
by S. F. Y. Li, Elsevier, Amsterdam, 1992, XXVI + 582 pp., price Dfl. 395, ISBN 0-444-89433-0.

Had Napoleon had the insight of Dr. Li, he might
have won the Battle of Waterloo and I might have
had to write this review in French! Certainly the
members of the Electrophoresis Society (ES) at
large were caught off guard by Dr. Li, and they
have surely lost yet another battle. I must confess
that I didn’t know Dr. Li. When I received the gal-
leys for a sneak preview, I went feverishly to consult
the Gotha of the ES: from A to Z and back up from
Z to A (just in case, I went up and down also
through the letters of the Greek alphabet, from « to
Q, lest T had missed something) but Dr. Li was no-
where to be found. In a way I was relieved, since for
at least 20 years I have been frequenting the ES
fauna and have never crossed the war-path of Dr.
Li. So, while the members of the ES were hacking
each other to pieces over who should control the
journal, who should be the president, and how
many counsellors and treasurers and by-laws
should be adopted, on the other side of the world
Dr. Li was covertly collecting, cataloguing, label-
ing, ordering, laying the cornerstone (and all the
other bricks) that resulted in this ‘Summa Teolog-
ica’ by the title: Capillary Electrophoresis: Princi-
ple, Practice and Applications, ex Oficina Elsevir-
iana.

The book seems to be divided (grosso modo, as
Napoleon would say: I keep being hunted by Hei-
senberg and his uncertainty principle!) into eight
chapters, as follows: Recent advances and prospect
for growth; Applications;, Special systems and
methods; Electrolyte systems; Column technology;
Detection techniques; Sample injection methods;
Introduction.

I am listing it from end to beginning, since the
last chapter seems to be the freshest and is the most
enjoyable to read: it quotes so many advances, new
systems and so much progress that one should

shoot for it directly before it ages. I suspect that Dr.
Li was slow in delivering, and that the directors at
Elsevier did to him what the director of La Scala did
to Rossini: they locked him up in the attic of the
theater and the poor composer had to write pages
and pages of music even on the eve of the premiere.
No sooner had the ink dried, the pages would be
gjected from a small window and the orchestra
would furiously try the last notes while the pages
were gently floating down in the ‘Golfo Mistico’.
Poor Rossini must have been starving to death, so,
when he took refuge in Paris, he made sure that
outside the Opera there would be an army of cooks
turning out what went down in history as Rossini’s
Turnedo (or Turnedo, as Napoleon would insist on
pronouncing).

So, what about the book? I suspect that this will
be ‘the review that ends all reviews’: anybody want-
ing to write a book on CZE after this would look
like a fool. Everything seems to be there, any detec-
tion system you have ever dreamed of, any capillary
coating, enough electrolyte systems to saturate your
wits, and much, much more. I realize now why I
was not familiar at all with Dr. Li: he must be a
chromatographer who has transfused all the
strength, knowledge and weight of chromatography
into electrophoresis: so this is a delightful sonata for
chromatography, with a power supply in the back-
ground. This cross-fertilization should certainly
bridge the gap between the two techniques, which
were married at the time of Tiselius, got divorced in
due time and have reunited again.

Some minor criticism: I disliked the notion (p.
184) that polyacrylamide gels contain pores of aver-
age diameters from 0.6 to 4 um, likely to separate
proteins of molecular diameters from 1.6 to 8 um!
Now, who will dare bring this news to protein
chemists and to polymer scientists? While talking
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about polyacrylamides, a strange discovery is men- These minor flaws do not subtract from the value
tioned (p. 175) that they should be cross-linked with  of the book, which is by far the most thorough and
N,N’-diallyltartardiamide, a superb inhibitor of gel =~ comprehensive in the field yet to appear.
polymerization. Not to mention the other unique

cross-linker, N,N'acryloyltris amino methane  Milano (Italy) Pier Giorgio Righetti
which, even if it existed, would surely degrade with

zero-order kinetics.
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Element-specific chromatographic detection by atomic emission spectroscopy (ACS Symposium Series, No.
479), edited by P. C. Uden, American Chemical Society, Washington, DC, 1992, 350 pp., price

USS 79.95, ISBN 0-8412-2174-X.

Element-specific chromatographic detection by
atomic emission spectroscopy is a multi-author vol-
ume developed from a symposium sponsored by the
Division of Analytical Chemistry at the 199th Na-
tional Meeting of the American Chemical Society in
Boston, MA, in 1990. In nineteen chapters, a broad
range of information is provided, encompassing the
moderately established technique of gas chroma-
tography (GC)-atomic emission spectroscopic
(AES) detection with commercial instrumentation
utilizing a microwave helium discharge plasma and
several less established techniques such as interfac-
ing AES to liquid chromatography (LC) and super-
critical fluid chromatography (SFC) and the utiliza-
tion of unique excitation sources.

Chapter 1 provides a general overview of atomic
spectral chromatographic detection. It summarizes
the classes of atomic plasma emission spectrometers
including the inductively coupled plasma (ICP), the
direct current plasma jet, the microwave induced
plasma (MIP) and the surface wave plasma. A very
brief discussion of interfacing to GC, LC and SFC
follows. An application and plasma-mass spec-
trometry section conclude the chapter.

Chapter 2 discusses the use of a helium micro-
wave plasma for LC and SFC. The current status of
LC with helium plasma atomic emission is summa-
rized as follows: (1) common LC organic mobile
phases cause spectral and excitation interferences;
(2) lower-power plasmas are susceptible to extin-
guishment and reduction of emission intensity with
the introduction of LC solvents; (3) higher-power
plasmas are stable during the introduction of LC
solvents but these plasmas cause increased com-
plexity and intensity of the molecular background.
The status of SFC is summarized as follows: (1)
SFC mobile phases cause spectral interferences and

decreased emission signals. Both parameters are de-
pendent upon mobile phase flow-rate; (2) low-pow-
er plasma sources provide an adequate emission
source for SFC-MIP; (3) the NIR spectral region
seems superior to the UV-VIS spectral region in
terms of background and emission characteristics.

Chapter 3 discusses quantitative elemental re-
sponses and empirical formula determination for
hydrocarbons, chlorinated, brominated, and oxy-
genated species. Factors affecting accuracy and pre-
cision are discussed. The data indicates that the
chemical structures of compounds may sometimes
affect empirical formula determinations and the rel-
ative element response. Maximum errors in relative
element responses were on the order of 10%. Ele-
mental ratios were used to qualitatively identify fre-
ons.

Interferences affecting selectivity in GC-AES are
discussed in Chapter 4. Chemical interferences are
minimized by cooling of the discharge tube, by the
introduction of post-column reagent gases, and by
flow control of the make-up gas. Detection algo-
rithms are discussed. Spectral snapshots collected
during a chromatographic run can be used to con-
firm elemental determinations.

Chapter 5 discusses a new MIP torch design, the
concentric dual flow torch. Advantages claimed
over the conventional capillary quartz tube include
a simplified background spectrum and improved
plasma stability. Applications to the detection of
alkyltin, selenium- and silicon-containing species
after GC and SFC are demonstrated.

Chapter 6 reviews the developments of optical
systems with respect to element selectivity in gas
chromatography with plasma emission detection.
The plasma emission detector based on oscillating
interference filters is presented. With this system,
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simultaneous background correction is achieved.

Twelve years of industrial experience with atomic
emission detection at 3M Corporation are reviewed
in Chapter 7. Examples include fluorine selective
detection in human blood plasma, and derivatiza-
tion tags with Cl, F and deuterium. Also discussed
are direct pyrolysis experiments in the microwave
plasma.

Analytical problem solving with simultaneous
atomic emission and mass spectral detection is dis-
cussed in Chapter 8. The construction of a com-
bined detector, using both a low-pressure and at-
mospheric-pressure splitter, and its operating char-
acteristics are described. The system is utilized for
qualitative and quantitative measurement of impu-
rities in a bulk drug lot.

An element-specific detector based on a stabilized
capacitive plasma (SCP) is described in Chapter 9.
Radiofrequency at 27.12 MHz is coupled into a wa-
ter-cooled fused-silica discharge tube by two annu-
lar electrodes. The radiofrequency power dissipated
in the plasma is approximately 140 W. Examples
are given for the selective detection of carbon, chlo-
rine, bromine and sulfur at low pg/s detection lim-
its.

An alternating current plasma for GC and high-
petrformance LC is considered in Chapter 10. The
detector produces a stable self-seeding discharge
which does not extinguish itself with high solvent
concentration. The instrument is demonstrated for
the GC determination of organomercury, lead, and
chlorine and the determination of organomercury
by high-performance LC.

A helium surface wave plasma as an atomic emis-
sion detector for GC is introduced in Chapter 11.
The plasma physical characteristics including exci-
tation temperature, gas temperature and electron
density are presented. Emission spectra of non-met-
als in the UV-visible range are presented and the
affect of plasma operating conditions on atomic
emission intensity reported. Application to the
analysis of pesticides was discussed.

An overview of the design, analytical figures of
merit, recent applications, and limitations of a heli-
um discharge detector for element selective detec-
tion is presented in Chapter 12. Operational fea-
tures, spectral characteristics, excitation temper-
atures and the mechanism of analyte excitation rel-
ative to the microwave induced plasma are dis-
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cussed. Utilization of wavelengths in the near IR
are evaluated for improved selectivity of elements
traditionally detected in the UV.

The interfacing of ICP-AES to packed microcol-
umn supercritical fluid chromatography is dis-
cussed in Chapter 13. Performance is evaluated
with 1.0 mm I.D. and 0.5 mm I.D. packed capil-
laries. The affects of the nebulizer gas and mobile
phase flow-rate on peak height, dynamic range, and
detection limits were studied. Polar modifiers and
pressure programming is tested. SFC-ICP detec-
tion of metal acetylacetone complexes was studied.

The use of a helium high-efficiency microwave in-
duced plasma as an element selective detector for
packed column SFC is discussed in Chapter 14. The
high CO, flow-rates experienced with packed col-
umn SFC did not affect the excitation temperature
or the electron number density of the 150 W high-
efficiency MIP. Minimum detectable quantities re-
ported were 50 ng for S and Cl, 100 pg for P, 30 pg
for Sn and 10 pg for Fe.

Chapter 15 discusses the speciation of trace levels
of selenium using high-performance LC with UV
and direct current plasma emission detection. A val-
idated trace method of analysis is developed uti-
lizing a reversed-phase ion pairing separation of
ionic selenium species. Application to Se com-
pounds in animal feed premixes is presented.

Chapter 16 discusses the analytical utility of an
ICP-ion chromatographic system for the speciation
and detection of transition metals. Species specific
detection is demonstrated for Fe(II)/Fe(III) and
Cr(IIT)/Cr(VI) systems.

A review of investigations concerning chromato-
graphic detection by plasma mass spectrometry is
presented in Chapter 17.

Chapter 18 presents element-specific detection of
metallodrugs and their metabolites with high-per-
formance LC-ICP-mass spectrometry. Examples of
size-exclusion, reversed-phase and weak anion-ex-
change chromatography are given.

Chapter 19 introduces a fiber optic spectrochem-
ical emission sensor as a detector for volatile chlor-
inated compounds. This radio frequency induced
helium plasma demonstrated linearity from 0 to 500
ppm carbon tetrachloride and can also be used to
monitor fluorine.

In general, Element-specific chromatographic de-
tection by atomic emission spectroscopy is a well
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written and thorough evaluation of the current sta-
tus of interfacing chromatographic separations
with AES. It provides a well rounded and even dis-
cussion of the use of several chromatographic tech-
niques, interfaces and excitation sources. Numer-
ous applications are included. One possible short-
coming is the lack of a chapter describing the use of
AES for the qualitative identification of unknown

R. H. St. Louis | J. Chromatogr. 623 (1992) 202-204

species. I highly recommend the book to scientists
involved in chromatography-AES, to industrialists
interested in the utility of such systems, to detector
aficionados, and to graduate students in their pur-
suit of truth.

Kingsport, TN (US4)  Robert H. St. Louis
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Book Review

The analysis of drugs of abuse, edited by T. A. Gough, Wiley, Chichester, New York, 1991, XVIII + 628 pp.,

price £ 90.00, ISBN 0-471-92267-6.

The analysis of drugs of abuse, edited by Terry A.
Gough, is part of the Separation Science Series pub-
lished by Wiley & Sons. The placement of this trea-
tise in this series is questionable due to the large
amount of material dealing with non-separation is-
sues. The book is divided into two parts. The first
part consisting of nine chapters describes analytical
techniques, while the second part containing six
chapters presents applications. Besides describing
the analysis of drugs of forensic interest, the book
deals with related issues such as the interface of the
law and law enforcement personnel with a forensic
laboratory, and the organization and management
of a testing facility.

In the first chapter describing analytical tech-
niques, J. Conrad Roberson describes the use of
thin-layer chromatography (TLC) for the analysis
of drugs of abuse. An excessive amount of time is
spent describing principles and procedures which
are much better treated in basic TLC texts. This is
especially true since the material is not presented
with the prospective of forensic drug analysis. The
author makes a glaring error in describing the Van
Deemter equation for liquid chromatography
where the C, and C,, terms are referred to as the
concentrations of analyte in the stationary phase
and mobile phase, respectively. In addition a term
describing eddy diffusion and mobile phase mass
transfer is deleted. The applications section presents
a well organized compendium of TLC systems which
is of value for the analysis of solid dosage forms and
natural products such as opium, psilocybin and
cannabis.

The next chapter, well written by Henk Huizer,
describes the use of gas chromatography (GC) for
the detection and quantitation of abused drugs. Un-
like the previous chapter, theory is kept to a mini-
mum. The principles and procedures that are dis-

cussed have direct relevance to drug analysis. Spe-
cific applications for various drug types are present-
ed with the material most useful for analysts dealing
with non-toxicological samples. Although the sec-
tion on comparison of illicit drug samples is valu-
able, this subject matter warrants a chapter by it-
self. This is especially true since this subject matter
is covered extensively in a later chapter.

In the third chapter Jan Piet Franke and Rokus
A. de Zeeuw present an interesting discussion on
the use of multiple techniques to increase discrimi-
nating power when screening for the identity of
drugs. In the authors evaluation of analytical tech-
niques only TLC, GC and UV are examined. Al-
though I agree with the authors’ assertion that high-
performance liquid chromatography (HPLC) is
lacking in reproducibility (long term and column-
to-column), the use of a diode array UV detector in
combination with a retention time window would
be valuable for tentative drug identification, espe-
cially when dealing with mixtures. The use of this
latter technique should provide better discrimina-
tion than UV alone. The subject matter in this chap-
ter is especially useful for toxicologists.

Brian Caddy in the next chapter discusses the use
of HPLC for the detection and quantitation of
abused drugs. Although the principles and proce-
dures- presented are geared toward drug analysis,
much of the material could have been significantly
condensed. A fairly comprehensive application sec-
tion follows with the material useful to both chem-
ists analyzing bulk drugs and toxicological samples.
There are several instances where statements are
made that are not technically accurate, i.e. carbo-
hydrates do not show UV absorption, and cannot
be conveniently detected by electrochemical means.

The fifth chapter by Kenneth S. Webb presents
an excellent blend of basic mass spectrometry and
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applications. This chapter by far has the best bal-
ance between bulk drug and toxicological applica-
tions. It is curious that no mention is made of the
mass selective detector, a relatively inexpensive
bench-top quadrupole mass spectrometer, which is
extensively used in forensic laboratories.

In the next chapter on applications of infrared
spectroscopy, Terry Mills III and George J. Fontis
present a unique and extremely effective approach
for discussing procedures. Whether discussing sam-
pling approaches, techniques combined with IR, or
spectral stripping, the spectrum of cocaine is usually
a focal point. The theory section is excessively de-
tailed. The applications section does not contain lit-
erature references, but instead gives commercial
sources for IR reference libraries.

Brian A. Dawson in the seventh chapter delivers
a well written and concise chapter on the nuclear
magnetic resonance (NMR) spectroscopy of abused
drugs. Since there are a large number of books deal-
ing with NMR very little theory is presented. A very
useful discussion on the types of NMR experiments
performed is given. In addition a comprehensive
survey of the literature for various drug types is of-
fered.

Kim Tan and Vincent Marks describe the use of
immunoassay to detect drugs in body fluids. In the
eight chapter there are excellent overviews of the
principles of immunoassay, the production of anti-
bodies, isotopic and non-isotopic traces, and practi-
cal considerations. However, there is a dé¢finite lack
of specific applications.

A discussion on the examination of illicitly pro-
duced tablets and capsules is given by Peter J.
Gomm and Rosemary J. Hughes in the ninth chap-
ter. In the.program discussed by the authors, evi-
dence samples are compared with reference collec-
tion samples for identical physical characteristics
such as color, shape, dimensions and toolmarks.
Analysis is also made for ingredients contained in
the exhibits. It is strange that no mention is made of
the extensive work of the US Drug Enforcement
Administration in the area of the examination of
solid dosage forms (A. H. Tillson, J. Forensic Sci.,
19 (1974) 873 and E. S. Franzosa, J. Forensic Sci.,
30 (1985) 1194.
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In the first chapter in the applications section
Lorne Elias and Andre H. Lawrence describe the
very timely subject of on-site sampling and detec-
tion of drug particulates. Due to the increasingly
sophisticated techniques used by drug smugglers a
need has arisen for instrumental methods to detect
drugs of abuse at ports of entry. Bulk detection
techniques such as X-ray imaging, y backscattering
and thermal neutron activation are described. In
addition, air sampling techniques such as mass
spectrometry, GC and ion mobility spectrometry
are discussed.

The eleventh through fourteenth chapters discuss
the operation, legal mandate, and relationship to
other law enforcement personnel of various labora-
tories involved in forensic drug analysis. Manesh C.
Dutt and Tong Kooi Lee discuss mass screening of
urine for drugs of abuse. Brian Widdop and Ri-
chard Caldwell describe the operation of a hospital
laboratory service for the detection of drugs of
abuse. Keith R. Bedford discuss analysis for a fo-
rensic science service. Finally Terry A. Gough and
Geoffrey F. Phillips outline scientific support for a
customs service.

In the last chapter Terry A. Gough discusses the
examination of drugs in smuggling offenses. The
material covered could have been presented either
in the chapters dealing with analytical techniques or
in a separate chapter describing comparison analy-
sis.

This book for the most part satisfies a great need
for chemists involved in forensic drug analysis, i.e. a
single source for the various analytical techniques
required. In this vein, chapters on the use of color
tests and microscopy for forensic drug analysis
(other than for the examination of illicitly produced
capsules and tablets) should have been included.
The unevenness in quality of the chapters is to be
expected in a volume involving multiple authors.
The last five chapters could have easily been omit-
ted, since they dilute the excellent material present-
ed in the rest of the book. The subject matter deal-
ing with forensic laboratories would be best covered
in another book.

McLean, VA (USA) I. S. Lurie



ANNOUNCEMENTS

7th INTERNATIONAL MEETING ON INSTRU-
MENTAL PLANAR CHROMATOGRAPHY,
BRIGHTON, UK, MARCH 23-26, 1993

The scientific program will consist of invited ple-
nary lectures given by leading workers in the field,
supported by both oral papers and poster, while the
latest developments in apparatus and technique will
be featured in the accompanying exhibition.

Authors wishing to submit Abstracts should send
their contribution (no more than one side of A4,
typed with double spacing) to the address given
below.

For further information contact: Executive Secre-
tary, The Chromatographic Society, Suite 4, Claren-
don Chambers, 32 Clarendon Street, Nottingham
NG15JD, UK.

EURORESIDUE II, INTERNATIONAL CON-
FERENCE ON RESIDUES OF VETERINARY
DRUGS IN FOOD, VELDHOVEN, NETHER-
LANDS, MAY 3-5, 1993

The aim of this symposium is to cover all aspects
related to residues of veterinary drugs, with special
emphasis on recent developments and applications
of various analytical techniques. There are some as-
pects which should gain more attention than at the
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previous conference, such as the importance of culti-

vated fish, the possibilities of rapid tests and field

tests, misuse of drugs, and other related topics.

Trends will be reflected in the plenary lectures.

Key lectures will include:

Present state and trends in using veterinary drugs;

Toxicology and legislation: do they fit together?;

Possibilities of LC-MS for drug residue analysis;

Developments in screening methods for residues

of veterinary drugs;

Are reference materials and collaboratively

tested methods necessary?;

e Problems with drug residues in farmed fish;

e Stability of veterinary drug residues; and,

e Residues of disinfectants and antiparasitic
agents.

During the conference several workshops will be
organized, which conference attendants are kindly
invited to participate in.

A two-day course on veterinary drug residue ana-
lysis is planned after the Conference.

Anyone wishing to present an oral or poster pres-
entation should send an Abstract not exceeding 200
words before November 16, 1992 to Professor A.
Ruiter at the address given below. Contributors will
be informed about acceptance before December 15,
1992. The deadline for full manuscripts is February
19, 1993. Papers will be included in the final pro-
gramme only after payment of the registration fee.

O



The registration fee for participants is DIl. 600.00
(includes tax); for students and postgraduate stu-
dents under 30 years of age Dfl. 150.00.

For further information contact: Dr. N. Haagsma,
Section of Food Chemistry, Department of Food of
Animal Origin, Faculty of Veterinary Medicine,
University of Utrecht, P.O. Box 80.175, 3508 TD
Utrecht, Netherlands. Tel.: (+31-30) 535-365/535-
367; Fax: (+31-30) 532-365.

15th INTERNATIONAL SYMPOSIUM ON CA-
PILLARY CHROMATOGRAPHY, RIVA DEL
GARDA, ITALY, MAY 24-28, 1993

The scientific program of this symposium will fea-

ture the latest developments in:

Micro separation techniques:

Capillary gas chromatography (CGC),

Capillary GC-MS, GC-FTIR and GC-AES,
Micro-HPLC,

Supercritical fluid chromatography (SFC),
Capillary zone electrophoresis (CZE),
Micellar electrokinetic chromatography
(MEKC).

New methods and applications in:

Environmental analysis,

Pharmaceutical analysis,

Petroleum and petrochemicals,

Foods and beverages,

Biochemical separations,

Organic chemicals,

Drug testing,

Flavors and fragrances,

Proteins and peptides,

Trace analysis,

Sample preparation techniques; and,

New columns and instrumentation.

The program will include review papers, invited
papers, poster sessions, discussion sessions and
workshop seminars.

Authors wishing to submit papers for the sympo-
sium must enter a 300-word abstract no later than
December 15, 1992.

A limited number of scholarships will be awarded
to students and young scientists. Application forms
may be requested in writing to Professor Dr. P. San-
dra.

Advanced registration fees accepted prior to
April 25,1993 are 300 ECU, on-site registration is 330
ECU and student registration fees are 150 ECU.

For further details contact: Professor Dr. P. San-
dra, 1.O.P.M.S., Kennedypark 20, B-8500 Kortrijk,
Belgium. Tel.: (4 32-56) 204-960; Fax: ( +32-56) 204-
859.

ICES-ELPHO ’93, MEETING OF THE INTER-
NATIONAL COUNCIL OF ELECTRO-
PHORESIS SOCIETIES, SANDEFJORD,
NORWAY, JUNE 24, 1993

The emphasis of this meeting will be on techniques
like capillary electrophoresis that is now moving to-
wards the analysis of single cells, and on DNA elec-
trophoresis which is basic to the exploration and
practical use of modern genetics. The linkage be-
tween gene and protein by 2D-databases will be of
central interest. Also relevant are all aspects of elec-
trophoresis, including blotting techniques, image
analyses and practical applications.

Lectures highlighted will be:

e Electrophoresis in biochemistry: present and fu-
ture;

e Electrophoresis in space: why is it so important;

e What new developments can we expect in the
design of the third generation capillary electro-
phoresis apparatus;

e Electrophoretic light scattering;

e Ficld inversion and pulsed-field gel electro-
phoresis in the analysis of yeast artificial chromo-
somes;

e DNA electrophoresis in forensic medicine;

e Two-dimensional gel protein databases: towards
linking proteins and genome; and,

e History of electrophoretic methods— a mini-

® rcview.

Three workshops will be arranged at the same loca-

tion on June 1, the day before the meeting:

e Capillary electrophoresis;

e Image analysis of electrophoretic patterns; and,

e Isoclectric focusing in agarose gels, titration and
blotting.

The deadline for Abstracts is February 1, 1993.

The congress fee (not including lodging) is NOK
1500 (approximately US$ 240).



For further details contact: Professor Nils Olav
Solum, Research Institute for Internal Medicine,
Rikshopitalet, Pilestredet 32, N-0027 Oslo, Norway.
Tel.: (+47-2) 868-226; Fax: (+47-2) 868-303.

INTERNATIONAL SYMPOSIUM ON ANA-
LYSIS OF PEPTIDES, STOCKHOLM, SWEDEN,
JUNE 24, 1993

A full announcement of this symposium has been
published in an earlier issue of this journal (Vol. 603,
Nos. 1&2). However, the date of the conference has
been changed from May 24-26, 1993 to June 2-4,
1993.

For further information contact: Swedish Acade-
my of Pharmaceutical Sciences, Symposium on "Ana-
lysis of Peptides", P.O. Box 1136, S-111 81 Stockholm,
Sweden. Tel.: (+46-8) 245-085; Fax: (+46-8) 205-
511.

XXVIII COLLOQUIUM SPECTROSCOPICUM
INTERNATIONALE, YORK, UK, JUNE 29-
JULY 4, 1993

This traditional biennial conference provides a
forum for the international community of analytical
spectroscopists to meet and exchange ideas. The
scientific program will consist of plenary lectures and
four parallel streams of contributed lectures (e.g.
atomic, molecular and mass spectrometry, and sur-
face analysis and characterisation) each session be-
ginning with an invited lecture from a prominent
scientist in the relevant field. Separate times will be
made available for poster sessions.

Participants are invited to submit contributions for
presentations in English, French or German (there
will be no translation facilities) on the following to-
pics:

Basic theory, techniques and instrumentation of:

® Atomic spectroscopy (emission, absorption, fluo-
rescence);

Computer applications and chemometrics;
Electron spectroscopy;

Gamma spectroscopy;

Laser spectroscopy;

Mass spectrometry (inorganic and organic);

Methods of surface analysis and depth profiling;
Molecular spectroscopy (UV, VIS, IR)
Mossbauer Spectroscopy;

Nuclear magnetic resonance spectrometry;
Photoacoustic spectroscopys;

Raman spectroscopy; and,

X-ray spectroscopy.

Applications of spectroscopy in the analysis of:
Biological samples;

Environmental samples;

Food and agricultural products;

Geological materials;

Industrial products; and,

Metals and alloys.

The deadline for submission of Abstracts is
January 31, 1993.

In connection with the XXVIII CSI, a number of
symposia and workshops will be organised.

For further information contact: XXVIII Collo-
quium Spectroscopicum Internationale, Department
of Chemistry (CSI Secretariat), Loughborough
University of Technology, Loughborough, Leicester-
shire LE11 3TU, UK. Tel.: ( +44-509) 222-575; Fax:
(+44-509) 233-163; Telex: 34319.

9th INTERNATIONAL CONFERENCE ON
FOURIER TRANSFORM SPECTROSCOPY,
CALGARY, CANADA, AUGUST 23-27, 1993

The Scientific Program is open to any aspect of
Fouricr transform spectroscopy in the infrared,
visible and ultraviolet regions. Topics will range from
fundamental considerations of the methodology and
its development, to current applications. It will in-
clude papers of primary interest to physicists,
through papers mainly for chemists, to papers aimed
at the industrial analyst.

Invited plenary lecturers will provide up-to-date
coverage of specific topics and techniques of broad
interest. Contributed papers will be presented in
poster sessions to be scheduled throughout the week
at times not conflicting with the lectures.

Experimental techniques both drive and support
new developments in thcory and application. The
instrumentation exhibit is therefore an important as-
pectof the Fourier transform spectroscopy conferen-
ces in this series. Ample serviced exhibition space

Qoo



will be available in close proximity to the lecture hall
and poster space for optimal interaction between
participants.

For further information contact: Conference Of-
fice, The University of Calgary, 2500 University Drive
NW, Calgary, Alberta T2N 1N4, Canada. Tel.: (+1-
403) 220-5051; Fax: (+1-403) 289-7287.

COURSES

ANALYTICAL CHEMISTRY SHORT COURS-
ES, LOUGHBOROUGH, UK

The following short courses will be held later this
year at the Department of Chemistry, University of
Technology, Loughborough, UK:

e Scparations for Biotechnology and Biochemistry;

9-13 November, 1992
e Statistics for Analytical Chemistry; 15-18 Decem-

ber, 1992
e Immunoassay; 17-18 December, 1992

For further details contact: Mrs. S. Maddison,
Department of Chemistry, Loughborough University
of Technology, Loughborough, Leics. LE11 3TU,
UK. Tel.: (+44-509) 222-575; Fax: (+44-509) 233-
163.

AWARDS

5th ANNUAL GOLAY AWARD

Dr. Leslie Ettre was
presented with the fifth an-
nual M.J.E. Golay Award in
capillary chromatography
at the Fourteenth Interna-
tional Symposium on Capil-
lary Chromatography. An
adjunct professor at Yale
University’s Department of
Chemistry, Dr. Ettre retired
in 1990 as senior scientist

with the Perkin-Elmer Corporation after nearly 30
years of service.

Dr. Ettre worked with Marcel Golay during the
late 1950s and early 1060s, and was deeply involved
in the fundamental development and application of
capillary gas chromatography (GC) columns, and
GC instrumentation. He is the author, co-author or
editor of over 200 publications, articles, and books on
chromatography, and is an editor of the journal Chro-
matographia. His numerous contributions to the
field of chromatography have been recognized with
many national and international awards.

Sponsored by Perkin-Elmer, the Golay Award is
presented annually to a scientist or scientists for sig-
nificant contributions to the evolution of capillary
chromatography. The Golay Award includes a
medal, a scroll, and a financial endowment.

Nominations are now being accepted for the Sixth
Annual Golay Award, to be presented at the Fif-
teenth International Symposium on Capillary Chro-
matography in May 1993, in Riva del Garda, Italy. All
nominations should be sent to: Dr. Carel A. Cramers,
Eindhoven University of Technology, Laboratory of
Instrument Analysis, P.O. Box 513, 5600 MB Eind-
hoven, Netherlands. Tel.: (+31-40) 473-024; Fax:
(+31-40) 453-762.

THE MARTIN AWARD

Professor Irving W.
Wainer was presented with
the Martin Award at HPLC
’92, Baltimore, MD, USA.
Irving William Wainer re-
ceived his Bachelor of
Science Degree from
Wayne State University in
Detroit, Michigan in 1965.
In his undergraduate years,
he majored in chemistry and
received a National Science
Foundation Undergraduate Fellowship to study with
Carl R. Johnson. He also majored in American lit-
erature with an emphasis on Southern Gothic authors
such as Carson McCullers.



Dr. Wainer completed his graduate work in syn-
thetic organic chemistry at Cornell University and
received his PhD in 1970. After post-doctoral studies
at the Institute of Molecular Biology in the University
of Oregon, he moved to the Department of Pharma-
cology at Thomas Jefferson University in Philadel-
phia.

In 1978, Dr. Wainer accepted a position at the
Division of Drug Chemistry in the Food and Drug
Administration. This was the beginning of his studies
into the chromatographic separation of stereoi-
somers, a field which is still a major theme in his
scientific work.

Between 1983-1984, Dr. Wainer took a sabbatical
leave from the FDA and studied Molecular Pharma-
cology with Jean-Francois Cloix at INSERM U7
Hoépital Necker in Paris, France. In 1985, he re-
turned to the FDA and had the privilege of working
for a year with Professor Goran Schill who brought
with him the newly developed -acid glycoprotein
chiral stationary phase (AGP-CSP) for HPLC,
which had been invented by one of Goran’s students,
Jorgen Hermansson.

The time Dr. Wainer spent with Goran Schill was
a key period in his scientific career. It not only led to
a friendship and collaboration which lasted until
Goran’s untimely death in March 1992, but it also
served to bring together three themes in Dr. Wainer’s
scientific training: chromatography, molecular biol-
ogy and biochemical pharmacology. Out of this grew
his work on the application of HPLC phases based
upon immobilized biopolymers for the determination
of substrates and inhibitors; a phase based upon

human serum albumin, developed with Guy Felix, for
the determination of ligand—protein interactions; a
melanin-based column for screening compounds for
binding to this biopolymer; and work into the devel-
opment of a phase based upon immobilization of the
calcium channel.

In 1986, Dr. Wainer took up a position as Director
of Analytical Chemistry in the Pharmaceutical Divi-
sion at St. Jude Children’s Research Hospital in
Memphis. Then in 1990, he accepted his present
position as Professor and Director of the Pharmaceu-
tical Division in the Department of Oncology at
McGill University in Montreal. These steps reflect
the third component of his research program, the
effect of stereochemistry on pharmacokinetics and
pharmacodynamics.

Dr. Wainer’s scientific activities have resulted in
the publication of over 200 papers, abstracts, reviews,
chapters and 4 books. He is also the founding Edi-
tor-in-Chief of the journal Chirality.

While a number of people have played important
rolesin the development of his scientific life, the most
important influence has been his wife, Pamela Zulli.
Like many of his contemporaries, he was active in the
Civil Rights and Equal Rights movements as well as
the opposition of U.S. involvement in the Vietnam
War. Part of these efforts resulted in the book
Science and the Question of Human Equality, which
was coedited by Margaret Collis and Theodore
Bremmner and published by the American Associ-
ation for the Advancement of Science in 1981. Dr.
Wainer continues to contribute articles on the inter-
action of science and society to a variety of publica-
tions.

Announcements are included free of charge. Information on planned events should be sent well in advance (6 months) to:
Journal of Chromatography, News Section, P.O. Box 330, 1000 AH Amsterdam, Netherlands, or by Fax: (+ 31 20) 5862304.




CALENDAR OF FORTHCOMING EVENTS

H Nov. 3-5,1992

Helsinki, Finland
KEMIA 92

Contact: Association of Fin-
nish Chemical Societes, Eeva
Kota-aho, Programme Secretary,
Hietaniemenkatu 2, SF-00100
Helsinki Finland. Tel.: (358-0)
408-022; Fax: (+358-0) 408-780.

Nov. 4-6, 1992

Montreux, Switzerland

9th Montreux Symposium on Lig-
uid Chromatography-Mass Spec-
trometry (LC-MS, SFC-MS,
CZE-MS, MS-MS)

Contact: Marianne Frei,
IAEAC Secretariat, P.O. Box 46,
CH-4123 Allschwil, Switzerland.
Tel.: (+41-61) 632789; Fax:
(+41-61) 4820805.

Nov. 11, 1992

Loughborough, UK

European Radiochemistry
Contact: Dr. P. Warwick, De-

partment of Chemistry, Univer-

sity of Technology, Lough-

borough, Leicestershire LE11

3TU, UK. Tel.: (+44-509) 263-

171; Fax: ( +44-509) 233-163.

Nov. 29-Dec. 2, 1992
Syndey, Australia
12th International Symposium on
HPLC of Proteins, Peptides and
Polynucleotides

Contact: 12 ISPPP Sectreta-
riat, GPO Box 128, Sydney NSW
2001, Australia. Tel.: (+61-2)
262-2277; Fax: (+61-2) 262-2323.

Dec. 14-16, 1992

Budapest, Hungary

Budapest Chromatography Con-
ference

Contact: Organizing Bureau,
Agnes v. Rubanyi, Intercongress,
Dozsa Gyorgy u. 84/a, H-1068 Bu-
dapest, Hungary. Tel.: (+36-1)
122-2203; Fax: (+36-1) 142-4118;
Telex: 223955 ici pv.

Jan. 25-28, 1993
Orlando, FL, USA
5th International Symposium on
High Performance Capillary
Electrophoresis

Contact: Shirley E. Schless-
inger, Symposium Manager,
HPCE ’93, Suite 1015, 400 E.
Randolph Drive, Chicago, IL
60601, USA. Tel.: (+1-312) 527-
2011.

March 8-12, 1993
Atlanta, GA, USA
PITTCON 93, 44th Pittsburgh
Conference and Exposition on
Analytical Chemistry and Ap-
plied Spectroscopy

Contact: Mrs. Alma Johnson,
Program Secretary, Pittsburgh
Conference, 300 Penn Center
Blvd., Suite 332, Pittsburgh, PA
15235-5503, USA. Tel.: (+1-412)
825-3220.

W March 19, 1993

Antwerp, Belgium
Symposium on Possibilities and
Limitations of Chiral Separation
Techniques

Contact: Royal Flemish
Chemical Society (KVCV),
Working Party on Chromato-
graphy, ¢/o Dr. R. Smits, BASF
Antwerpen NV, Central Labora-
tory, Scheldelaan, B-2040 Ant-
werp, Belgium. Tel.: (+32-3)
568-2831; Fax: (+32-3) 568-3250;
Telex: 31047 basant b.

B March 23-26, 1993

Brighton, UK
7th International Meeting on In-
strumental Planar Chromato-
graphy

Contact: Executive Secretary,
The Chromatographic Society,
Suite 4, Clarendon Chambers, 32
Clarendon Street, Nottingham
NG1 5JD, UK.

April, 1993
Baltimore, MD, USA
4th International Symposium on
Pharmaceutical and Biomedical
Analysis

Contact: Shirley Schlessinger,
Symposium Manager, Suite 1015,
400 E. Randoph Drive, Chicago,
IL 60601, USA. Tel.: (+1-312)
527-2011.

April 4-7,1993
Wrexham, UK
Ion-Ex ‘93

Contact: Ion-Ex ‘93, Con-
ference Secretariat, Faculty of
Science, The North East Wales
Institute, Connah’s Quay,
Deeside, Clwyd, CHS 4BR, UK.
Tel.: (+44-244) 831-531 ext. 245
or 276; Fax: (+44-244) 814-305.

M April 26-29, 1993
Clearwater, FL, USA
18th International Technical
Conference on Coal Utilization
and Fuel Systems

Contact: Coal Utilization and

Fuel Systems, Conference Orga-
nizing Committe, 1156 Fifteenth
Street, NW, Suite 525, Washing-
ton, DC 20005, USA. Tel.: (+1-
202) 296-1133; Fax: (+1-202)
223-3504.



W May 3-5,1993
Veldhoven, Netherlands
EURORESIDUE II-Interna-
tional Conference on Residues of
Veterinary Drugs in Food
Contact: Dr. N. Haagsma, Sec-
tion of Food Chemistry, Depart-
ment of Food of Animal Origin,
Faculty of Veterinary Medicine,
University of Utrecht, P.O. Box
80.175, 3508 TD Utrecht, Nether-
lands. Tel.: (+31-30) 535-
365/535-367; Fax: (+31-30)
532-365.

May 9-14, 1993
Hamburg, Germany
17th International Symposium on
Column Liquid Chromatography
Contact: Gesellschaft Deut-
scher Chemiker, Abteilung Ta-
gungen, P.O. Box 900440,
Varrentrappstrasse 40-42, W-
6000 Frankfurt am Main 90, Ger-
many. Tel: (+49-69) 7917-360;
Fax: (+49-69) 7917-475.

N May 24-28, 1993

Riva del Garda, Italy

15th International Sympsium on

Capillary Chromatography
Contact: Professor Dr. P. San-

dra, .O.P.M.S., Kennedypark 20,

B-8500 Kortrijk, Belgium. Tel.:

(+32-56) 204-960; Fax: (+32-56)

204-859.

May 25-27, 1993
Ghent, Belgium
Sth International Symposium on
Quantitative  Luminescence
Spectrometry in Biomedical
Sciences

Contact: Dr. Willy R.G.
Baeyens, Symposium Chairman,
University of Ghent, Pharmaceu-

tical Institute, Harelbekestraat
72, B-9000 Ghent, Belgium. Tel.:
(+32-91) 218-951, ext. 246; Fax:
(+32-91) 217-902.

M June 24, 1993

Stockholm, Sweden
International Symposium on
Analysis of Peptides

Contact: Swedish Academy of
Pharmaceutical Sciences, Sympo-
sium on "Analysis of Peptides",
P.O. Box 1136, S-111 81 Stock-
holm, Sweden. Tel.: (+46-8) 245-
085; Fax: (+46-8) 205-511.

M June 24, 1993

Sandefjord, Norway
ICES-ELPHO °93, Meeting of
the International Council of Elec-
trophoresis Societies

Contact: Professor Nils Olav
Solum, Research Institute for In-
ternal Medicine, Rikshopitalet,
Pilestredet 32, N-0027 Oslo, Nor-
way. Tel.: (+47-2) 868-226; Fax:
(+47-2) 868-303.

June 14-16, 1993
Arlington, VA, USA
Prep ’93, 10th International Sym-
posium on Preparative Chroma-
tography

Contact: Washington Chroma-
tography Discussion Group, c¢/o
Barr Enterprises, P.O. Box 279,
Walkersville, MD 21793, USA.
Tel.: (+1-301) 898-3772; Fax:
(+1-301) 898-5596.

M June 29-July 4, 1993
York, UK
XXVIHI Colloquium Spectros-
copicum Internationale
Contact: XXVIII Colloquium
Spectroscopicum Internationale,
Department of Chemistry (CSI

Secretariat), Loughborough
University of Technology, Lough-
borough, Leicestershire LE11
3TU, UK. Tel.: (+44-509) 222-
575; Fax: (+44-509) 233-163;
Telex: 34319.

July 26-29, 1993
Washington, DC, USA
107th Annual International
Meeting and Exposition of the
AOAC

Contact: Margaret Ridgell,
AOAUC, 2200 Wilson Blvd., Suite
400, Arlington, VA 22201-3301,
USA. Tel.: (+1-703) 522-3032;
Fax: (+1-703) 522-5468.

Aug. 23-27,1993
Budapest, Hungary
9th Danube Symposium on Chro-
matography

Contact: Symposium Secreta-
riat, Professor Laszl6 Szepesy,
Department of Chemical Tech-
nology, Technical University of
Budapest, Budafoki ut 8., H-1521
Budapest, Hungary. Tel.: (+36-
1) 186-9000; Fax: (+36-1) 181-
2755; Telex: 225931 muegy h.

W Aug. 23-27,1993
Calgary, Canada
9th International Conference on
Fourier Transform Spectroscopy
Contact: Conference Office,
The University of Calgary, 2500
University Drive NW, Calgary,
Alberta T2N 1N4, Canada. Tel.:
(+1-403) 220-5051; Fax: (+1-
403) 289-7287.

Sept. 5-11, 1993
Edinburgh, UK
EUROANALYSIS VIII, 8th Eu-
ropean Conference on Analytical
Chemistry

Contact: Miss P.E. Hutchin-



son, Analytical Division, The
Royal Society of Chemistry, Bur-
lington House, Piccadilly, Lon-
don W1V 0BN, UK. Tel.: (071)
4378656; Fax: (071) 734-1227,
Telex: 268001.

Sept. 7-10, 1993
Verona, Italy
12th Internation Symposium on
Biomedical Applications of
Chromatography and Electro-
phoresis and 2nd International
Symposium on the Applications
of HPLC in Enzyme Chemistry
Contact: Dr. Franco Tagliaro,
Istituto di Medicina Legale,
Universita di Verona, Policlinico,
1-37134 Verona, Italy. Tel.: (+39-
45) 807-4618/807-4246; Fax:
(+39-45) 505-259.

Sept. 8-10, 1993
Prague, Czechoslovakia
4th Workshop on Chemistry and

B Indicates new or amended entry.

Fate of Modern Pesticides and
Related Pollutants

Contact (for Eastern Euro-
pean countries): Dra. J. Hajslova,
Department of Food Chemistry
and Analysis, Institute of Chemi-
cal Technology, Suchbatarova 5,
166 28 Prague 6-Dejvice, Cze-
choslovakia. Fax: (+42-2) 311-
4769. For all other countries,
contact: IAEAC, M. Frei-Hius-
ler, P.O. Box 46, CH-4123 All-
schwil 2, Switzerland.
Fax:(+41-61) 482-0805.

M Sept. 19-22, 1993

Montréal, Canada
4th International Symposium on
Chiral Discrimination

Contact: Chiral Secretariat,
Conference Office, McGill
University, West Tower, Suite
490, Montreal, Quebec H3A 1B9,
Canada. Tel.: (+1-514) 398-3770;
Fax: (+1-514) 398-4854.

B May 8-13, 1994

Minneapolis, MN, USA
HPLC ’94: 18th International
Symposium on Column Liquid
Chromatography

Contact: Janet E. Cunning-
ham, Barr Enterprises, P.O. Box
279, Walkersville, MD 21793,
USA. Tel.: (+1-301) 898-3772;
Fax: (+1-301) 898-5596.

June 20-24, 1994
Bournemouth, UK
20th International Symposium on
Chromatography

Contact: Executive Secretary,
The Chromatographic Society,
Nottingham Polytechnic, Burton
Street, Nottingham, NG1 4BU,
UK. Tel.: (+44-602) 500-596;
Fax: (+44-602) 500-614.



Hyphenated Techniques in
Superctritical Fluid
Chromatography and Extraction

edited by K. Jinno, Toyohashi University of Technology, Toyohashi, Japan

Journal of Chromatography Library Volume 53

This is the first book to focus
on the latest developments
in hyphenated techniques
using supercritical fluids.
The advantages of SFC in
hyphenation with various de-
tection modes, such as,
FTIR, MS, MPD and ICP
and others are clearly fea-
tured throughout the book.
Special attention is paid to
coupling of SFE with GC or
SFC.

In this edited volume, chap-
ters are written by leading
experts in the field. The
book will be of interest to
professionals in academia,
as well as to those re-
searchers working in an in-
dustrial environment, such
as analytical instrumenta-
tion, pharmaceuticals,
agriculture, food, petrochemi-
cals and environmental.

Contents:
1. General Detection
Problems in SFC

(H.H. Hill, D.A. Atkinson).
2. Fourier Transform lon
Mobility Spectrometry for
Detection after SFC

(H.H. Hill, E.E. Tarver).
3. Advances in Capillary
SFC-MS

(J.D. Pinkston, D.J.

Bowling).
4. Advances in Semi Micro
Packed Column SFC and Its
Hyphenation

(M. Takeuchi, T. Saito).

5. Flow Cell SFC-FT-IR

(L.T. Taylor, E.M. Calvey).
6. SFC-FT-IR
Measurements Involving
Elimination of the Mobile
Phase

(P.R. Griffiths et al.).
7. Practical Applications of
SFC-FTIR

(K.D. Bartle et al.).
8. Recycle Superecritical
Fluid Chromatography -
On-line Photodiode-Array
Multiwavelength UV/VIS
Spectrometry/IR
Spectrometry/Gas
Chromatography

(M. Saito, Y. Yamauchi).
9. Inductively Coupled
Plasma Atomic Emission
Spectrometric Detection in
Superecritical Fluid
Chromatography

(K. Jinno).
10. Microwave Plasma
Detection SFC

(D.R. Luffer, M.V. Novotny).

11. Multidimensional SFE
and SFC
(J.M. Levy, M. Ashraf-
Khorassani).

ELSEVIER

SCIENCE PUBLISHERS

12. Advances in
Supercritical Fluid Extraction
(SFE)

(S.B. Hawthorne et al.).
13. Introduction of Directly
Coupled SFE/GC Analysis

(T. Maeda, T. Hobo).
14. SFE, SFE/GC and
SFE/SFC: Instrumentation
and Applications

(M.-L. Riekkola et al.).
15. Computer Enhanced
Hyphenation in
Chromatography - Present
and Future

(E.R. Baumeister,

C.L. Wilkins).

Subject Index.

1992 x + 334 pages
Price: US $ 157.00/ Dfl. 275.00
ISBN 0-444-88794-6

ORDER INFORMATION
For USA and Canada
ELSEVIER SCIENCE
PUBLISHERS

Judy Weislogel

P.O. Box 945

Madison Square Station,
New York, NY 10160-0757
Tel: (212) 989 5800

Fax: (212) 633 3880

In all other countries
ELSEVIER SCIENCE
PUBLISHERS

P.O. Box 211

1000 AE Amsterdam
The Netherlands

Tel: (+31-20) 5803 753

Fax: (+31-20) 5803 705

USS$ prices are valid only for the USA & Ca-
nada and are subject to exchange fluctua-
tions; in all other countries the Dutch
guilder price (Dfl.), is definitive. Books are
sent postfree if prepaid.
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m the Publisher

ELSEVIER SCIENCE PUBLISHERS

prefers the submission of electronic manuscripts

Electronic manuscripts have the advantage that there is no need for the rekeying of
text, thereby avoiding the possibility of introducing errors and resulting in reliable
and fast delivery of proofs.

The preferred storage medium is a 5% or 3% inch disk in
MS-DOS format, although other systems are welcome, e.g.
Macintosh.

Your disk and (exactly matching) printed version (printout,
hardcopy) should be submitted together to the accepting
editor. In case of revision, the same procedure should be
followed such that, on acceptance of the article, the file on
disk and the printout are identical. Both will then be
forwarded by the editor to Elsevier.

Please follow the general instructions on style / arrangement
and, in particular, the reference style of this journal as given
in ‘Instructions to Authors’.

Please label the disk with your name, the software &
hardware used and the name of the file to be processed.

Further information can be found under ‘Instructions to
Authors - Electronic manuscripts’.

ict the Publisher
rther information.

ELSEVIER SCIENCE PUBLISHERS B.V.
P.O. Box 330, 1000 AH Amsterdam
Netherlands

Fax: (+31-20) 5862-304
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PUBLICATION SCHEDULE FOR 1993

Journal of Chromatography and Journal of Chromatography, Biomedical Applications
MONTH 0 1992 N 1992 D 1992

Journal of 623/1 625/1
Chromatography 623/2 625/2 The publication schedule for further issues will be published later
624

Cumulative
Indexes,
Vols. 601-650

Bibliography
Section

Biomedical
Applications

INFORMATION FOR AUTHORS

(Detailed /nstructions to Authors were published in Vol. 609, pp. 437-443. A free reprint can be obtained by application to the
publisher, Elsevier Science Publishers B.V., P.O. Box 330, 1000 AH Amsterdam, The Netherlands.)

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, Short Communications and Dis-
cussions. Short Communications are usually descriptions of short investigations, or they can report minor technical improve-
ments of previously published procedures; they reflect the same quality of research as Full-length papers, but should preferably
not exceed five printed pages. Discussions (one or two pages) should explain, amplify, correct or otherwise comment sub-
stantively upon an article recently published in the journal. For Review articles, see inside front cover under Submission of
Papers.

Submission. Every paper must be accompanied by a letter from the senior author, stating that he/she is submitting the paper for
publication in the Journal of Chromatography.

Manuscripts. Manuscripts should be typed in double spacing on consecutively numbered pages of uniform size. The manu-
script should be preceded by a sheet of manuscript paper carrying the title of the paper and the name and full postal address of
the person to whom the proofs are to be sent. As a rule, papers should be divided into sections, headed by a caption (e.g.,
Abstract, Introduction, Experimental, Results, Discussion, etc.). All illustrations, photographs, tables, etc., should be on sep-
arate sheets.

Abstract. All articles should have an abstract of 50-100 words which clearly and briefly indicates what is new, different and
significant. No references should be given.

Introduction. Every paper must have a concise introduction mentioning what has been done before on the topic described, and
stating clearly what is new in the paper now submitted.

Illustrations. The figures should be submitted in a form suitable for reproduction, drawn in Indian ink on drawing or tracing
paper. Each illustration should have a legend, all the /egends being typed (with double spacing) together on a separate sheet. If
structures are given in the text, the original drawings should be supplied. Coloured illustrations are reproduced at the author’s
expense, the cost being determined by the number of pages and by the number of colours needed. The written permission of
the author and publisher must be obtained for the use of any figure already published. Its source must be indicated in the
legend.

References. References should be numbered in the order in which they are cited in the text, and listed in numerical sequence on
a separate sheet at the end of the article. Please check a recent issue for the layout of the reference list. Abbreviations for the
titles of journals should follow the system used by Chemical Abstracts. Articles not yet published should be given as “in press”
(journal should be specified), “‘submitted for publication” (journal should be specified), “in preparation” or “personal commu-
nication”.

Dispatch. Before sending the manuscript to the Editor please check that the envelope contains four copies of the
paper complete with references, legends and figures. One of the sets of figures must be the originals suitable
for direct reproduction. Please also ensure that permission to publish has been obtained from your institute.

Proofs. One set of proofs will be sent to the author to be carefully checked for printer’s errors. Corrections must be restricted to
instances in which the proof is at variance with the manuscript. “Extra corrections’” will be inserted at the author’s expense.

Reprints. Fifty reprints will be supplied free of charge. Additional reprints can be ordered by the authors. An order form
containing price quotations will be sent to the authors together with the proofs-of their article.

Advertisements. The Editors of the journal accept no responsibility for the contents of the advertisements. Advertisement rates
are available on request. Advertising orders and enquiries can be sent to the Advertising Manager, Elsevier Science Publishers
B.V., Advertising Department, P.O. Box 211, 1000 AE Amsterdam, Netherlands; courier shipments to: Van de Sande Bak-
huyzenstraat 4, 1061 AG Amsterdam, Netherlands; Tel. (+31-20) 515 3220/515 3222, Telefax (+31-20) 6833 041, Telex
16479 els vinl. UK: T. G. Scott & Son Ltd., Tim Blake, Portland House, 21 Narborough Road, Cosby, Leics. LE9 5TA, UK; Tel.
(+44-533) 753 333, Telefax (+44-533) 750 522. USA and Canada: Weston Media Associates, Daniel S. Lipner, P.O. Box
1110, Greens Farms, CT 06436-1110, USA; Tel. (+1-203) 261 2500, Telefax (+1-203) 261 0101.



Reversed Phase CHIRAL HPLC Column
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29.2min

12.8min.

Eluent PH2.0 0.5N HCIO,-NaClO.aq
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For more information about CHIRALCEL OD-R column, please give us a call.

=) DAICEL CHEMICAL INDUSTRIES, LTD.

CHIRAL CHEMICALS DIVISION 8-1, Kasumigaseki 3-chome, Chiyoda-ku, Tokyo 100, JAPAN
Phone: +81-3-3507- 3151 Facsimile: +81-3-3507- 3193

AMERICA

CHIRAL TECHNOLOGIES, INC.
730 SPRINGDALE DRIVE
DRAWER I EXTON, PA 19341
Phone: 215—-594 — 2100
Facsimile: 215—594 —2325
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EUROPE
DAICEL (EUROPA) GmbH
Ost Street 22 -
4000 Dusseldorf 1, Germany
Phone: +49—211—369848
Facsimile: +49—211—364429

ASIA/OCEANIA
DAICEL CHEMICAL (ASIA) PTE. LTD.
65 Chulia Street #40-07
OCBC Centre, Singapore 0104.
Phone: +65—5332511
Facsimile: +65—5326454
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