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CHROM. 24 345

Determination of glycerol in bacterial cell wall teichoic
acid by high-performance liquid chromatography

Juha-Pekka Himanen
Department of Molecular Bacteriology, and Molecular Biology Programme, National Public Health Institute, Mannerheimintie 166,
8F-00300 Helsinki (Finland)

(First received March 10th, 1992; revised manuscript received May 8th, 1992)

ABSTRACT

A high-performance liquid chromatography method for the determination of glycerol in teichoic acid was developed. The phospho
diester linkages between repeating glycerol units were hydrolysed by treatment with 5.8 M HCI at 100°C for 75 h. The degree of
hydrolysis was verified by gas chromatography-mass spectrometry. The hydrolysed samples were applied to an ion-exclusion column
and the amount of glycerol determined as the area of the peak at 12.6 min. Using glycerol standards an r2 value of 0.999, a relative
standard deviation of 2.2% and a detection limit of 0.1 jl.g were obtained.

INTRODUCTION

The cell surface of gram-positive bacteria con
tains lipoteichoic acid (LTA) and a peptidoglycan
teichoic acid complex (PG-TA) as the major and
biologically important molecules. Interest in these
molecules is based on their role in the structure and
function of the bacterial cell wall [1] and on their
potential participation in modifying the course of
infection and response to vaccines [2,3].

The basic structure of LTA and TA consists of a
long hydrophilic chain of 20-60 repeating phospho
glycerol units where the individual glycerol (Gro)
molecules are joined by a phosphodiester linkage
[1]. Thus the determination of Gro in these com
pounds is of crucial importance to structure-func
tion studies. This is usually carried out after cleav
age of the phosphodiester bond by treatment with
acid or alkaline phosphatase, or both. The liberated

Correspondence to: Dr. J.-P. Himanen, Department of Molec
ular Bacteriology, and Molecular Biology Programme, National
Public Health Institute, Mannerheimintie 166, SF-00300 Helsin
ki, Finland.

Gro is then determined by gas chromatography
(GC) [4,5], enzymatically by a glycerol kinase-based
assay [6,7], by potentiometric [8] or luminometric
[9] methods. A preliminary report has been publish
ed describing the determination of Gro in grape
juice by high-performance liquid chromatography
(HPLC) [10].

The purpose of this study was to develop and
validate a simple HPLC-method for the determina
tion of Gro in bacterial cell surface compounds.
The goal was to.avoid the use of tedious enzyme
reactions or toxic HF for the liberation of Gro and
the multi-step sample preparations for the liberated
Gro. The (data obtained demonstrate the feasibility
of applying the Gro sample directly after hydro
chloric acid treatment to an ion exclusion column
coupled to a refractive index (RI) detector using
commercial oc-phosphoglycerol (P-Gro) and PG-TA

.~ of Bacillus subtilis to standardize the method.

EXPERIMENTAL

Reagents
An chemicals used were commercially available

and of analytical purity. P-Gro and Gro were from

0021-9673/92/$05.00 © 1992 Elsevier SciencePublishers B.V. All rights reserved
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Sigma (St.Louis, MO, USA) and iodomethane
from Fluka (Buchs, Switzerland).

Chemical methods
The hydrolyses were carried out in sealed glass

tubes. Inorganic and total phosphate were deter
mined by the spectrophotometric method of Lowry
et al. [11]. The amount of organic phosphate was
calculated from the difference between inorganic
and total phosphate. Permethylation was perform
ed by CH31 in a basic solution of dimethyl sulphox
ide after diazomethane treatment according to the
method of Ciucanu and Kerek [12].

Gas chromatography-mass spectrometry
Combined GC-mass spectrometry (MS) analyses

were performed using a Hewlett-Packard 5890 Se
ries II gas-liquid chromatograph (Avondale, PA,
USA) and a Hewlett-Packard 597IA mass selective
detector equipped with an HP-5 fused-silica capil
lary column (25 m x 0.2 mm J.D.). Helium was
used as the carrier gas. The initial temperature of
100·C was held for 1 min and then increased at a
rate of rCJmin to the final temperature of 250·C.
The injector temperature was 250·C and the ion
source temperature 18SOC. Electron impact mass
spectra were 'fecorded at 70 eV.

High-performance liquid chromatography
The HPLC analyses were carried out using a Wa

ters Model 510 pump (Milford, MA, USA) with a
20-/11 injection loop equipped with a Pharmacia
2142 RI detector (Bromma, Sweden) and a Shimad
zu C-R3A integrator (Tokyo, Japan). The ion-ex
clusion column (Aminex HPX-87H) and the guard
column were from Bio-Rad (Richmond, CA, USA).
Sulphuric acid (0.004 M) in distilled and deionized
water was used as the eluent at a flow-rate of 0.6
mlJmin.

RESULTS AND DISCUSSION

J.-P. Himanen j J. Chromalogr. 607 (1992) 1-6

TABLE I

ORGANIC PHOSPHATE DETECTED AFTER PRO
LONGED HYDROLYSIS OF P-Gro IN 0.1 M HCl

P-Gro (1 mgjml) was hydrolysed in 0.1 M HCl at 100·C for
various times and organic p110sphate (p.,.) determined as de
scribed under Experimental.

Time (h) p.,. (%)

0 100
1 100
2 97
6 94

24 78
65 50

260 0.1

longed hydrolysis of up to 11 days.
Increasing the HCl concentration from 0.1 to 2.0

M did not influence the rate of hydrolysis (Table II),
apparently because the mechanism of hydrolysis at
low concentrations is based on an intramolecular
rearrangement reaction [13]. An increase in the con
centration 'of acid to above 2.0 M increased the rate
of hydrolysis, consistent with the change of the re
action to second-order kinetics. Thus after 65 h at
100·C, 87% of P-Gro was hydrolysed in 4.0 M HCl
and 98% in 5.8 M HCl (Table II).

Fig.I shows the time course of the hydrolysis of
P-Gro in 5.8 M HCI. About 70% of P-Gro was
hydrolysed after I day and about 90% after 2 days.
The hydrolysis was completed within 75 h.

TABLE II

ORGANIC PHOSPHATE DETECTED AFTER A 65 h HY
DROLYSIS OF P-Gro IN HCI

P-Gro (l mgjml) was hydrolysed for 65 h at 100·C in HCl of
various concentrations and organic phosphate (P.,.) determined
as described under Experimental.

Concentration
ofHCl (M)

Optimum conditions for the hydrolysis of glycerol
phosphoester bonds

The liberation of phosphate from P-Gro was first
tested In 0.1 M HCI. Table I shows that after 3 days
of this treatment at 100·C only 50% of the P-Gro
was hydrolysed to inorganic phosphate and Gro.
Total hydrolysis was achieved only after a pro-

o
0.1
0.5
1.0
2.0
4.0
5.8

100
50
50
50
58
13
2.4
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30

Fig. 1. Kinetics of hydrolysis ofP-Oro (0) and PO-TA (e) in
. 5.8 M Hel at IOO"C. Solutions (I mgjml) of the samples were
hydrolysed in Hel and organic phosphate (solid lines) and Oro
(dotted lines) were determined at different times as described
under Experimental.
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The results show that the use ofHClis applicable
in hydrolysing phosphoglycerol compounds. Both
HCI and the commonly used HF [14] demand pro
longed treatment, but HF is more expensive, poten
tially toxic and inconvenient to use.

Determination ofglycerol'
In the HPLC analysis authentic Gro yielded a

single peak with a retention time of 12.6 min. The
calibration graph for Gro was obtained by applying
Gro standards to the ion exclusion column and
comparing the areas of the peaks at 12.6 min. The
results followed the linear regression equation y =

1.087x + 0.580 (r 2 = 0.999), where y is the relative
area and x is the amount of glycerol (Fig.3).

The reproducibility was determined by five inde
pendent injections of 20 {tg of glycerol. The areas
varied from 21.382 to 22.833 and a relative stan
dard deviation of 2.2% was obtained.

The detection limit for glycerol was 0.1 {tg, corre
sponding to a signal-to-noise ratio of 2. As an in
jection volume of 20 {tl was used this is equal to a
concentration of 5 {tgjml. This is better than those
reported for the potentiometric (10 {tgjml) [8], en
zymatic (10 {tgjml) [15] and preliminary HPLC (25
{tgjml) [10] methods. On the other hand, it is clearly
less good than the sensitivity of a bioluminescent
method (0.3 {tgjml) [9]. When investigating cell sur
face compounds, however, such extreme sensitiv
ities are rarely required. The correlation was linear
up to 100 {tg. Above this level tailing of the peaks
reduced the accuracy.
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The production of Gro by the hydrolysis of P
Gro with HCI was verified by Gc. Intact and hy
drolysed (5.8 MHCl, 100°C, 75 h) samples ofP-Gro
were permethylated and investigated using GC
MS. Intact, permethylated P-Gro was detected by
GC as one major peak (retention time 8.1 min).
This peak yielded the electron impact mass spec
trum shown in Fig. 2a, showing characteristic frag
ments of methylated phosphate at mjz 109 and 127.
In the hydrolysed sample this peak was negligible
and instead a prominent peak at 3.7 min appeared.
The mass spectrum of this peak (Fig.2b) was indis
tinguishable from that obtained with authentic
Gro, including the molecular ion of permethylated
Gro (mjz 134).

Study of PG- TA of the cell wall of Bacillus subtilis
PG-TAwas purified from Bacillus subtilis and

shown in chemical analysis to be composed of es
sentially pure teichoic acid and peptidoglycancova
lently linked to each other [16]. PG-TA (1 mgjml)
was hydrolysed for various times in 5.8 M HCI
(100°C). The hydrolysis of phosphoester bonds was
found to show essentially similar kinetics as the hy
drolysis of P-Gro (Fig. 1). A typical chromatogram
of an HPLC analysis of hydrolysed PG-TA is
shown in FigA. The glycerol peak at 12.6 min re
solved well from other peaks which represent amino
sugars and amino acids generated from PG-TA.
Fig.l shows a good correlation between the amount
of organic phosphate before hydrolysis and the
amount of glycerol after hydrolysis. Decomposition
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Fig. 2. Electron impact GC-MS spectra ofP-Gro. P-Gro was hydrolysed in 5.8 M HCI for 75 h at 100°C and determined by GC-MS as
described under Experimental before (a) and after (b) hydrolysis. Me = Methyl.

of Gro in HCl did not occur as the area of the peak
at 12.6 min was the same before and after treating
Gro for 75 h in 5.8 M HCl at 100°C.

The described method using ion-exclusion HPLC
and a RI detector is fast and accurate for the deter
mination of glycerol. The correlation coefficient
(0.999) of the calibration graph indicates a high re
producibility of the method. Chromatography im-

mediately after the hydrolysis, without extra sample
preparation steps, eliminates the tedious and time
consuming steps of the enzymatic [15] and biolumi
nescent [9] assays and diminishes the errors. Espe
cially with GC, sample preparation can be problem
atic because of the substantial volatility of glycerol
[17]. According to experience in this laboratory, one
evaporation to dryness decreases the amount of
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Fig. 3. Calibration graph for the determination of Gro by
HPLC. Samples (20 pi; 1-100 pg) of Gro were applied to the
HPX-87H ion-exclusion column and the effluent monitored by
an RI detector. The area of the peak at 12.6 min was plotted
against the amount of Gro in the sample.

peracetylated glycerol to 30% of the original
amount.
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ABSTRACT

Maltooligosaccharides were submitted to hydrophilic interaction chromatography on three aqueous size-exclusion columns. When
mobile phase compositions were 0% to 40% (v/v) acetonitrile in water, the chromatographic mechanism was by size exclusion on all
three,columns; at concentrations;;' 50% (v/v) acetonitrile, the carbohydrates were fractionated by partition chromatography (0.88 > k'
> 143; where k' is the solute capacity factor), and the order of elution was reversed. When maltooligosaccharides were eluted from the
three columns using isocratic mobile phases in which the concentration of acetonitrile was varied from 50% to 75% (v/v), a negative
linear relationship (R2 > - 0.973) existed between retention and solvent strength; retention increased as the polarity of the mobile
phase was decreased. When the composition of the mobile phase was 65% acetonitrile in water, a correlation (R 2 > 0.99) was found in
all three columns between the degree of polymerization and the retention of the oligosaccharide. With gradient elution, the Protein-Pak
60 column resolved N-acetylneuraminic acid, rhamnose, arabinose and a mixture of commercially available glucose polymers; the
between-run precision of the retention times (n = 16) for the chromatography varied from 0.09 to 0.64% (relative standard deviation).
The chromatography was applied to the analysis of enzyme-hydrolyzed starch digests.

INTRODUCTION

The analysis of monosaccharides, non-protein
bound oligosaccharides, and glycoprotein-derived
oligosaccharides is necessary in certain disciplines
in both biomedicine and industry. Sulfonated poly
styrene-divinylbenzene cation-exchange supports
with various counter ions [1-6], reversed-phase col
umns with Cts bound to silica [7] or polyvinyl alco
hol [8] supports, and more recently, pellicular qua
ternary amine-bonded anion exchange supports [9
16] have been used to separate a variety of mono-,
di- and oligosaccharides. Carbohydrates separated
on the cation-exchange and reversed-phase sup
ports were observed by refractive index detection

Correspondence to: Dr. Andrew S. Feste, Children's Nutrition
Research Center, 1100 Bates Street, Houston, TX 77030, USA.

[1-8], while those separated by anion exchange were
observed by the more sensitive pulsed amperomet
ric detection [9-16].

Carbohydrates have also been separated on col
umns that contain hydrophilic, polar-bonded phas
es. Mono-, di- and oligosaccharides have been sep
arated on silica-bound amine [17-22], diol [20] and
polyol [23] supports. A hydroxylated polymeric
support was used to separate neutral oligosaccha
rides derived from glycoproteins [24]. A feature
common to all these separations was the resolution
of highly polar solutes on polar, hydrophilic bond
ed phases; the separations were performed with mo
bile phases of acetonitrile and water. E,.etention of
the polar solutes increased with the volume percent
of acetonitrile, and evidence suggested that carbo
hydrate separation occurred by partition [19,22]. At·
higher percentages of acetonitrile, proportionally

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved



8

more water was adsorbed to the hydrophilic group
on the support than was present in the mobile
phase, and the establishment of the static layer of
water was required for partitioning and separation
to occur (19,22).

Solutes other than carbohydrates have been sep
arated on polar-bonded phases. Silica-bound polyol
[23] was used to separate phenols and polyphenols
with a mobile phase of hexane-methanol
tetrahydrofuran; when the mobile phase was phos
phate buffer, however, proteins were separated by
size exclusion. On chitosan (de-acetylated chitin)
adsorbed to a silica support, amino acids, nucleo
tides, and dipeptides were separated by mobile
phases of acetonitrile in water [25]. Binding of a
hydrophilic group to a polystyrene-divinylbenzene
support enabled separation of solutes by either re
versed-phase or normal-phase chromatography
[26]. Alpert has introduced the term "hydrophilic
interaction chromatography" [27] to describe the
previous polar-bonded phase separations [17-26],
as well as the separation of amino acids, cyclodipep
tides, phosphorylated amino acids, dipeptides, 3
hydroxyl-2-nitropyridyl-{3-maltooligoglycosides,
and oligonucleotides on polyhydroxyethyl-asparta
mide-bound silica columns.

Our objectives in this study were to determine
whether commercially available size-exclusion col
umns could function as hydrophilic interaction col
umns, and if so, to separate glucooligosaccharides
using gradient elution and pulsed amperometric de
tection.

EXPERIMENTAL

Materials
Durapore hydrophilic filters (0.22 ,urn, 47 mm)

and the Protein-Pak 60 column were from Waters
(Milford, MA, USA). The TSK-G 2000 SW column
was from Phenomenex (Torrance, CA, USA) and
the G-Oligo-PW column was from TosoHaas (Phil
adelphia, PA, USA). All monosaccharides, disac
charides, maltooligosaccharides and starch were
purchased from Sigma (St. Louis, MO, USA). Sodi
um acetate. (HPLC grade), acetonitrile (HPLC
grade) and sodium hydroxide solution (50%, w/w)
were obtained from Fisher Scientific (Houston, TX,
USA). Monitrollevel II sera were purchased from
American Dade (Miami, FL, USA).
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Chromatography
Apparatus. Chromatography was performed on a

Waters 860 system; the host computer was a Micro
VAX 2000 which employed the VMS operating sys
tem. DECnet software enabled multisystem net
working via Ethernet connections. Connections
were made to the Ethernet via a DEC transceiver,
which was connected in turn to the Laboratory Ac
quisition and Communications/Enviroment (LAC;
E) Module. Communication with the chromatogra
phy instruments was accomplished by IEEE inter
face (direct or via System Interface Module).

Isocratic separations. Three high-performance
size-exclusion chromatography (HPSEC) columns
were used to separate standard monosaccharides,
disaccharides, and maltooligosaccharides: the Wa
ters Protein-Pak 60 column (300 mm x 7.9 mm
J.D., 10 ,urn), the Phenomenex TSK-G 2000 SW
(300 mm x 7.6 mm J.D., 10 ,urn), and the TosoHaas
G-Oligo-PW column (300 mm x 7.8 mm J.D., 6
,urn). Samples (50,u1) were injected by a Waters
Model 710 WISP autoinjector; two Waters Model
510 pumps produced isocratic mobile phases which
eluted the solutes at a flow rate of 1.0 ml/min. Sol
vents were sparged with helium and maintained in a
helium atmosphere during all separations. Post-col
umn eluate was delivered into a 3-way PTFE mix
ing tee and mixed with 0.5 M sodium hydroxide,
which was delivered at a flow rate of 0.4 ml/min;
helium, at 50 p.s.i., was used to deliver the sodium
hydroxide solution to the mixing tee. After the el
uate was mixed with sodium hydroxide, the peaks
were detected with a Dionex pulsed amperometric
detection (PAD) system (Sunnyvale, CA, USA).
The potentials and time periods were set as follows:
E1 was 0.05 V, E2 was 0.6 V, E3 was -0.6 V, T1
was 480 ms, T2 was 120 ms, and T3 was 60 ms. The
sensitivity of the pulsed amperometric detector was
set at 30 ,uA unless otherwise specified.

Determination of capacity factors. Separate stock
solutions of C>:-D-glucose (DP 1; DP = degree of
polymerization), maltose (DP 2), maltotriose (DP
3), maltotetraose (DP 4), maltopentaose (DP 5),
maltohexaose (DP 6) and maltoheptaose (DP 7)
were prepared at a concentration of 1.0 mg/ml, then
diluted 1:9 with Milli-Q water (Millipore, Bedford,
MA, USA). To determine the capacity factors of
DP 1 through DP 7 on all three columns, 50 ,ul con
taining 5.0 ,ug of each individual standard was in-
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jected and eluted isocratically; the mobile phase
compositions were 0, 10, 20, 30, 40, 50, 55, 60, 65,
70 and 75% (v/v) acetonitrile in water.

Solutions of N-acetylneuraminic acid, a-L-rham
nose, a-L-fucose, D( + )-xylose, D( - )-arabinose,
p-D-fructose, D( + )-mannose, a-D-glucose, D(+ )
galactosamine, D( + )-glucosamine, D( + )-galactose,
sucrose, lactulose, maltose and lactose were pre
pared at a concentration of 1.0 mg/ml, then diluted
1:9 with Milli-Q water. A 50-J.ll volume of each indi
vidual standard was chromatographed separately
on both the Protein-Pak 60 and G-Oligo-PW col
umns. An isocratic mobile phase consisting of 75%
acetonitrile in water, at a flow-rate of 1.0 ml/min,
was used to elute the mono- and disaccharides.

Chromatography of maltooligosaccharide mix
tures. A mixture of maltooligosaccharides (DP 1
through DP 10) was run on the three columns, with
gradient elution; DP 1, DP 2 and DP 3 were each
mixed to a final concentration of 0.25 mg/ml, and a
standard mixture of DP 4 to DP 10 (powder) was
mixed to a final concentration of2.5 mg/m!. A 50-j./J
injection containing 12.5 J.Lg each ofDP 1, DP 2, DP
3, and 125 J.Lg (total) of DP 4 through DP 10 was
made on to each column. The gradient program for
the separation on the Protein-Pak 60 column was
70% (v/v) acetonitrile in water for 5.0 min, a linear
gradient to 50% in 30 min, held at 50% for 20 min.
For the TSK-G 2000 SW column, the gradient pro
gram was 70% (v/v) acetonitrile in water for 15
min, a linear gradient to 65% in 15 min, a linear
gradient to 50% in 30 min, held at 50% for 20 min.
The gradient program for the separation of the mal
tooligosaccharides on the G-Oligo-PW column was
identical to that used for the Protein-Pak 60 col
umn, except that the final condition was held at
50% for 50 min.

Separation of selected monosaccharides and glu
cose polymers. The Protein-Pak 60 column was used
to separate a commercially available mixture of glu
cose polymers (Polycose) to which were added se
lected monosaccharides; 100 J.Lg of N-acetylneura
minie acid, 25 J.Lg of rhamnose, 25 J.Lg of arabinose
and 7.0 mg of Polycose were dissolved in Milli-Q
water to final concentrations of 0.12, 0.03, 0.03 and
8.23 mg/ml, respectively. The column was injected
with 50 J.Ll containing 1.45 J.Lg each of rhamnose and
arabinose, 5.85 J.Lg N-acetylneuraminic acid and 411
J.Lg Polycose, and the solutes were separated by gra-
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dient elution. The gradient program was 70% (v/v)
acetonitrile in water for 10.0 min, a linear gradient
to 50% in 30 min, held at 50% for 20 min.

To determine whether the separation was repro
ducible, eight samples of the Polycose and mono
saccharide mixture were run consecutively on the
Protein-Pak 60 column on each of two separate
days; the within-run and between-run precision of
the retention times of the monosaccharides and oli
gosaccharides were determined. Eighty min after in
jection, the column was allowed to equilibrate for
20 min at starting conditions, i.e., 70% acetonitrile.

To demonstrate the sensitivity ofdetection and to
optimize the separation, 10 J.Ll containing 0.8 J.Lg
each of rhamnose and arabinose, 3.33 J.Lg ofN-acet
ylneuraminic acid and 33.3 J.Lg of Polycose were in
jected on to the Protein-Pak 60 column. The gra
dient program consisted of 70% (v/v) acetonitrile
for 1.0 min, a linear gradient to 50% for 39 min,
held at 50% for 20 min.

Separation of starch hydrolysates. In one set of
experiments, 0.9 ml of a 2.0 g/IOO ml solution of
starch was mixed with 0.1 ml of Monitrol level 2
serum containing 500 D/ml of a-amylase. The mix
tures were allowed to incubate at 37"C for 4.0 h; at
1.0, 2.0, 3.0, and 4.0 h, the tubes were heated at
100°C for 2.0 min, then 50 J.Ll containing 450 J.Lg of
hydrolysate was injected on to the Protein-Pak 60
column. The enzyme control consisted of adding
0.1 ml of Monitrol serum to 0.9 ml of water, while
the substrate control consisted of adding 0.1 ml wa
ter to 0.9 ml of starch solution. The enzyme and

.substrate controls were incubated in the same man-
ner as were the enzyme-substrate mixtures. The
controls and incubation mixtures were separated by
gradient elution. The gradient program was 70%
(v/v) acetonitrile for 1.0 min, a linear gradient to
50% for 49 min, held at 50% for 20 min. The col
umn was then equilibrated for 20 min with 70%
(v/v) acetonitrile before the next injection.

In a separate set of experiments, 0.1 ml of Mo
nitrol serum was added to 0.1, 0.2, 0.3, 0.4, 0.5, 0.6,
0.7,0.8 and 0.9 ml of a 1.0 g/ml solution of starch.
Water was added to each solution to bring the vol
ume to 1.0 m!. The solutions were incubated at am
bient temperature for 16.0 h, then heated at 100°C
for 2.0 min. A 50-J.Ll volume was injected and sep
arated by the gradient used for the starch hydrol
ysates.
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RESULTS

The isocratic elution of maItooligosaccharides
DP I through DP 7, with water as the mobile phase,
are depicted for the Protein-Pak 60 (Fig. Ia),
TSK-G 2000 SW (Fig. Ic), and the G-Oligo-PW
(Fig. Ie) columns. Neither the Protein-Pak 60 nor
the TSK-G 2000 SW columns resolved these oli
gomers by size exclusion. The G-Oligo-PW column,
however, did give some resolution; the maItooligo
saccharides DP 7, DP 6 and DP 5 eluted at 7.75
min, DP 4 at 7.96 min, DP 3 at 8.34 min, DP 2 at
8.82 min and DP 1 at 9.48 min. Although the Pro-

tein-Pak 60 and TSK-G 2000 SW columns did not
resolve the components in the mixture under these
conditions, chromatography of individual stan
dards demonstrated that the maItooligosaccharides
were separated by size exclusion, i.e., they were elut
ed in descending size order from DP 7 through DP
l.

Chromatography of the maltooligosaccharides
using a mobile phase composition of 65% (vjv) ace
tonitrile in water is shown for the Protein-Pak 60
(Fig. 1b), TSK-G 2000 SW (Fig. Id) and G-Oligo
PW columns (Fig. If). All three columns exhibited
retention behavior opposite to that observed for the
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Fig. 1. Chromatography of glucose (DP I) and maltooligosaccharides (DP 2 through DP 7) on HPSEC columns: using water as the
mobile phase, the chromatography ofDP I through DP 7 on the Protein-Pak 60 (a), TSK-G 2000 SW (c) and G-Oligo-PW (e) columns;
using 65% (v/v) acetonitrile in water as the mobile phase, the partition chromatography of DP I through DP 7 on the Protein·Pak 60
(b), TSK-G 2000 SW (d), and G-Oligo-PW (I) columns.
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size-exclusion separations; the order of elution was
reversed. When the maltboligosaccharides were
separated on the Protein-Pak 60 column under
these conditions (Fig. 1b), their retention times were
15.1 (DP 1),17.6 (DP 2),20.6 (DP 3), 24.2 (DP 4),
28.4 (DP 5), 32.8 (DP 6) and 37.9 min (DP 7). In
addition, DP 4 through DP 7 were separated into a
and {3 anomers. The TSK-G 2000 SW column (Fig.
Id) was unable to resolve the mixture, even though
the maltooligosaccharides were retained and eluted
in the order observed for the Protein-Pak 60 col
umn. The maltooligosaccharides were separated in
the same order on the G-Oligo-PW column (Fig. If)
as on the Protein-Pak 60 column; they were re
tained, however, to a greater degree. The retention
times were 27.7 (DP 1), 33.8 (DP 2), 41.3 (DP 3),
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51.0 (DP 4),63.0 (DP 5), 75.6 (DP 6), and 90.0 min
(DP 7).

Table I lists the capacity factor (k') values for the
maltooligosaccharides DP 1 through DP 7 after elu
tion from the three columns using mobile phase
compositions where the percentage (vjv) of aceto
nitrile in water was 0, 10, 20, 30, 40, 50, 55, 60, 65,
70 and 75, respectively. For all three columns, chro
matography with mobile phase compositions con
sisting of 0 to 40% (vjv) acetonitrile produced k'
values for the retention of DP 1 to DP 7 that were
inversely proportional to chain length at each com
position, i.e. the k' values decreased as chain length
increased (size exclusion). Conversely, at acetoni
trile concentrations from 50 to 75% (vjv) the k' val
ues at each concentration were proportional to

TABLE I

THE EFFECT OF MOBILE PHASE COMPOSITION ON THE RETENTION OF MALTOOLIGOSACCHARIDES DP 1
THROUGH DP 7 ON THE PROTEIN-PAK 60, TSK-G 2000 SW AND G-OLIGO-PW COLUMNS

Capacity factor

Acetonitrile in Milli-Q water (%, v/v)

0 10 20 30 40 50 55 60 65 70 75

Protein-Pak 60
DPI 0.59 0.62 0.62 0.64 0.71 0.88 1.03 1.18 1.52 1.98 2.65
DP2 0.56 0.60 0.60 0.61 0.70 0.92 1.13 1.37 1.93 2.76 4.15
DP 3 0.53 0.56 0.58 0.59 0.69 0.96 1.23 1.60 2.43 3.80 6.43
DP4 0.51 0.53 0.55 0.58 0.68 0.99 1.37 1.80 3.03 5.20 9.82
DP 5 0.49 0.51 0.54 0.57 0.66 1.02 1.50 2.05 3.73 6.93 14.6
DP6 0.48 0.50 0.52 0.56 0.65 1.06 1.62 2.20 4.46 8.93 21.3
DP7 0.46 0.48 0.51 0.55 0.63 1.06 1.75 2.58 5.32 11.5 29.8

TSK-G 2000 SW
DPI 1.03 1.05 1.08 1.12 1.19 1.31 1.79 1.74 2.06 2.54 2.94
DP2 1.03 1.05 1.07 1.12 1.17 1.32 1.87 1.70 2.15 2.86 3.77
DP 3 1.01 1.04 1.06 1.11 1.17 1.34 1.97 1.86 2.41 3.53 5.08
DP4 0.99 1.01 1.05 1.10 1.17 1.36 2.03 2.04 2.76 4.34 6.96
DP 5 0.98 1.00 1.03 1.09 1.16 1.39 2.13 2.19 3.08 5.32 9.45
DP6 0.97 1.00 1.03 1.08 1.16 1.41 2.19 2.42 3.54 6.33 12.2
DP 7 0.96 1.00 1.02 1.08 1.16 1.41 2.24 2.62 3.72 7.49 16.0

G-Oligo-PW
DPI 1.01 1.07 1.15 1.29 1.65 2.28 2.87 3.67 4.91 7.08 11.0
DP2 0.87 0.93 0.99 1.11 1.50 2.30 3.06 4.26 6.30 10.2 18.8
DP 3 0.74 0.82 0.88 0.95 1.40 2.34 3.32 4.91 8.01 14.8 32.3
DP4 0.68 0.74 0.80 0.87 1.31 2.41 3.59 5.78 10.3 21.1 54.8
DP 5 0.63 0.67 0.73 0.83 1.23 2.49 3.93 6.72 13.0 29.9 89.3
DP6 0.60 0.63 0.66 0.79 1.16 2.55 4.24 7.65 15.9 40.5 117
DP 7 0.57 0.59 0.63 0.75 1.10 2.64 4.62 8.72 18.9 54.4 142
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Fig. 4. The effect of solvent strength on the retention of oligo
saccharide DP 7 when chromatographed by partition on HPSEC
columns. QP 7 was eluted from the G-Oligo-PW (0), Protein
Pak 60 (0), and TSK-G 2000 SW (e) columns using mobile
phase compositions of 50, 55, 60, 65, 70 and 75% (v/v) aceto
nitrile in water.
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Fig. 2. The effect of mobile phase composition on the retention
of maltooligosaccharide DP 7 on HPSEC columns. Maltohep
taose (DP 7) was applied to and eluted from the G-Oligo-PW
(0), Protein-Pak 60 (0) and the TSK-G 2000 SW (e) columns;
isocratic mobile phase compositions consisting of 0, 10, 20, 30;
40, 50, 55,60, 65, 70 and 75% (v/v) acetonitrile in water were
used for elution on each column.

Fig. 3. The effect of the degree of polymerization of maltooligo
saccharides on their retention when chromatographed by parti
tion on HPSEC columns. Using a mobile phase composition of
65% (v/v) acetonitrile in water, DP I through DP 7 were applied
to and eluted from the G-Oligo-PW (0), Protein-Pak 60 (0),
and TSK-G 2000 SW (e) columns..

chain length, i.e., the k' values increased for the re
tention of DP 1 to DP 7.

Fig. 2 further illustrates the trend that occurred
for all three columns; at 50% (v/v) acetonitrile, the
k' values began to increase and continued to do so
for concentrations of 60,65, 70 and 75% (v/v). The
only difference among the three columns was the
degree of interaction at each concentration. The G
Oligo-PW column exhibited stronger interaction
with the oligosaccharide at all solvent compositions

than did the Protein-Pak 60 column; in turn, the
Protein-Pak 60 column exhibited a greater interac
tion than did the TSK-G 2000 SW column.

For all three columns, when maltooligosaccha
rides DP I through DP 7 were eluted with a mobile
phase composition of 65% (v/v) acetonitrile (Fig.
3), a linear relationship existed between the degree
of polymerization of the maltooligosaccharide and
log k'. The correlation coefficient (R2

) values were
0.998 for the G-Oligo-PW, 0.998 for the Protein
Pak 60, and 0.993 for the TSK-G 2000 SW col
umns. Chromatography of DP I through DP 7 on
the G-Oligo-PW, Protein-Pak 60, and TSK-G 2000
SW columns at acetonitrile concentrations of 50,
55, 60, 65, 70 and 75% (v/v) produced a negative
linear relationship (R 2 > - 0.973, P < 0.00 I, for
DP 1 to DP 7) between log k' and solvent strength
(Fig. 4). The total solvent strength, Sr, for each
mixture of acetonitrile and water was calculated us
ing the following equation (28): Sr = Li Si - i,
where Si is the solvent weighting factor and - i is
the volume fraction of solvent in the mixture. The
weighting factor was 10.2 for water and 5.8 for ace
tonitrile [28]. Increasing the polarity of the mobile
phase resulted in decreased retention of all malto
oligosaccharides on all three columns.

A maltooligosaccharide mixture comprised of
DP 1 to DP 10 was separated by gradient.elution on
the Protein-Pak 60, TSK-G 2000 SW and G-Oligo
PW columns (Fig. 5). The separation of the mixture
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Fig. 5. 'Chromatography of standard maltooligosaccharides DP
I through DP 10 on HPSEC columns by gradient elution: Pro
tein-Pak 60 column (a), TSK-G 2000 SW column (b) and G
Oligo-PW column (c).
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38.2
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52.8·

.52.8

tR (min)

6.50
14.4
15.5
15.8
16.3
16.8
17.1
18. I
18.1
18.3
18.6
21.2
22.1
22.7
23.5

Protein-Pak60 G-Oligo-PW

Solute

N-acetylneuraminic acid
a-L-Rhamnose
a-L-Fucose
D( + )-Xylose
D( - )-Arabinose
P-D-Fructose
D( + )-Mannose
a-D-Glucose
D( + )-Galactosamine
D( + )-Glucosamine
D( + )-Galactose
Sucrose
Lactulose
Maltose
Lactose

TABLE II

RETENTION TIMES (tR) OF MONO- AND DISACCHA
RIDES SEPARATED ON THE PROTEIN-PAK 60 AND G
OLIGO-PW COLUMNS WITH A MOBILE PHASE COM
POSITION OF 75% (vjv) ACETONITRILE IN WATER

umn than on the Protein-Pak 60 col~mn. On the
Protein-Pak 60 column, glucose and galactosamine
were eluted at 18.1, glucosamine at 18.3 and galac
tose at 18.6 min; chromatography on the G-Oligo
PW column resulted in the early elution (after N
acetylneuraminic acid) of galactosamine (8.95 min)
and glucosamine (9.49 min). On the Protein-Pak 60
column, glucose was eluted before galactose, and
sucrose before lactulose; the converse occurred on
the G-Oligo-PW column, i.e., galactose was eluted
before glucose, and lactulose before sucrose. Al
though there were differences in retention times,
neither the Protein-Pak 60 nor the G-Oligo-PW col
umn was suitable for the complete separation of all
the mono- and disaccharides that were examined.

A mixture of N-acetylneuraminic acid, rham
nose, arabinose and the glucose polymer mixture
Polycose, was separated by gradient elution on the
Protein-Pak 60 column (Fig. 6); Table III lists the
retention times and identities of the peaks depicted
in Fig. 6. The within-run precision (relative stan
dard deviation, R.S.D., n = 8) of the retention
times for the separation of the glucose polymer and
monosaccharide mixture consisted of values from 0
to 0.26%; the between-run precision (n = 16) of the

90
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on the Protein-Pak 60 column was complete in 40
min; all peaks were resolved,and peak widths were
narrow. The components were not resolved, how
ever, on the TSK-G 2000 SW column, even when a
shallow gradient was used for separation of the
mixture. When the mixture was run on the G-Oligo
PW column, DP I through DP 9 were fractionated
within 90 min; peak widths were wide, and DP 10
was not, therefore, observed.

Mono- and disaccharides exhibited similar reten
tion behavior on the Protein-Pak 60 and G-Oligo
PW columns; however, differences did occur (Table
II). Like the maltooligosaccharides, monosaccha
rides were retained longer on the G-Oligo-PW col-
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O.56/lA

10 20 30
Minutes

40 50

Fig. 6. The separation of selected monosaccharides and a com
mercial glucose polymer mixture by gradient elution on the Pro
tein-Pak 60 column. The identity and retention times of the
peaks are given 'in Table III.

retention times had values from 0.09 to 0.46% for
19 of the components and 0.64% for N-acetylneu~

raminic acid.

Fig. 7. Optimi7..ed gradient elution and detection of glucose poly
mers. The pulsed amperometric detector was in this case set at
1.0 JlA full scale. The identity and retention times of the peaks
are given in Table III.

Fig. 7 depicts the optimized separation of the glu
cose polymer and monosaccharide mixture. The de
tector was set at 1.0 {lA; the recorder at 0.56 {lA.

TABLE III

WITHIN- AND BETWEEN-RUN PRECISION OF RETENTION TIMES FOR THE GRADIENT ELUTION SEPARATION OF
SELECTED MONOSACCHARIDES AND GLUCOSE POLYMERS (Gp) ON THE PROTEIN-PAK 60 COLUMN

Peak No. Solute tR

Within-run Between-run

Mean ± S.D. R.S.D. (%) Mean ± S.D. R.S.D. (%)
(min) (min)

I N-Acetylneuraminic acid 6.90 ± 0 0 6.92 ± 0.04 0.64
2 Rhamnose 14.4 ± 0.03 0.24 14.4 ± 0.03 0.24
3 Arabinose 16.3 ± 0.03 0.22 16.3 ± 0.05 0.31
4 DPI 18.0 ± 0.05 0.26 18.0 ± 0.08 0.43
5 DP2 22.5 ± 0.05 0.23 22.6 ± 0.10 0.46
6 DP 3 27.8 ± 0.07 0.25 27.8 ± 0.10 0.37
7 DP4 32.0 ± 0.06 0.20 32.0 ± 0.10 0.30
8 DP 5 35.4 ± 0:05 0.15 35.5 ± 0.08 0.23
9 DP6 38.0 ± 0.05 0.14 38.1· ± 0.08 0.20

10 DP 7 40.2 ± 0.04 0.09 40.2 ± 0.06 0.15
II DP8 42.0 ± 0.05 0.12 42.1 ± 0.08 0.18
12 DP9 43.7 ± 0.04 0.08 43.7 ±. 0.06 0.14
13 DP 10 45.1 ± 0.03 0.08 45.1 ± 0.06 0.14
14 Gp peak II 46.3 ± 0.06 0.14 46.3 ± 0.06 0.14
15 Gp peak 12 47.4 ± 0.04 0.10 47.4 ± 0.04 0.13
16 Gp peak 13 48.3 ± 0.04 0.10 48.4 ± 0.07 0.15
17 Gp peak 14 49.2 .± 0.05 0.09 49.2 ± 0.05 0.09
18 Gp peak 15 50.0 ±·O.OO 0.00 50.0 ± 0.06 0.12
19 Gp peak 16 50.7 ± 0.05 0.10 50.7 ±0.07 0.14
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The separation of rhamnose, arabinose, N-acetyl
neuraminic acid and Polycose was conducted by us
ing a more shallow gradient than was used for the

separations depicted in Figs. 5a and 6. Detector re
sponse increases in proportion to the% (v/v) of wa
ter in the mobile phase, and the decreased rate of
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Fig. 9. The gradient elution chromatography of the products of
starch digestion using different enzyme:substrate ratios. The
chromatography of starch hydrolysates using enzyme:substrate
ratios of (a) 1:1, (b) 1:4, (c) 1:7 and (d) 1:9 was performed after
the treatment and by the gradient conditions described in the
Experimental section. Starch hydrolysate was injected in
amounts of 50 Jlg (a), 200 Jlg (b), 350 Jlg (c) and 450 Jlg (d).
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water delivery resulted in a slower and more steady
rise in the baseline than was observed in Figs. 5a
and 6.

When starch was hydrolyzed with serum that
contained ()(- and {J-amylase, oligosaccharides were
produced. The chromatographic separations are de
picted in Fig. 8. Monitrol serum contains glucose,
which was eluted at 18.1 min (Fig. 8a); all other
solutes detected in the serum were eluted before the
glucose peak. Fig. 8b represents the nonhydrolyzed
starch that was eluted in the void volume. The chro
matograms in Fig. 8c and 8d represent the products
of starch hydrolysis after 1 and 4 h at 37°C, respec
tively; the degree of hydrolysis can be easily visual
ized and shows that, under these conditions, malt
ose was the major product of hydrolysis. Altering
the enzyme:substrate ratio to values of 1:1. 1:4, 1:7,
and 1:9 and incubating at ambient temperature for
16 h produced the maltooligosaccharide patterns
depicted in Fig. 9. Increasing the amount of sub
strate resulted in the increased formation of DP 2,
DP 3 and DP 4.

DISCUSSION

The Protein-Pak 60 column is a diol-bound silica
support, the TSK-G 2000 SW column has hydro
philic groups bound to a silica support and the G
Oligo-PW column has hydrophilic groups bound to
a polymeric support. With mobile phases contain
ing from 0 to 40% (vjv) acetonitrile in water, mal
tooligosaccharides were fractionated by size exclu
sion on all three columns (Fig. la, c, e). Chromatog
raphy of the maltooJigosaccharides with mobile
phases containing from 50 to 75% (vjv) acetonitrile
in water resulted in retention on the column and a
reversal of the order of elution (Fig. 1b, d, e); at
50% (vjv) acetonitrile in water, all three size-exclu
sion columns became hydrophilic interaction col
umns.

Studies on the mechanism of retention of carbo
hydrates to amine-bonded silica supports, using
mobile phases containing from 60 to 90% (vjv) ace
tonitrile in water, have demonstrated that as the
percentage of acetonitrile in the mobile phase in
creases, the proportion of water bound to the sup
port relative to that in the mobile phase increases
[19,22]; as the amount of water bound to the col
umn increases, the k' value of various mono- and
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disaccharides increases, and separation results from
the partitioning of the solutes between the two wa
ter phases.

At 50% (vjv) acetonitrile, all three columns, irre
spective of support or bonded phase, retained the
oligosaccharides; the only difference at composi
tions above 50% (vjv) acetonitrile was the degree of
interaction between the oligosaccharide and the
support (Fig. 2, Table I). Because the hydrophilic
group bonded to the polymeric support on the G
Oligo-PW column cannot be identified, it is difficult
to determine whether the bonded group or the poly
meric support is responsible for the higher k' values
obtained for all of the oligosaccharides. However,
neutral oligosaccharides separated on a hydroxylat
ed polymeric support demonstrated the same trend
as that observed for the G-Oligo-PW column, i.e.,
very high k' values and broad peaks at higher aceto
nitrile concentrations [24]. It is possible, therefore,
that the support on the G-Oligo-PW column con
tributes to the increase in k' values over those ob
served for either the TSK-G 2000 SW or Protein
Pak 60 columns.

Although data in the literature suggest that sep
aration is due to partitioning of the carbohydrates
between a static, adsorbed layer of water and the
mobile phase [19,22], it is significant that all three
columns retained the carbohydrates only when the
concentration of acetonitrile was 50% (vjv) or
greater. The amount of water bound to the three
columns probably determined the value of k', i.e.,
the degree of interaction, but the polarity of the
carbohydrate and its relationship to the polarity of
the mobile phase may have provided the driving
force required for interaction with the adsorbed lay
er of water.

At concentrations ~ 50% (vjv) acetonitrile, a lin
ear relationship existed between retention (k') and
the degree of polymerization of the oligosaccharide;
a representative example, using a mobile phase
composition of 65% (vjv) acetonitrile, is given in
Fig. 3. This linear relationship was observed with
the separation of deoxymonosaccharides, monosac
charides, disaccharides, and myoinositol, after sep
aration on an amine-bonded column [22]; retention
was related to the number of hydroxyl groups that
could bond to hydrogen and to the calculated hy
dration number of the molecule.

Hydrophilic interaction chromatography is simi-
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lar to normal-phase chromatography in that reten
tion on the column (k') increases as the polarity of
the mobile phase decreases [27]. In normal-phase
chromatography, a parameter called the solvent
strength weighting factor, Si, can be used to de
scribe the polarity of the mobile phase [28]. In our
study, a linear relationship existed between the k'
value of DP 7 and the solvent strength of the mobile
phase used for the separation (Fig. 4); this relation
ship held for all three columns when DP 7 was elut
ed with mobile phases having acetonitrile concen
trations from 50 to 75% (v/v). Increases in the sol
vent strength of the mobile phase resulted in de
creases in the values of k' for the chromatography
of DP 7 on all three columns.

Although all three columns were able to function
as hydrophilic interaction columns, they exhibited
different retention characteristics (Table I) and res
olution capabilities (Fig. 5). Although the G-Oligo
PW column retained the oligosaccharides to a far
greater degree than did the Protein-Pak 60 column,
the resolution ofDP 1 to DP 10 was much better on
the Protein-Pak 60 column. The TSK-G 2000 SW
column could not resolve the mixture even with a
more shallow gradient. Gradient elution on the
Protein-Pak 60 column (Fig. 5a) eliminated the sep
aration of anomers that was seen when an isocratic
mobile phase composed of 65% (v/v) acetonitrile
was used in chromatography (Fig. 1b).

Both the Protein-Pak 60 and G-Oligo-PW col
umns were able to separate certain monosaccha
rides and to separate mono- from disaccharides, but
neither column was suitable for the complete reso
lution of a mixture of mono- and disaccharides (Ta
ble II). Complete resolution did not occur even
when 80% (v/v) acetonitrile was used; these col
umns were better suited to the separation of gluco
oligosaccharides, and the Protein-Pak 60 column
gave the best resolution of the three columns tested.
Twenty peaks were resolved by the Protein-Pak 60
column when a commercial glucose polymer mix
ture with added monosaccharides was applied. Al
though glucooligosaccharides with degrees of poly
merization greater than 30 have been separated
[16,21], the resolution of 20 peaks in this study was
not a matter of separation capability, but probably
a consequence of the composition of the starch-de
rived enzyme hydrolysate. Optimization of the gra
dient allowed the separation and detection of 33 f1.g
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of the Polycose mixture (Fig. 7). The peak widths
were narrow and baseline resolution of the oligo
saccharides occurred. The chromatography was al
so applied to the analysis of enzyme-catalyzed
starch hydrolysis products (Figs. 8 and 9), and it
enables one to see the effect of different conditions
on the enzymatic hydrolysis of starch.

A significant feature of the gradient elution is its
high degree of reproducibility (Table III); the col
umn was equilibrated with 1.4 column volumes of
starting mobile phase before each injection, and the
between-run precision (n = 16, 2 days) for the re
tention times of 18 peaks was less than 0.47%
(R.S.D.).

The columns used in this study are polar-bonded
supports that can be used either as size-exclusion or
hydrophilic interaction columns. Of the three col
umns used, the Protein-Pak 60 column enabled su
perior resolution and reproducibility in the separa
tion of glucose polymers. Pulsed amperometric de
tection allowed gradient elution and sensitive detec
tion. The separations demonstrate the versatility
and potential of hydrophilic interaction chromatog
raphy.
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Rapid and sensitive anion-exchange high-performance
liquid chromatographic determination of radiolabeled
inositol phosphates and inositol trisphosphate isomers in
cellular systems
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ABSTRACT

A rapid and sensitive high-performance liquid chromatographic method for the determination of multiple inositol phosphates and
inositol trisphosphate isomers was developed. The separation of inositol phosphates was optimized by controlling the ionic strength
with stepped gradient programs and the pH of mobile phase. Six inositol phosphates were determined within 22 min or the six
compounds plus an inositol trisphosphate isomer within 24 min using a single anion-exchange column containing the quaternary
ammonium functional group. This technique was successfully applied to the determination of inositol phosphatide turnover by AIF4 

stimulation in a small amount (5 . '105_1 . 106 cells) of cultured retinal capillary pericytes. Because of its efficiency, accuracy and
applicability to the separation of inositol phosphates from biological samples, this method may be useful in signal transduction studies
in cellular systems.

Correspondence to: Dr. Weiye Li, Department of Ophthalmol
ogy, Hahnemann University, Mail Stop 209, Broad and Vine
Street, Philadelphia, PA 19102, USA.

Agonists activate phospholipase C which triggers
the hydrolysis of phosphatidylinositol, phosphati
dylinositol phosphate and phosphatidylinositol bis
phosphate with the subsequent formation of 1,2
diacylglycerol and inositol phosphates, including
inositol 1,4,5-triphosphate [1,2]. The six hydroxyl
groups on the myoinositol ring can be substituted
by phosphate groups, yielding multiple inositol
phosphate species [3]. These inositol phosphates
possess various physiological functions [3]. To
study the metabolic pathways of inositol phos
phates in cellular systems, a rapid and accurate
method for the determination of these compounds
in biological samples is required.

INTRODUCTION

0021-9673/92/$05.00

However, most data on inositol phosphatide-me
diated signal transduction have been generated ei
ther by the low-pressure, anion-exchange technique
of Downes and Michell [4], or by a time-consuming
anion-exchange high-performance liquid chro
matographic (HPLC) method [5-7]. Taylor et al. [8]
have recently developed a rapid HPLC method for
determining radiolabeled inositol phosphates in
cluding inositol I-phosphate (IP), inositol 1,4-bis
phosphate (IPz), inositol trisphosphate (both iso
mers) and inositol 1,3,4,5-tetrakisphosphate (IP4)
by using a Vydac nucleotide column. To our knowl
edge, no rapid assay for the determination of IP
inositol hexakisphosphate (IP6) plus both inositol
trisphosphate isomers has yet been reported.

The aim of this study was to develop an HPLC
method that is not only rapid but also as compre
hensive as the reported time-consuming anion-ex
change HPLC method for determining IP-IP6 plus
both inositol triphosphate isomers in biological
samples.

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

Reagents
Radiolabeled [3H]myoinositol, IP, IP2 , inositol

1,3,4-trisphosphate [1(1 ,3,4)P3, inositol 1,4,5-tris
phosphate [I(1,4,5)P3] IP4 and IP6 were obtained
from New England Nuclear (Boston, MA, USA)
Nucleotide standards (GMP, GDP and GTP) were
obtained from Sigma (St. Louis, MO, USA). Am
monium phosphate, phosphoric acid and other
HPLC-grade reagents were purchased from Fisher
Scientific (Philadelphia, PA, USA).

Preparation of radiolabeled inositol 1,3,4,5,6-penta
kisphosphate (IP 5) standard

The standard of radioactive IPs was prepared by
the method of Menniti et al. [9]. Cultured retinal
capillary pericytes (for culture conditions, see be
low) with a density of 107 cells per 100-mm petri
dish were labeled with [3H]myoinositol (20 ,uCi/ml)
for 72 h in Ml99 medium supplemented with 10%
dialyzed serum. Supernatants from trichloroacetic
acid-stopped reactions were neutralized by the
method of Shears et al. [10]. Inositol phosphates,
including IPs in neutralized samples, were separat
ed on an anion-exchange column (Whatman Parti
sil SAX 10, 5-,um particle size) according to the
method of Balla et al. [11]. IPs was collected and
diluted tenfold with H 20 prior to column calibra
tion.

HPLC analysis
The HPLC system (Waters-Millipore) consists of

two Model 501 pumps, a Model U6K injector, a
Model 484 UV detector and Baseline 810 computer
software. For detection of nucleotide standards the
detector was set at 254 nm. All separations were
performed with Bio-Gel TSK IC-Anion-PW (PW)
and Bio-Gel TSK IC-Anion-SW (SW) columns (50
x 4.6 mm I.D.) (Bio-Rad Labs.), a Vydac nucleo
tide column (50 x 4.6 mm I.D.) (Rainin) and a
Whatman Partisil SAX 10 column (250 x 4.6 mm
I.D.), with a guard column (Waters Guard-Pak)
precolumn module and IC-PAK anion concentra
tor).

Rapid separation of inositol phosphates with the
PW, SW or Vydac column was carried out by using
stepped gradients of 0-0.5 M ammonium phos
phate and by adjusting the pH of the mobile phase

L. Tao and W. Li / J. Chromatogr. 607 (1992) 19-24

with 85% phosphoric acid (optimum pH as indicat
ed in Fig. 1). Elution was carried out at a flow-rate
of 3 ml/min with 1.5 ml per fraction. At the desig
nated pH for elution of each inositol phosphate the
ionic strength used in the stepped gradient program
was first predetermined using a continuous gradient
from 0 to 0.5 M ammonium phosphate within 60
min (flow-rate 3 ml/min). Based on the values ob
tained, we then determined the proper ionic
strength empirically (exact concentrations of am
monium phosphate as indicated in Fig. 1). The
stepped gradients were programmed over the first
3.5-min period to elute myoinositol with H 20, fol
lowed by a sharp increase in the concentration of
ammonium phosphate to elute IP within the 3.5
min period during which IP2 did not elute from the
columns. In the subsequent stepped gradient pro
gram, for elution of individual inositol phosphates
the period was reduced to 3 min instead of 3.5 min
(the required ammonium phosphate concentrations
for each inositol phosphate with the difference col
umns are indicated in the figure captions).

The separation of inositol trisphosphate isomers
and other inositol phosphates with a single column
was carried out with the same stepped gradient pro
gram with modification. After the elution of IP, the
concentration of ammonium phosphate was sharp
ly increased to a level at which an 8-min isocratic
run was used to elute IP2 , 1(1,3,4) P3 and 1(1,4,5)
P3. The ionic strength for this isocratic elution was
empirically chosen to be slightly lower (3% lower
for the Vydac column, 5% lower for the SW col
umn) than the predetermined ionic strength for IP2

elution (see above). Subsequently, the stepped gra
dient program was resumed to elute IP4, IPs and
IP6 as described above.

The radioactivity of each fraction was deter
mined with a liquid scintillation counter (Wallac
1410; Pharmacia-LKB), and the counting data
were analysed by the Data Capture Program (Beck
man software version 2.8503 B) to obtain each ra
dioactive peak area.

Because inositol phosphates lack UV absor
bance, the retention times of guanine mono-, bis
and trisphosphate, which are sufficiently close to in
ositol monophosphate, bisphosphate and trisphos
phate, allow the calibration of these columns peri
odically.
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Metabolic labeling, AIF"4 stimulation and biological
sample preparation

Bovine retinal capillary pericytes were isolated
and cultured in six-well plates (final cell number 5 .
lOS per well) [12] and 1.0 ml of [3H]myoinositol (5
,uCi/ml) was introduced into each well. The incuba
tion lasted 48 h in Ml99 medium supplemented
with 10% dialyzed fetal bovine serum; 10 mM LiCl
(final concentration) was added and incubated for
30 min before IO,uM AICh and 30 mM NaF (final
concentration) were introduced. The osmolarity
was kept constant by adding NaCl to the control.
Incubation (30 min) was terminated by taking out
the labeling solution and rapidly washing three
times with ice-cold Puck's solution, followed by
adding 1.5 ml of ice-cold 15% trichloroacetic acid
(TCA) to each well. After a lO-min extraction, the
cells were scraped off and centrifuged at 16000 g for
5 min. The supernatant solution was washed five
times with water-saturated diethyl ether to remove
TCA. The whole aqueous fraction (1.5 ml) was neu
tralized with ammonia solution pri~r to PW or Vy
dac column chromatography.

Precision and recovery
The recovery of radioactive inositol phosphates

in cellular samples was determined by comparison
with aqueous standard solutions [myoinositol 150
000, IP 80000, IP2 50000, I(l,4,5)P3 50000, IP430
000, IPs 10 000, IP6 30 000 cpm/ml]. The cellular
samples were prepared by using scraped unlabeled
cells which were extracted with TCA to a final vol
ume of 1.5 ml, and 1.4 ml of this extract were spiked
with 0.1 ml of aqueous standard solutions. A O.1-ml
volume of each aqueous standard was diluted with
1.4 ml of water and the standard solution with total
volume of 1.5 ml was injected. The recovery was
calculated from the peak-area ratios (cellular sam
ple to aqueous standard solution).

The reproducibility was determined by injecting
eight times 1.5 ml of water containing 0.1 ml of the
aqueous standard of I(l,4,5)P3 (5000 cpm/mI).

RESULTS AND DISCUSSION

Chromatographic conditions
To study the cellular signal transduction which is

mediated by inositol phosphatide turnover, hand
ling of a large number of samples is usually re-
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quired. Hence it is desirable to have a rapid and
accurate assay to examine multiple inositol phos
phates. Low-pressure chromatography with Dowex
ion exchangers is rapid, whereas is not adequate for
quantitative or accurate separation [8]. The report
ed anion-exchange HPLC methods are sensitive
and comprehensive, but they are time consuming
[5-7]. A recently reported HPLC assay is efficient,
but it is unable to detect IPs and IP6 [8]. We applied
an HPLC method with anyone of three quaternary
ammonium anion-exchange columns under opti
mized chromatographic conditions to separate rap
idly multiple inositol phosphates. Fig. 1 shows the
chromatograms of standards of radioactive myoi
nositol and six inositol phosphates obtained with
these three columns under optimum pH conditions.
By using the stepped gradient program, very sharp
elution profiles without carryover of radioactivity
between two inositol phosphate peaks were
achieved. As this program was designed to obtain a
suitable ionic strength for eluting a specific inositol
phosphate within a few seconds, each compound
was completely eluted within 2 min. The total elu
tion time was ca. 22 min including IPs and IP6 elu
tion (Fig. 1).

Fig. 2 shows the effect of pH on the ionic strength
for eluting individual inositol phosphates. Because
of their phosphate ester linkages, inositol phos
phates are charged molecules in the pH range 2-7.
Over the pH range 2.0-6.0, in view of these charged
molecules from IP2 to IP6 , the more phosphate re
sidues there are on an inositol ring, the higher is the
ionic strength required (Fig. 2). In addition, for elu
tion of an individual inositol phosphate, the higher
the pH the higher is the ionic strength of the mobile
phase needed (Fig. 2). However, each column has a
limit of both pH and ionic strength (indicated in the
caption of Fig. 2). Under some conditions, the re
quired high salt concentrations may exceed the lim
it. In a recent report [8], pH 2.7 of the mobile phase
was used for the separation of inositol phosphates
with a Vydac nucleotide column. The salt concen
tration for eluting IP4 already reached the limit of
this column. Under such circumstances it was im
possible to separate IPs and IP6 further. In con
trast, by using the same column and the same range
of molar concentration of salt, we selected a higher
pH of the mobile phase (pH 4.0 or 6.0). With such a
modification, both IPs and IP6 were detected (Fig.



lB). Moreover, because Taylor et al.'s study with
pH 2.7 buffer [8] failed to elute IP5 and IP6, which
intrinsically exist in mamalian cells [13,14], these ra
diolabeled polyphosphates which were retained and
degraded in the columns might cause unpredictable
radioactive contamination in the subsequent anal
ytical process. Therefore, the use of eluents with pH

Time ( min)

Fig. I. Chromatogram of aqueous standards of radioactive
myoinositol and six inositol phosphates by rapid anion-exchange
HPLC. A mixture of labeled (I) myoinositol, (2) IP, (3) IP2' (4)
inositol trisphosphate, (5) IP4' (6) IPs and (7) IP6 was applied to
and resolved by (A) the PW column (50 x 4.6 mm J.D.) (pH
1.0-12.0, maximum salt concentration 0.5 M), (B) the SW col
umn (50 x 4.6 mm J.D.) (pH 2.0-8.0, maximum salt concentra
tion 0.5 M) and (C) the Vydac column (50 x 4.6 mm 1.0.) (pH
2.0-7.0, maximum salt concentration 0.5 M). The stepped gra
dient programs for eluting the six inositol phosphates with col
umn A (pH 2.0), B (pH 2.5) or C (pH 4.0) are as follows: myo
inositol, H20; IP, 0.060, 0.070, 0.085 M; IP2,0.150,0.165,0.190
M; inositol trisphosphate, 0.260, 0.265, 0.300 M; IP4' 0.385,
0.370,0.415 M; IPs, 0.500, 0.455, 0.500 M; IP6 , 0.500, 0.500,
0.500 M.
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Fig. 2. Effect of pH on ionic strength required for eluting the six
inositol phosphates using (A) the PW, (B) the SW and (C) the
Vydac column. Compounds numbered on abscissa: 1= IP;
2=IP2; 3=inositol trisphosphate; 4=IP4 ; 5=IPs; 6=IP6 •

higher than 2.7 in the Vydac column is recommend
ed in order to avoid this pitfall.

To separate inositol trisphosphate isomers, the
chromatographic conditions for the use of the three
columns were also examined. Both the SW and Vy
dac columns were successfully used to separate
1[1,3,4)P3 and 1(1 ,4,5)P3 (Fig. 3). In order to identi
fy these isomers, a stepped gradient program, with a
rapid change of the ionic strength of the mobile
phase, is not appropriate. Therefore, an isocratic
run (0.165 Mammonium phosphate, pH 2.5 for the
SW column; 0.175 M ammonium phosphate, pH
4.0 for the Vydac column) was inserted in the
stepped gradient program after the elution of IP
(Fig. 3). With a similar approach, we failed to dif
ferentiate 1(1,4,5)P3 and 1(1,3,4)P3 by the PW col-
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95.2 93.6 88.4
95.4 91.7 92.6
91.9 94.3 90.3

MI IP IP2 Inositol IP4 IPs IP6

trisphosphate

92.5 92.4 95.2 91.3
94.1 97.1 94.0 89.6
95.8 91.4 94.4 92.4

PW
SW
Vydac

Results are means of three determinations. The recovery of indi
vidual inositol phosphates from cellular samples was calculated
as described in the Experimental section.

Column Recovery of radiolabeled compound (%)

Applicability
To confirm the practical utility of the method in

the analysis of biological samples, we applied it to
the determination of six inositol phosphates in cul
tured retinal capillary pericytes (lOs - 106 cells)
treated with AIFi, a non-specific activator of GTP
binding G proteins [15]. The inositol phosphate
profiles of metabolically labeled pericytes treated
with or without A1Fi are compared in Fig. 4. The
results showed a great stimulatory effect of AIFi on
IP, IPz, inositol trisphosphate and IP4 formation,
but little action on IPs and IP6 . In comparison, the
ratios of stimulated cells to resting cells were 14.8,
14.0,5.1,3.9, 1.0 and 0.9, respectively. Because flu
oride activates G proteins by mimicking the y-phos
phate of GTP, the increase in the production of JP,
IPz and inositol trisphosphates indicated that ino
sitol phosphatidylinositol-specific phospholipase
C was activated by GTP-binding protein in retinal
pericytes [15]. IP4 was labeled to a steady state after
48 h of incubation with [3H]inositol [9]. The sub
stantial increase in [3H]IP4 after the stimulation
suggests that the inositol trisphosphate-IP4 path
way was also activated by AIFi (Fig. 4). The levels
of both IPs and IP6 in resting or stimulated cells
were only slightly changed. Because both IPs and
IP6 may not be labeled to a steady state under the
present labeling condition [9], the quantitative cor-

TABLE I

RECOVERY OF MYOINOSITOL AND SIX INOSITOL
PHOSPHATES FROM CULTURED CELLULAR SAM
PLES

nique. At an injection volume of 1.5 ml, the method
reveals a detection limit of six inositol phosphates
and inositol trisphosphate isomers generated from 5
. 105 - 1 . 106 resting cells.
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Fig. 3. Separation of radiolabeled I(I,3,4)P3 and I(I,4,5)P3 iso
mers together with myoinositol and five other inositol phos
phates using (top) the Vydac column and (bottom) the SW col
umn. Peaks: l=myoinositol; 2=IP; 3=IP2 ; 4=I(I,3,4)P3 ; 5=
I(I,4,5)P3 ; 6=IP4 ; 7=IPs; 8=IP6 ·
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Precision, recovery and detection limit
The reproducibility of the method for the detec

tion of I(l,4,5)p3 with three different columns re
sulted in a relative standard deviation of 6% for the
PW, 7% for the SW and 9% for the Vydac column.

Recoveries of the six inositol phosphates for cel
lular media are shown in Table I, indicating high
recoveries.

As large volumes (l.5 ml) can be injected on-col
umn, a high sensitivity was achieved with this tech-

umn. It is possible that because of the much lower
theoretical plate (TP) number (TP/column > 900)
for the PW column in comparison with the Vydac
(TP/column > 1200) and SW (TP/column > 1400)
columns, the limited resolution of the PW column
was not able to differentiate subtle differences in
isomer binding to the exchangers. Although a mo
bile phase of pH 4.0 was used with the Vydac col
umn in this present study, the separation ofI(l,4,5)
P3 and I(1,3,4)P3 was similar to the results of Tay
lor et al. with an eluent of pH 2.7 [8].
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A rapid and sensitive single-column HPLC meth
od has been developed for the determination of ra
diolabeled inositol phosphates and inositol tris
phosphate isomers. Three different anion-exchange
columns with the same functional group were test
ed. Except for the difficulty in detecting inositol tris
phosphate isomers with the PW column, the three

relation was not overstated. The above comments
are based on assay with the PW column. Similar
results were also obtained with the SW and Vydac
columns (data not shown).
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Fig. 4. Comparative chromatograms of inositol phosphate for
mation in retinal capillary pericytes (A) without and (B) with
AIF; treatment. Metabolic labeling, stimulation and TCA ex
traction are described in the Experimental section. Chromatog
raphy with the PW column using a stepped gradient program as
described Fig. I. Peaks: I =myoinositol; 2 =IP; 3 =IP2; 4 =in
ositol trisphosphate; 5 =IP4; 6=IP5; 7=IP6'
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Rapid fluorimetric assay for the detection of the peptidyl
a-amdating enzyme intermediate using high-performance
liquid chromatography
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(First received February 25th, 1992; revised manuscript received May 4th, 1992)

ABSTRACT

Peptidylglycine IX-amidating enzyme catalyzes the conversion of glycine-extended peptides to their corresponding amidated peptides
via a stable IX-hydroxyglycine intermediate. Using a new rapid fluorimetric reversed-phase high-performance liquid chromatographic
assay, we have demonstrated that the substrate and product of the amidation reaction, as well as both stereoisomers of the IX-hydrox
yglycine intermediate, can be separated and detected in quantities as low as I pmo!. The method is highly reproducible and requires less
than 11 min for separation and quantification.

INTRODUCTION

Carboxyl terminal amidation is a post-transla
tional modification which is often required for full
biological activity of neural peptides and endocrine
hormones [1,2]. Peptidylglycine a-amidating en
zyme (a-AE) catalyzes the conversion of glycine ex
tended peptides to their corresponding C-terminal
amidated peptide products [3,4]. a-AE activity has
been identified in and purified from a variety of tis
sues [5-10]. Early speculation regarding the mecha
nism of a-amidation suggested that the reaction
proceeded through an a-hydroxyglycine intermedi
ate [4,11]. In addition, Young and Tamburini [12]
have shown, using a synthetic a-hydroxyglycine tri
peptide as a substrate, that a-AE derived from rat
medullary thyroid carcinoma cells exhibits a ste
reobias, where only one stereoisomer of the a-hy
droxyglycine peptide is enzymatically converted to
amidated product. Recently, an a-hydroxyglycine

Correspondence to: Dr. A. P. Consalvo, Department of Analyt
ical Protein and Organic Chemistry, Unigene Laboratories, Inc.,
Fairfield, NJ 07004, USA.

peptide formed by equine serum a-AE was isolated
and characterized [13]. These results support the
view that enzymatic amidation proceeds via a two
step mechanism, where formation of a stable pepti
dyl a-hydroxyglycine intermediate is followed by
conversion to a mature a-amidated product. The
enzymatic formation of the peptidyl a-hydroxygly
cine intermediate by a-AE requires copper, ascor
bate [12,13] and molecular oxygen [14]. Conversion
of the peptidyl-a-hydroxyglycine intermediate to
amidated product is also catalyzed by a-AE, but
conversion can occur spontaneously at alkaline pH
[13,15,16]. Proteins that possess only one of the two
catalytic activities, namely peptidylglycine hydroxy
lase (PGH) or peptidylamidoglycolate lyase (PAL),
have been described recently [13,15-19].

Peptidylglycine a-amidating enzyme

PGH
R-CONH-CHrCOzH ----4

PAL
R-CONH-CH(OH)-COzH ----+

R-CONHz + OHC-COzH

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers RV. All rights reserved
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Several rapid sensitive assay systems have been
described which employ a variety of separation and
detection techniques for measuring amidation ac
tivity [3,7,20-24]. All of these assays are based on
the conversion of a synthetic glycine-extended pep
tide to its corresponding peptide amide. None of
these commonly used assays, however, was specifi
cally designed to detect the formation of the pepti
dyl-a-hydroxyglycine intermediate; consequently,
the PGH activity cannot be measured. There are
only two assays presently available which can selec
tively detect and measure PGH activity [13,15].
Both of these assays utilize a model peptide sub
strate and employ reversed-phase high-perform
ance liquid chromatography (RP-HPLC) to sepa
rate the enzymatically generated products. Briefly,
the corresponding enzymatic products of either
Phe-Gly-Phe-Gly-OH or trinitrophenyl-Tyr-Val
Gly-OH are separated by RP-HPLC and detected
by monitoring the absorbance at 214 and 344 nm,
respectively. Both of these assays are time consum
ing and possess rather poor detection limits.

We have previously reported the use of a fluo
rescent RP-HPLC assay system, based on the ami
dation of a dansyl (Dns) peptide substrate, for mea
suring enzyme activity [20]. In this communication,
we report a modification of the assay that also re
solves the a-hydroxyglycine intermediate from sub
strate and product. This new assay is thus capable
of measuring peptidylglycine a-hydroxylase and
peptidylamidoglycolate lyase activities.

EXPERIMENTAL

Materials
HPLC-grade acetonitrile (ACN) was obtained

from EM Science (Gibbstown, NJ, USA). Sequa
log-grade trifluoroacetic acid (TFA) was purchased
from Schweizerhall (South Plainfield, NJ, USA).
Sodium acetate (NaOAc), tris(hydroxymethyl)ami
nomethane (Tris), 2-(N-morpholino)ethane sulfon
ic acid (MES), piperazine-N,N'-bis(2-ethanesulfon
ic acid) (PIPES), N-2-hydroxyethylpiperazine-N'-2
ethane sulfonic acid (HEPES), 4-(2-hydroxyeth
yl)-l-piperazinepropanesulfonic acid (EPPS), 3-[tris
(hydroxymethyl)methylamino]-I-propanesulfonic
acid (TAPS) and 3-[(I,I-dimethyl-2-hydroxyethyl)
amino]-2-hydroxy-l-propanesulfonic acid (AMP
SO) were purchased from Sigma (St. Louis, MO,
USA).

A. P. Consalvo et al. I J. Chromatogr. 607 (1992) 25-29

Peptide synthesis
DNS-Tyr-Val-Gly-OH and Dns-Tyr-Val-NHz

were synthesized as previously described [20,25].
Synthesis of Dns-Tyr-Val-a-hydroxyglycine-OH
and purification of the resulting stereoisomers were
carried out as previously described [12].

RP-HPLC assay
RP-HPLC assays were performed using a Hew

lett-Packard (Paramus, NJ, USA) 1090 liquid chro
matograph equipped with a binary solvent system
(DR5), heated column compartment, LUSI con
troller, auto sampler and auto injector. Separations
were achieved on a Keystone (Bellefonte, PA, USA)
Hypersil ODS column (l00 x 4.6 mm; 5 11m parti
cle size) fitted with a Brownlee (Santa Clara, CA,
USA) RP-18 guard column. The substrate, Dns
Tyr-Val-Gly-OH, both stereoisomers of a-hydrox
yglycine intermediate, Dns-Tyr-Val-a-hydroxygly
cine-OH and amidated product, Dns-Tyr-Val
NHz, were resolved by gradient elution between
200 mM NaOAc pH 6.5 (buffer A) and ACN (buff
er B). Elution was carried out at 50°C with a shal
low linear gradient from 22-27% B over 8 min, fol
lowed by a steep linear gradient to 80% B over 3
min. The column was operated at a flow-rate of 1.2
ml/min. Dansylated peptides were detected using a
Gilson (Middleton, WI, USA) 121 fluorimeter
equipped with an excitation filter of 352-360 nm
and emission cut-off filter of 482 nm. Each peptide
was quantified by peak height with reference to
standards of known concentration using a Hewlett
Packard 3392A integrator.

Preparation ofpeptidylglycine a-amidating enzyme
Recombinant type A, relative molecular mass,

M r = 75 000 (A75) a-AE was obtained from stably
transformed Chinese hamster ovary (CHO) cells
[26] and purified as previously described [27].

RESULTS AND DISCUSSION

RP-HPLC based assay systems utilizing dansyl
ated peptides have proven to be extremely valuable
for the study of proteolytic enzymes and other post
translational processing events [20,25,28,29]. Our
previously reported fluorescent RP-HPLC a-AE as
say, measuring the conversion of Dns-Tyr-Val
Gly-OH to Dns-Tyr-Val-NHz, would not resolve
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Fig. 2. Typical standard curves for the fluorometric detection of
Dns-Tyr-Val-Gly--oH (\7, ""), Dns-Tyr-Val--a-hydroxygly
cine--oH (e) and Dns-Tyr-Val-NH2 (0) during RP-HPLC
analysis. Each peptide was subjected to analysis in triplicate.
Peaks heights are reported in arbitrary units. The inset illustrates
the assay sensitivity in the low picomol range.
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Fig. 1. RP-HPLC separation of dansyl peptides. Each peak rep
resents an equimo1ar amount (140 pmol) of dansy1 peptide.
Peaks: I = Dns-Tyr-Val--a-hydroxyglycine--oH (stereoisomer
No. I); 2 = Dns-Tyr-Val--a-hydroxyglycine--OH (stereoisomer
No.2); 3 = Dns-Tyr-Val-Gly-OH; 4 = Dns-Tyr-Val-NH2 .
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the substrate from any potential a-hydroxyglycine
peptide intermediates. Therefore, we have devel
oped a RP-HPLC assay capable of separating Dns
Tyr-Val-Gly-OH, Dns-Tyr-Val-NHz and both
stereoisomers of Dns-Tyr-Val-a-hydroxyglycine
OH. Separation of these peptides is achieved by
gradient elution between 200 mM NaOAc, pH 6.5
and ACN (Fig. 1). The elution is monitored by fluo
rescence detection and the amount of each dansyl
ated peptide can be quantified by either peak area
or peak height. Fluorometric detection allows the
direct assay of crude tissue homogenates without
interference from other components of the assay
mixtures.

Serial dilutions of an equimolar mixture contain
ing both diastereomers of Dns-Tyr-Val-a-hydrox
yglycine-OH were analyzed to determine the detec
tion limits of the assay. For either isomer the limit
of detection was found to be approximately I pmo!.
A linear relationship between peak height and
amount of peptide injected was obtained for each
component of the assay (Fig. 2). This relationship
allows accurate quantification of the a-hydroxygly
cine intermediate, glycine-extended substrate and
amidated product in a single assay (Fig. 3). Sponta
neous (i.e. non-enzymatic) conversion of the pepti
dyla-hydroxyglycine compounds, which occurs sig-

nificantly at alkaline pH [13,15,16], is negligible
during the time required for the separation. It
should be noted that the RP-HPLC assay reported
by Tajima et al. [13] employs an ammonium hy
drogencarbonate buffer at pH 9.0 to achieve sep
aration of its glycine-extended substrate and a-hy
droxyglycine intermediate. Although the a-hydrox
yglycine intermediate can be detected using this as
say, non-enzymatic conversion ofthe a-hydroxygly
cine intermediate at pH 9.0 precludes the use of this
assay for rigorous enzymological studies.

While examining the formation of the a-hydrox
yglycine intermediate by A75 a-AE derived from
recombinant CHO cells, we noted that the accumu
lation of intermediate was dependent on assay con
ditions (Fig. 3). These data show that there is an
accumulation of intermediate under both assay
conditions, but that the extent of accumulation at
pH 5.5 (Fig. 3A) is more than twofold higher than
the level attained at pH 7.5 (Fig. 3B). This increase
in accumulation occurs despite the fact that the rate
of product formation is substantially increased at
pH 5.5. The increased formation of amidated pep
tide in reactions of A75 a-AE at acidic pH has been
reported previously [6,27] and is consistent with the
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Fig. 3. Time course for the reaction of Dns-Tyr-Val-Gly-QH with A75 o:-AE at pH 5.5 and pH 7.5.• = Dns-Tyr-Val-Gly-OH
(substrate); 0 = Dns-Tyr-Val-o:-hydroxyglycine-OH (intermediate); • = Dns-Tyr-Val-NH, (product). Enzyme (0.1 J.lg, specific
activity of 4.6' 106 pmol/min/mg) was added to 900 J.ll of 25 mM mixed buffers, 0.001% Triton X-lOO, 1 J.lM CuS04 , 15 J.lM
bns-Tyr-Val-Gly-OH, 3 mM ascorbate and incubated at 37°C. At the indicated time, an aliquot (10-15 J.ll) was removed and the
reactio'n was terminated by addition ofTFA to a final concentration of 1%. Aliquots were analyzed directly using the RP-HPLC assay.
The mixed buffers consisted ofMES, PIPES, HEPES,EPPS, TAPS and AMPSO adjusted to pH 5.5 (A) or pH 7.5 (B). In each panel (A
and B) the time course of the reaction 'is shown to the left and selected chromatograms at the indicated time points are shown to the
right.

fact that the enzyme functions in acidic secretory
granules [30]. The RP-HPLC assay clearly demon
strates the ability to efficiently monitor both the
PGH and PAL activities.

In the assay, we have included both stereoisomers
of the a-hydroxyglycine intermediate, Dns-Tyr
Val-(R,S)-a~hydroxyglycine-OH,in order to per
mit further investigation into the mechanism of
a-amidation. As mentioned above, Young and
Tamburini [12] have shown that only a single ster
eoisomer of Dns-Tyr-Val-a-hydroxyglycine-OH is
converted to a-amidated product. We further sub
stantiated this result by incubating both stereoiso
mers (R,S) of Dns-Tyr-Val-a-hydroxyglycine-OH
with A75 a-AE and monitoring the conversion to
Dns-TYf-'Val-NHz using the RP-HPLC assay (da
ta not shown). In addition, the chromatograms in

Fig. 3A and B clearly illustrate the stereospecificity
of the A75 a-AE catalyzed amidation. With time,
only a single stereoisomer of the a-hydroxyglycine
intermediate is detected (Fig. 3, peak 1) and sub
sequently converted to amidated product. We have
isolated the a-hydroxyglycine intermediate cata
lyzed by the A75 a-AE in an attempt to assign abso
lute. configuration (R or S). However, crystalliza
tion of the isolated intermediate necessary to per
form the X-ray experiments has been problematic.
Since it has been shown that a-AE abstracts the
pro-S hydrogen of glycine-extended substrates dur
ing oxidation [31], it is likely that the stereospecific
a-hydroxylation exhibited by the A75 a-AE yields
Dns-Tyr-Val-(S)-a-hydroxyglycine-OH. In sup
port of this view, a-AE is unable to catalyze the
conversion of peptide substrates when the C-termi~
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nal glycine residue is replaced with L-amino acids,
but is does amidate substrates terminating with D

alanine [32].
In summary, we have developed a rapid and sen

sitive assay capable of measuring both the PGR
and PAL activities which encompass the catalytic
activity contained in bifunctional a-amidating en
zymes. The assay is ideally suited for the analysis of
a large number of samples and can be used for pre
cise measurements of kinetic parameters. This novel
assay is extremely useful for the study of multiple
forms of a-AE in order to probe their differences
and may help to further elucidate the mechanism of
a-amidation. The assay is also being used to eval
uate the modification of catalytic domains by site
directed mutagenesis.
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derivatization

Nobuyuki Takeda and Yumi Akiyama
Food and Drug Division, Hyogo Prefectural Institute of Public Health, Arata-cho, Hyogo-ku, Kobe 652 (Japan)

(First received January 15th, 1992; revised manuscript received April 14th, 1992)

ABSTRACT

A simple and selective method is presented for the multiple residue determination of eight su1phonamides in consumers' milk. The
drugs are sulphisomidine (ID), sulphadiazine (DZ), su1phamerazine, sulphadimidine, sulphamonomethoxine, sulphamethoxazo1e, sul
phadimethoxine and sulphaquinoxaline (SQ). The milk sample was deproteinized with the same volume of 2 M hydrochloric acid and
filtered. A 1-ml volume of the filtrate was mixed with 1 ml each of 1.25 M sodium acetate solution and a buffer (pH 3.0) for
derivatization with 0.6 ml of 0.02% fluorescamine solution in acetone. A high-performance liquid chromatographic analysis was carried
out on a CIS column with a mobile phase of acetonitrile-2% acetic acid (3:5) at 55°C using a fluorescence detector at an excitation
wavelength of 405 nm and an emission wavelength of 495 nm. Average recoveries at fortification levels of2, 5 and 10 ng/ml were 114%,
109% and 106%, respectively. Relative standard deviations were 1-4% at 10 ng/m!. The limit of determination was 10 ng/ml for ID, 5
ng/ml for DZ and SQ and 2.5 ng/ml for the other five sulphonamides. The method was applied to 25 milk samples and all appeared to be
free from the drugs.

INTRODUCTION

Residues of sulphonamides, which are commonly
used antibacterial agents for livestock, have been
found in consumers' milk from Canada and the
USA [1,2]. Although Japanese regulations prohibit
their use-in lactating dairy cows, possible improper
use of thedrugs has been reported [3]. Daily milk
consumption is expected to be greater than that of
meat and meat products, particularly in infants,
and one of the drugs (sulphamethazine) is suspected
to be carcinogenic [4]. Therefore, there is a need for
a rapid, sensitive and selective method for monitor
ing their residual concentration in milk.

Most conventional methods for milk analysis are
too tedious and time consuming for a large surveil-

Correspondence to: Dr. N. Takeda, Food and Drug Division,
Hyogo Prefectural Institute of Public Health, Arata-cho, Hyo
go-ku, Kobe 652, Japan.

lance, as they include multiple manipulations such
as extraction with an organic solvent, evaporation/
concentration and dean-up/defatting steps [2,5,6].
Also, UV detection in a high-performance liquid
chromatographic (HPLC) analysis seems to have
insufficieh. "electivity for sulphonamides in milk
samples, where in some instances two different mo
bile phases were required for isocratic separation of
ten sulphonamide residues [5]. Recently, new meth
ods have been introduced to solve the problems of
the conventional technique, including a matrix sol
id-phase disperson (MPSD) extraction method [7],
an immunochemical method [8] and a fully auto
mated on-line dialysis-postcolumn derivatization
method [9].

We have successfully introduced a fluorescamine
derivatization method in the HPLC determination
of residues of eight sulphonamides in meat and
meat products [11]. We report here a procedure for
the determination of sulphonamides in milk at ng/

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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ml levels using this highly selective HPLC proce
dure coupled with a simple isolation method.

EXPERIMENTAL

Samples
A total of 25 samples of consumers' milk from

twelve cities in Japan was collected at three retailers
in Kobe and stored in a refrigerator until analysis.
The samples were analysed within 2 days. The fat
contents of the samples were 1.0-4.2%. Nine sam
ples were processed milk, which consisted of raw
milk, defatted-powdered milk and cream-butter.

Reagents and apparatus
Sulphisomidine (ID), sulphadiazine (DZ) and

sulphamethoxazole (XZ) were purchased from Sig
ma (St. Louis, MO, USA), sulphamonomethoxine
(MX) and sulphadimethoxine (DX) from Daiich
Seiyaku (Tokyo, Japan) and sulphaquinoxaline
(SQ) from Dainihon-Seiyaku (Osaka, Japan). Sul
famerazine (MR) and sulphadimidine (DM) were
generous gifts from Dr. T. Hamano of the Public
Health Institute of Kobe City, Japan. Standard
stock solutions (100 Jlg/ml) were prepared by accu
rately weighing 10 mg of the individual drugs and
dissolving them in 100 ml of methanol. A mixture of
the standards (1 Jlg/ml) was prepared by mixing 1
ml of the individual stock solution and diluting to
100 mlwith methanol. The mixture was diluted
with methanol for recovery tests. Fluorescamine re
agent (0.02%) was prepared by dissolving 10 mg of
Fluram (Hoffman-La Roche, Basle, Switzerland) in
50 ml of acetone. A buffer solution of pH 3.0 was
prepared by mixing of 3 M hydrochloric acid and 3
M sodium acetate solution using a Beckman 12pH/
ISE meter (Beckman Instruments, Fullerton, CA,
USA). HPLC-grade methanol, acetonitrile and ace
tone and analytical-reagent grade hydrochloric
acid, acetic acid and sodium acetate were used (Wa
ko, Osaka, Japan). Water was purified with a Mil
li-Q SP TOC system (Millipore, Bedford, MA,
USA).

The high-performance liquid chromatograph
(HPLC) was composed of an LC-6AD pump, an
RF-535 fluorescence monitor set at the highest sen
sitivity, a C-R4A integrator set at attenuation 1 and
an Inertsil ODS-2 column (150 mm x 4.6 mm J.D.,
5-Jlm particle size) (GL Sciences, Tokyo, Japan)
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placed in a CTO-6A column oven set at 55°C (Shi
madzu, Kyoto, Japan). Although an unusually high
column temperature (5SOC) was used for obtaining
a better separation in a shorter period, no problems
with the column performance were found after sep
arating more than 100 samples. The mobile phase
was acetonitrile-2% acetic acid (5:3) at a flow-rate
of 1 ml/min.

Deproteinization/extraction and derivatization
A 2-ml sample of milk was placed into a 10-ml

test-tube containing 2 ml of 2 M hydrochloric acid
and mixed thoroughly, then allowed to stand for 5
min. The mixture was filtered through a No. 5A
filter-paper (Toyo Roshi Kaisha, Japan). To obtain
a clearer filtrate, it is recommended to discard the
first 0.5-1 ml of the filtrate or to filter again with the
same filter. A I-ml volume of the filtrate was mixed
with 1 ml of 1.25 M sodium acetate solution, then 1
ml of 3 M buffer (pH 3.0), followed by 0.6 ml of the
fluorescamine solution. The mixture was incubated
for 20 min at room temperature, then 100 Jll were
injected into the HPLC system.

RESULTS AND DISCUSSION

Sample pretreatment is often the time-limiting
step in most procedures for residue analysis. A
number of new techniques for saving time and sol
vent have already been applied to extract residual
sulphonamides from milk, including a solid-phase
extraction method (SPE) with a commercially avail
able CiS cartridge, a matrix solid-phase dispersion
method (MPSD) with Cis-bonded phase material
[7] and an on-line dialysis/sample enrichment meth
od [9].

Highly selective methods such as enzyme-linked
immunosorbent assay (ELISA) [8], postcolumn de
rivatization [9] and photodiode-array detection [10]
have also been developed for determining sulphon
amide residues in food. An ELISA system provides
excellent rapidity and specifity. However, apart
from the difficulty in preparing anti-sulpha drug an
tibodies for the usual chemical analysis, a multiple
sulphonamide residue analysis is impossible. On the
other hand, on-line dialysis/concentration in com
bination with an HPLC separation and a postco
lumn derivatization method [9] seemed very prom
ising for the determination of residual sulphona-
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10 ng/ml5ng/ml

many components which would affect the pH of the
mixture. The pH of the incubation mixture of real
samples was found to be 3.0 ± 0.2 [n = 12, relative
standard deviation (R.S.D.) = 7.0%]. The dose
response relationship was tested under the optimum
reaction conditions and was found to be linear over
the range tested, which was equivalent to 2-100 ng/
ml sulphonamides in milk.

This method was applied to residual analysis for
eight sulphonamides in 25 consumer milk samples.
A typical chromatogram and the data for interfer
ing peaks are shown in Fig. 2 and Table 1. All the
samples showed three large peaks at retention times

1.0 1.1 1. 2 1.3 1.L
Sodium acetate 1M)

Fig. I. Effect of sodium acetate concentration on pH of the in
cubation mixture with ce) and without CO) 3 Mbuffer (pH 3.0).

3.0

2.0

1.0

, , ! ! ,

o 5 10 15 20 0 5 10 15 20
Retention time (min)

Fig. 2. Chromatograms of control milk and milk fortified at 2, 5
and 10 ng/m!. I = ID; 2 = DZ; 3 = MR; 4 = DM; 5 = MX;
6 = XZ; 7 = DX; 8 = SQ. a = Endogenous peak; b = reagent
derived peak.

pH

L.O

mides in milk. However, it required additional ap
paratus to set up the overall instrumentation.

Therefore, the SPE and MPSD methods were
first tried for extracting sulphonamides from milk.
However, the former required keeping a high posi
tive pressure for an adequate flow and gave poor
recovieres and the latter required time-consuming
manipulation to prepare a column containing the
CIs-milk mixture, making them unattractive meth
ods for the pretreatment of milk samples. In the
method development, direct derivatization of the
acid-deproteinized milk sample with fluorescamine
was considered to be a simple and selective proce
dure which requires no evaporation/concentration
and clean-up steps, because all the sulphonamides
having amino groups dissolve in an aqueous acid
and the reagent reacts selectively with sulphona
mides under acidic conditions to give highly fluo
rescent products [11-13].

In a preliminary experiment, a milk sample forti
fied with sulphonamides at 10 ng/ml was deprotei
nized with 6 M hydrochloric acid. A I-ml volume of
the filtrate, with an acid concentration was 3 M,
was mixed with I ml of 3.5 M sodium acetate, then
incubated with 0.5 ml of the fluorescamine reagent
for 20 min [11]. However, no reproducible results
were obtained. As the derivatization had been
found to be pH dependent [11-13], the pH of the
incubation mixture was checked. Some samples
that had shown smaller fluorescent peaks on the
HPLC trace were found to have a pH of less than
1.0. This result showed that the acid concentration'
(6 M) was too high to keep the pH of the incubation
mixture at the optimum value of 3.0 [11]. Therefore,
an attempt to obtain an incubation mixture of pH
3.0 was made by mixing 1 ml of I M hydrochloric
acid with 1 ml ofsodium acetate solution of concen
tration ranging from 1.0 tot 1.4 M and 0.6 ml of the
reagent. The pH of the mixture was checked with
and without the addition of 1 ml of 3 M hydro
chloric acid-sodium acetate buffer (pH 3.0). Fig. 1
shows that 1 M hydrochloric acid mixed with 1.2
and 1.3 M sodium acetate gave mixtures of pH 3.1
and 3.0 with and without the buffer, respectively. In
subsequent milk analyses, 2 M hydrochloric acid as
a deproteinization agent (the acid concentration of
the filtrate was I M) and 1.25 M sodium acetate
solution were used. Buffer solution was further add
ed, because the milk extract was expected to contain



34 N. Takeda and Y. Akiyama I J. Chromatogr. 607 (1992) 31-35

TABLE I

DATA ON INTERFERING PEAKS AND LIMIT OF DETECTION (LOD), LIMIT OF QUANTIFICATION (LOQ) AND
LIMIT OF DETERMINATION (L.Dtm) FOR THE HPLC METHOD FOR SULPHONAMIDE DETERMINATION

Data were obtained from 25 consumer milk samples.

Interfering peaks Corresponding drugs ng equivalent/ml milk LODa LOQa L.Dtm.a

tR (min) (ng/ml) (ng/rnI) (ng/ml)
Drug tR Av. S.D.

4.4 ID 4.4 2.46 0.42 3.7 6.7 10.0
6.7 DZ 7.0 0.96 0.15 1.4 2.5 5.0
7.6 MR 7.7 0.43 0.08 0.7 1.2 2.5
8.2 DM 8.3 0.30 0.05 0.4 0.8 2.5
9.0 MX 9.1 0.48 0.08 0.7 1.3 2.5

13.2 XZ 13.2 0.56 0.11 0.9 1.6 2.5
16.8 DX 16.2 0.47 0.12 0.8 1.7 2.5
17.3 SQ 17.5 1.17 0.12 1.5 2.3 5.0

a LOD = Av. + 3S.D.; LOQ = Av. + 10S.D; L.Dtm. ~ 2LOQ.

tR of 4.3, 5.1 and 11.3 min. The first two peaks
might be endogenous peaks and the last one was
derived from the reagent. The first peak interfered
with the analysis of ID (tR 4.4 min), which was
equivalent to 2.5 ± 0.4 ngjml I.D. in milk. The
remaining two large peaks were well separated from
the drugs of interest. All the chromatograms
showed another smaller interfering peak (tR 6.7
min) which was poorly resolved from DZ (tR 7.0
min). It was equivalent to 1.0 ngjml of DZ in milk.
More than half of the samples gave slight but posi
tive instrumental readings and nearly the same re
tention times of other drugs. These interferences
were equivalent to 0.3-1 ngjml of the corresponding
sulphonamide in milk (Table I). The limits of detec
tion (LOD) and quantification (LOQ) were deter
mined using the data from the actual analysis
(n = 25), and the values are summarized in Table I.
LOD and LOQ are defined as the average of the
background plus three standard deviations and ten
standard deviations, respectively [5,14]. The LODs
and LOQs of ID and DZ were higher owing to the
interfering peaks described above, and those of oth
er drugs were 0.4--2.3 ngjml. All the milk samples
tested were found to contain no sulphonamide
above the LOQs.

Recovery studies were done at fortification levels
of 2, 5 and 10 ngjml using milk that had been found
free from sulphonamides. The sample was prepared
by adding 100 fll of a standard methanolic solution

(0.2, 0.5 or 1.0 flgjml) per 10 ml of the milk. A
control sample was prepared similarly by adding
100 fll of methanol. Average recoveries of four rep
licate analyses, standard deviations (S.D.s), R.S.D.s
and retention times (tR ) are presented in Table II. At
the 2 ngjml level DZ had the lowest recovery
(61.6%) and the highest R.S.D. (39%), owing to the
poorly resolved peak at tR 6.7 min. The average re
coveries were 106--114% for the three fortification
levels. These values indicated that all the sulphona
mides in milk were completely extracted into the
acidic medium but at lower levels the instrumental
readings gave slightly higher positive results. The
R.S.D.s for the six drugs other than of DZ and SQ
were in the range of 0.7-4.9% (average 2.4%).
These recoveries and R.S.D.s were satisfactory for
the surveillance. Taking the LOQs and visual in
spection of the chromatograms into consideration,
where SQ gave the smallest peak among the drugs,
the limit of determination (L.Dtm.) was set at 10
ngjml for ID, 5 ngjml for DZ and SQ and 2.5 ngjml
for other sulphonamides (Table I). The L.Dtm.
were set at about twice the LOQs to avoid "false
positive" due to the interfering peaks in the actual
routine analysis. They are, in other words, practical
LOQs.

Compared with published HPLC methods for de
termining multiple sulphonamide residues in milk
[5,7,9], the present method requires less sample ma
nipulation, giving high precision and recovery with
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TABLE II

RECOVERIES OF SULPHONAMIDES IN MILK FORTIFIED AT 2,5 AND 10 ng/ml.

Values represent the averages of four analyses.

Drug Fortification level

2 ng/ml 5 ng/ml 10 ng/ml

Av. S.D. R.S.D. Av. S.D. R.S.D. Av. S.D. R.S.D.
recovery (%) (%) (%) recovery (%) (%) (%) recovery (%) (%) (%)

ID 106.7 2.0 1.9 113.7 5.6 4.9 111.8 2.7 2.4
DZ 61.6 24.2 39.3 93.8 14.1 15.0 98.4 4.0 4.1
MR 117.5 3.0 2.5 113.3 0.8 0.7 108.3 2.2 2.0
DM 126.5 2.7 2.2 115.8 1.2 1.0 109.5 2.6 2.4
MX 148.5 5.4 3.6 113.8 3.2 2.8 109.6 0.9 0.9
XZ 123.7 4.8 3.9 106.5 1.9 1.8 109.6 2.3 2.1
DX 106.1 5.2 4.9 107.9 2.9 2.7 107.5 1.9 1.8
SQ 123.3 3.3 2.7 104.0 14.1 18.5 94.2 1.5 1.6
Average 114.2 108.6 106.1
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lower limits of determination. In conclusion, this
simple, rapid and selective method is considered to
be applicable to the multiple determination of sul
phonamide residues in milk for large surveillance
projects.
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ABSTRACT

A sensitive method for the high-performance liquid chromatographic determination of five organophosphorus pesticides (paraoxon,
methyl-parathion, ethyl-parathion, guthion and fenitrothion) in fruits and tap and river water samples is described. For the determina
tion of pesticides in fruits a simple and rapid sample preparation procedure was developed that allowed pesticides to be determined at
50-laO Jlg/kg levels with recoveries ranging from 83 to 118% and relative standard deviations below 6%. The determination of pesticide
residues in surface water samples was also successfully accomplished. Concentrations at sub-ppb levels can be measured by using a
solid-phase concentration step, the recoveries being over 80%. In analyses of both fruits and surface waters, the sensitivity levels
achieved were 2-10 times lower than legal limits admitted in the European Economic Community.

INTRODUCTION

As a result of their relatively rapid degradation
and low accumulation in the biological food chain,
organophosphorus pesticides are widely applied to
a variety of crops, including green vegetables and
fruits. However, their widespread use could be ex
pected to leave residues not only· on crops but also
in surface waters draining the croplands. Hence, the
monitoring of pesticide residues in agricultural and
food products and in environmental matrices has
become a priority field in pesticide research and
analysis.

Gas chromatography has undoubtedly been the
most common technique for analysing surface wa-

Correspondence to: Dr. R. Carabias Martinez, Departamento de
Quimica Analitica, Nutrici6n y Bromatologia, Universidad de
Salamanca, 37008 Salamanca, Spain.

ters and vegetable materials for pesticides [1]. High
performance liquid chromatographic (HPLC)
methods for pesticide residue analysis were firstly
developed for non-volatile or thermally labile com
pounds such as carbamate insecticides. As HPLC
can offer a simpler and/or faster approach to analy
ses for a wide number of other compounds [2,3],
HPLC methods are continually increasing in ac
ceptance and applications [4-6]. Although applica
tions of HPLC to the formulation analysis of orga
nophosphorus pesticides have been reported [7-10],
the literature concerning organophosphorus multi
residues in foodstuff is scarce [11-14]. Clark et al.
[12] reported a method for parathions using HPLC
with series UV-amperometric detection. Detection
limits of 2-3 ng of injected pesticide and 0.8-0.9 ng
were obtained with UV and electrochemical detec
tors, respectively. Concentrations less than 10 ng/
ml in waters and 50 flg/kg in vegetable materials

002 I-9673/92/$05.00 © 1992 Elsevier Science Publishers B.Y. AIl rights reserved



38

were measured using electrochemical detection, but
UV detection could not be applied because of the
multiple interferences from plant substances.

The number of HPLC methods for pesticide re
sidue analysis is limited, but extraction and clean
up procedures can readily be found for numerous
pesticides [15]. Many of these procedures will no
doubt produce sufficiently clean extracts for HPLC,
but most of them are laborious and time consum
ing. Pesticide sample preparation is usually
achieved by liquid-liquid extraction or by enrich
ment of trace compounds of interest by solid-phase
extraction (SPE). The latter technique is gaining ac
ceptance [16-18] and will probably be increasingly
used as a wider variety of solid-phase supports be
come available.

This paper deals with the determination of five
frequently used organophosphorus pesticides in
fruits; extraction with benzene and solvent replace
ment with methanol provides extracts clean enough
to avoid any further clean-up step. The analysis of
tap and river water samples, including an SPE con
centration step, was also accomplished.

EXPERIMENTAL

Apparatus
A Spectra-Physics chromatograph equipped with

an SP 8800 ternary pump, an SP 8450 UV-VIS de
tector and an SP 4290 integrator was used. Col
umns were Spheri-5 RP-8 (5 ,um) (220 x 4.6 mm
J.D.) and Spheri-5 RP-18 (5 ,um) (250 x 4.6 mm
J.D.) from Brownlee Labs. A Rheodyne injection
valve with a lO,ul injection loop was used through
out. All solvents and samples were filtered through
0.45-,um pore-size nylon membrane filters (Milli
pore).

Apple samples were homogenized in an electric
mixer (Moulinex).For pesticide extraction and pre
concentration from water samples, Sep-Pak CiS
bonded-phase silica cartridges (Waters) were used;
samples were pumped through them by a Gilson
Minipuls 2 HP 4 peristaltic pump with vinyl tubing.

Reagents
Paraoxon (99% purity), guthion (99%), methyl

parathion (97%), fenitrothion (99%) and ethyl
parathion (99%) were obtained from Riedel-de
Haen (Seelze-Hannover, Germany). Ultra-high-
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quality water used for the preparation of solutions
was obtained with an Elgastat UHQ water-purifica
tion system. Methanol, benzene and dichlorometh
ane were ofHPLC grade (Carlo Erba, Milan, Italy).
All other chemicals were analytical-reagent grade.

Samples and standards
Golden-type apples were obtained in area retail

markets. River water samples were taken from dif
ferent rivers of SE Salamanca (Spain). They were
collected directly in 1-1 glass containers, stored at
4°C in the dark and analysed within 24 h after col
lection.

Stock solutions containing the five pesticides
were prepared in pure methanol and stored at 4°C;
working standard solutions were daily prepared by
dilution with methanol.

HPLC operating conditions
Separation was accomplished in the Spheri-5

RP-18 column, the mobile phase being methanol
water (70:30, v/v) containing 2.5 . 10- 2 M acetic
acid-acetate buffer at a flow-rate of 1.25 ml/min. It
was degassed by bubbling 99.998% helium through
it. The injection volume was 10 ,ul in all experi
ments. Detection was carried out at 260 nm and
peak areas were used for quantification.

Determination ofpesticides in apples
Two or three apples were sliced and homogenized

in an electric mixer. An amount of 3.0 g ofhomoge
nized sample was spiked with 1.0 ml of a methanolic
solution of the five pesticides and allowed to stand
for at least 24 h at room temperature. Then 8.0 ml
of benzene were added and the mixture was stirred
in a magnetic device for 30 min to improve the sam
ple-benzene contact and hence, the extraction
process. After centrifugation at 1307 g for 20 min, a
3.0-ml aliquot of the organic layer was evaporated
to dryness at room temperature by passing an air
stream. The dry extract was dissolved in 2.0 ml of
methanol using an ultrasonic bath and the sample
was then ready for analysis. Samples were prepared
in triplicate and 10-,ul aliquots of each sample were
injected into the chromatograph. Quantification
was carried out by using the external standard
method by taking the mean peak-area value ofthree
injections.
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2-3

Fig. 1. Representative chromatograms obtained with (a) RP-8
and (b) RP-18 columns. Peaks: I = paraoxon; 2 = guthion; 3 =

methyl-parathion; 4 = fenitrothion; 5 = ethyl-parathion. Ex
perimental conditions: (a) methanol-water (70:30, v/v) + 2.5 .
10 - 2 M acetic acid-acetate buffer as mobile phase, flow-rate 1.25
ml/min; (b) methanol-water (75:25, v/v) + 2.5 . 10- 2 M acetic
acid-acetate buffer as mobile phase, flow-rate 1.0 ml/min.

Determination ofpesticides in waters
Tap water samples were used without any further

treatment. All river water samples were filtered
through sintered glass filters (No.5) to remove sus
pended particulate matter before use. Pesticides
were added to water samples by placing I ml of
pesticide mixture solution in a volumetric flask and
making up to 1 I with the water sample. Analytes
were adsorbed on the Sep-Pak C1S cartridge by a
single pass through the cartridge at a flow rate of
about 5 ml/min. Desorption was effected by elution
with 2.0 ml of a solution with the same composition
as the mobile phase and 7.0 ml of methanol and the
eluate was collected into a lO-ml volumetric flask,
diluting to the mark with mobile phase solution.
These samples were then analyzed immediately by
triplicate injections of 1O-,u1 aliquots. In addition,
non-spiked water samples were analysed following
the same procedure to check for the presence of
pesticides under study.

The cartridges were equilibrated with 5.0 ml of
methanol and 5.0 ml of UHQ-purified water before
use for pesticide preconcentration.

4 5

-

1 3

5
4

4.0 a.o min

b

RESULTS AND DISCUSSION

Two reversed-phase columns (Cs and C 1S) were
tried for pesticide separation. Using methanol-wa
ter (75:25, v/v) as the mobile phase, the Cs column
was unable to resolve guthion and methyl-parathi
on with retention times of 4.39 and 4.56 min, re
spectively, when injected alone, the chromatogram
showing a single broad peak at 4.45 min (Fig. 1). As
further modifications of mobile phase composition
were not successful in improving the resolution, the
RP-18 column appeared to be more suitable than
the RP-8 column for these pesticide separations.

To find suitable conditions for pesticide separa
tion, the HPLC operating conditions, such as mo
bile phase constituents and flow rate, were opti
mized. A mobile phase of methanol-water (70:30,
v/v) was found to give a good resolution and a rea
sonable analysis time. Methanol concentrations
higher than 80% (v/v) gave poor peak resolution
and with concentrations lower than 70% long anal
ysis times were obtained.

The addition of acetate buffer to the mobile
phase was found to be an easy way to shorten the
analysis time with no decrease in resolution. Buffer

concentrations in the range 0.5 . 10 - 2-0.1 M were
tested; concentrations up to 2.5.10- 2 Mproduced
an earlier elution of the less polar pesticides, such as
fenitrothion and ethyl-parathion, the retention
times of the other peaks remaining unmodified. For
buffer concentrations higher than 2.5 . 10- 2 M, no
further modifications were found.

Flow-rate was studied in the range 0.5-2.0 ml/
min. As expected, shorter analysis times were ob
tained at higher flow-rates but guthion and methyl
parathion were not well resolved at flow-rates high
er than 1.5 ml/min.

Under the optimum conditions described under
Experimental, linear relationships were found be
tween peak area or height and pesticide concentra
tion in the studied range, between 2.90 and 210 ng
of each pesticide injected. The detection limits, cal
culated as the ratio between twice the noise and the
calibration slope, are given in Table I, together with
data from the calibration fittings and standard de
viations obtained from ten replicate analyses at a
concentration level of 12 ng of each pesticide. A
chromatogram corresponding to a standard solu
tion near the detection limit (about 0.30 ng of each
pesticide injected) is shown in Fig. 2.



40

TABLE I

CALIBRATION FITTINGS

R. Carabias Martinez et al. I J. Chromatogr. 607 (1992) 37-45

Concentration range between ca. 2.90 and 210 ng of each pesticide injected.

Pesticide Intercept Slope Correlation coefficient RSD" DU
(lImo I) (%) (Ppb)

Paraoxon (1.0 ± 0.8) . W (8.78 ± 0.03) . W 0.997 - 3.55 26
Guthion (6.3 ± 3.7) . 102 (6.59 ± 0.02) . W 0.999 2.11 53
Methyl-parathion (4.5 ± 2.3) . W (9.55 ± 0.04) . W 0.999 2.74 30
Fenitrothion (6.4 ± 7.7) . 102 (7.76 ± 0.02) . W 0.999 2.95 49
Ethyl-parathion (1.6 ± 0.6) . 102 (9.79 ± 0.04) . W 0.999 2.99 57

" Relative standard deviation (n = 10); amount injected, 12 ng of each pesticide.
b Detection limit, 2slm, where s is the blank standard deviation and m is the slope of the calibration graph.

Determination ofpesticides in fruits
For the development of an appropriate proce

dure for the determination ofpesticide residues in
fruits, benzene, methanol and dichloromethane
were tested as organic solvents for the extraction of
the pesticides; no spiked apple samples were used in
studies on the possible interferences from crop com
ponents.

Samples spiked at about 10 flg/g were used in
comparative recovery experiments (Fig. 3); the pes
ticides were allowed to equilibrate with the sample
matrix for at least 24 h but no longer than 48 h
before extraction. Studies on the pesticide-matrix
contact time showed that with maceration times
longer than 48 h, the pesticide recoveries were dra
matically decreased.

The blanks obtained using methanol as extrac-

-J~
~12.0 . min

Fig. 2. Chromatogram obtained for a standard solution near the
estimated detection limit. Amounts injected: (I) paraoxon, 0.30
ng; (2) gvthion, 0.29 ng; (3) methyl-parathion, 0.30 ng; (4) fe
nitrothion, 0.30 ng; (5) ethyl-parathion, 0.30 ng. Experimental
conditions as given under Experimental.

tion solvent showed a large peak early in the chro
matogram, whereas dichloromethane and benzene
extracts gave only small peaks. Conversely, at high
retention times, several peaks were observed in
these extracts with benzene and dichloromethane
but not in the methanolic extract.

Regarding extraction percentages (Fig. 3), orga
nophosphorus pesticides are not well extracted with
methanol (about 70%). If it is considered that for a
correct determination of pesticide residues, the re
coveries should be within the range 70-110%, with
a mean value greater-than 80% [19]; adequate re
coveries for all five pesticides were obtained with
benzene (98-108 %) and dichloromethane (86
99%) as extraction solvents, the former giving
cleaner chromatograms.

Although both solvents were adequate, benzene
was chosen for pesticide extraction from apple sam
ples. Fig. 4 shows a representative chromatogram
of a benzene extract where several peaks can be
seen; no interferences with relevant analytes were
observed. This solvent minimizes co-extractives
from the vegetable matrix as vegetables are rela
tively polar in their matrix profile. The analysis time
should be prolonged to allow the elution ofless po
lar matrix compounds, with retention times longer
than 25 min.

After extraction, the next step was evaporation to
dryness of a 3.0-m1 aliquot of the organic extract.
Thedry residue was then dissolved in 2.0 ml of a
solution whose composition was also studied: (a)
2.0 ml of methanol, (b) 2.0 ml of mobile phase and
(c) 1.0 m1 of methanol + 1.0 ml of mobile phase
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Fig. 3. Influence of the extraction solvent on the percentage extraction of pesticides from apple samples spiked with ca. 10 j1.g/g of each
pesticide. Numbers 1-5 as in Fig. I.
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Fig. 4. Representative chromatogram of an apple sample spiked at the 0.46 j1.g/g level using benzene as solvent for pesticide extraction.
Peaks as in Fig. I.
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TABLE II

PESTICIDE RECOVERIES FROM APPLE SAMPLES

R. Carabias Martinez et al. I J. Chromdtogr. 607 (1992) 37-45

Pesticide Added Recovery RSDa DU
()lg/g) (%) (%) (J1.g/g)

Paraoxon 1.17. 95.4 6.0 0.046
9.88 94.9 2.5

Guthion 1.15 101.6 3.9 0.094
9.75 98.8 3.7

Methyl-parathion 1.16 98.5 4.0 0.053
10.02 100.6 2.2

Fenitrothion 1.17 93.3 4.6 0.085
10.03 100.0 1.4

Ethyl-parathion 1.16 86.3 3.7 0.099
10.19 98.3 1.4

an = 4

b Detection limit (2slm) calculated with peak-area data from experiment in Fig. 5

solution were tested. Good recoveries, between 97·
and 109%, were found for paraoxon, guthion,
methyl-parathion and fenitrothion no matter which
solution was used for dissolving the dry residue.
Ethyl-parathion was' quantitatively recovered [19]
only when solution (a) was used.

The selectivity of the overall process can be ex
plained as follows: as the non-polar solvent benzene
is used to achieve an efficient extraction of orga-

nophosphates, most of the polar components of the
sample are eliminated in this extraction step. In the
next step, benzene is replaced with the polar solvent
methanol, evaporating the former and dissolving
the dry residue. As methanol is a weak solvent for
low polarity compounds, pesticides are dissolved in
solution whereas less polar impurities remain main
ly in the solid residue. At this point, the sample is
relatively clean and no interferences from the fruit

120

100

80

60

40

20

o

~ 0.46 IIg/g
• 1.17 IIg/g
II 2.36 IIg/g
o 7.54 119/g
r3 9.90 IIg/g
tI 15.1 IIg/g

Paraoxon Guthion Methyl-Parathion Fenitrothion Ethyl-Parathion

Pesticides

Fig. 5. Recovery from apple samples as a function of pesticide concentration in the original samples.



R. Carabias Martinezet al. j J; Chromatogr. 607 (1992) 37-45

TABLE III

PESTICIDE RECOVERIES FROM DISTILLED WATER SAMPLES

Fortification level Recovery (%)
(ngjml)

Paraoxon Guthion Methyl-parathion Fenitrothion Ethyl-parathion

1.40 90.5 88.7 84.3 78.6 76.3
2.80 86.3 88.0 85.7 80.8 78.7

27.9 100.7 102.5 101.1 98.2 89.6
46.1 104.4 101.3 97.8 98.1 91.6
69.2 104.3 101.1 101.7 98.1 91.2

DL (ngjml) 0.26 0.53 0.30 0.49 0.57
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matrix were observed in the elution range of inter
est, so no further residue clean-up step was re
quired. Quantitative recovery results and relative
standard deviations were calculated on the average
percentage recovery of four replicate samples inject
ed in triplicate and bracketed with injections of the
standards (Table II). In the range of fortification
levels tested (0.46-15.1 Jlgjg) the recoveries were
found to be independent of concentration and simi
lar for the five pesticides assayed, ranging from 83
to 118% (Fig. 5). By using the peak-area data ob
tained for the concentration range displayed in Fig.
5, detection limits were calculated (Table II). Values
as low as 50-100 Jlgjkg for only 3.0 g of homoge
nized sample were obtained. These levels are 5-10
times lower than the legal limits admitted in the Eu-

ropean Economic Community (EEC) for fruits and
vegetables [20].

Determination ofpesticides in tap and river waters
To determine pesticide residues in water samples

at levels below the legal limits, trace enrichment on
commercially available Sep-Pak C18 cartridges was
chosen because it facilitates simultaneous extrac
tion and analyte preconcentration.

·Pesticide adsorption on the cartridges was carried
out as described under Experimental. For pesticide
desorption from the cartridge, good recoveries (81
90%) were found on eluting the pesticides with 2.0
ml of mobile phase solution and 7.0 ml ofmethanol.

The overall procedure was checked for samples at
fortification levels between 1.4 and 69.2 ngjml (Ta-

TABLE IV

PESTICIDE RECOVERIES FROM TAP AND RIVER WATER SAMPLES

Pesticide

Paraoxon

Guthion

Methyl-parathion

Fenitrothion

Ethyl-parathion

Tap water River water

Added Recovery RSD" Added Recovery RSD"
(ngjml) (%) (%) (ngjml) (%) (%)

14.1 86.4 0.88 1.5 91.2 8.4
45.3 100.3 1.12 33.1 94.9 1.6
14.0 87.2 0.97 1.7 84.4 3.3
46.7 97.4 0.71 34.2 91.5 1.7
13.7 88.2 0.77 1.6 86.4 3.9
45.6 98.1 0.70 33.4 94.0 2.3
14.0 83.8 1.25 1.7 86.3 5.9
46.6 94.8 0.60 34.1 90.6 2.1
13.9 79.3 1.28 1.6 81.7 7.2
46.5 88.4 1.28 34.0 82.0 1.6

" n = 4.
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ble III), the recoveries being over 76%. Based on
these results and bearing in mind the enrichment
factor of 100 achieved in the preconcentration step,
it should be possible to determine pesticides in wa
ter samples at sub-ppb levels (Table III), which is
2-5 times less than levels admitted in the EEC for
surface waters destined for drinking water produc
tion [21].

Tap water analysis. None of the blank tap water
samples gave peaks that interfered with the determi
nations of the pesticides of interest. Recovery deter~

minations were made on pesticide-fortified tap wa
ter samples (n = 4) at two different concentration
levels, 14 and 45 ng/ml (Table IV).

River water analysis. For the analysis of river wa
ter samples, six different points in the agricultural
area SE of Salamanca (Spain) were sampled. Un
spiked aliquots of each sample were analysed to
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quantify ambient levels of pesticide concentration.
Each water sample showed several peaks but none
of them corresponded to the studied pesticides ex
cept one (Fig. 6a), where a small peak with a reten
tion time (9.54 min) similar to that of fenitrothion
was observed. As this peak is below the calculated
limit value for fenitrothion, no further conclusions
can be drawn. Recovery results for a river water
sample spiked at 1.6 and 33 ng/ml are given in Table
IV and a chromatogram of a river water at the 1.6
ng/ml fortification level is shown in Fig. 6b.

CONCLUSIONS

Conditions have been established for the HPLC
determination of trace levels of paraoxon, guthion,
methyl-parathion, ethyl-parathion and fenitrothion
residues in fruits and surface waters. The UV detec-

a b

4.0 12.0

4.0

20.0

12.0

28.0

tJmin

min
38.0

Fig. 6. Chromatogram of a river water sample (P.io Portillo, Salamanca, Spain) (a) before and (b) after being spiked at the 1.6 ng/ml
level. Peaks as in Fig. 1.
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tion limits are 0.2-0.6 ng of pesticide injected, which
compare well with results reported by Clark et al.
[12] for electrochemical detection and represent
some improvement on the results obtained by the
same authors with a UV detector.

The sample preparation scheme proposed for
fruits is simple and rapid and gives clean extracts
without the need for further clean-up steps of the
residues, generally required for analyses of real
samples. Analysis of river water samples allows pes
ticide concentrations at sub-ppb levels to be mon
itored. In both instance the detection limits found
are sufficiently low for the method to be applied to
crop extracts and river waters at levels 2-10 times
lowers than the legal limits admitted in the EEC for
these types of samples.
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ABSTRACT

A synthetically prepared mixture of brominated 4,S,6,7-tetrachlorofluoresceins was separated by a combination of preparative
reversed-phase high-performance liquid chromatography and high-speed counter-current chromatography. Two new lower-brominat
ed subsidiary colors of D&C Red Nos. 27 and 28 (phloxine B), 4',S'-dibromo,4,S,6,7-tetrachlorofluorescein and 2',4',S'-tripro
mo-4,S,6,7-tetrachlorofluorescein, were isolated and characterized by lH NMR and chemical ionization mass spectrometry.

Fig. 1. Manufacture of D&C Red Nos. 27 (1) and 28 (2) from
4,S,6,7-tetrachlorofluorescein (3).

drugs and cosmetics [1]. D&C Red No. 27 is manu
factured by bromination of 4,5,6,7-tetrachlorofluo
rescein, 3, and D&C Red No. 28 is manufactured by
alkaline hydrolysis of 1 [1], as shown in Fig. 1.
Among the impurities expected to be present in the
color additives are lower-brominated subsidiary

B,

CI

B,

CI

OH NaO

-"V'--""'-""<"Br Base 8r"V~~~-
CI

INTRODUCTION

D&C Red No. 27 (mainly 2',4',5',T-tetrabro
mo-4,5,6,7-tetrachlorofluorescein, 1, Colour Index
No. 45410:1) and its disodium salt, D&C Red No.
28 (mainly phloxine B, 2, Colour Index No. 45410),
are xanthene color additives that are listed in the
US Code of Federal Regulations (CFR) for use in

Correspondence to: Adrian Weisz, Food and Drug Administra
tion, Division of Colors and Cosmetics (HFF-44S), Center for
Food Safety and Applied Nutrition, 200 CSt., S.W., Washing
ton, DC 20204; USA.
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colors of 1 and 2 that are formed by substitution of
3 with fewer than four bromine atoms. Before they
may be used as color additives, 1 and 2 are subject
to batch certification by the US Food and Drug
Administration (FDA) to assure compliance with
the specifications set forth in the CFR. The current
specifications for D&C Red Nos. 27 and 28 limit the
total amount of lower-halogenated subsidiary col
ors, including the lower-brominated subsidiary col
ors, to :(4% (w/w) [1]. In the development and vali
dation of a reversed-phase high-performance liquid
chromatographic (RP-HPLC) method for the anal
ysis of 1 and 2 that are submitted to the FDA for
certification, pure lower-brominated subsidiary col
ors were needed as reference materials. An attempt
to prepare 4',5'-dibromotetrachlorofluorescein by
partial bromination of 3 yielded a complex mixture
shown by analytical RP-HPLC to contain four
main components. This mixture was separated by
preparative RP-HPLC into fractions containing
pure 4',5'-dibromotetrachlorofluorescein and other
fractions containing multiple components. Frac
tions containing a mixture that included one of the
major products were combined and further separat
ed by high-speed counter-current chromatography
(HSCCC) [2,3]. HSCCC was chosen for this sep
aration because it was previously used successfully
to purify the tetrabrominated analogues, 1 and 2
[4].

This paper describes the application of HSCCC
as a complement to preparative RP-HPLC in the
separation of a complex mixture containing various
brominated tetrachlorofluoresceins.

EXPERIMENTAL

Materials
Ammonium acetate (NH4 0Ac), methanol, wa

ter, ethyl acetate and n-butanol were chromatogra
phy grade. Deuterium oxide (99.9%, MSD Iso
topes, Montreal, Canada), sodium deuteroxide
(99.9%, ca. 40% in 2H20, Fluka, Buchs, Switzer
land), bromine (99.5%, Aldrich, Milwaukee, WI,
USA), and 4,5,6,7-tetrachlorofluorescein (Thomas
set Colors, now Hilton Davis Co., Cincinnati, OH,
USA) were used as received.

Synthesis of the brominated tetrachlorofluorescein
mixture

A crude mixture of brominated tetrachlorofluo-
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resceins was prepared by brominating tetrachloro
fluorescein following the preparation of 4' ,5'-dibro
mofluorescein [5]. Thus, a ca. 5°C solution of sodi
um hypobromite (from 3.84 g, 24 mmol of bromine
in 50 ml of 1 M NaOH) was added to a stirred ca.
5°C solution (cooled in an ice-water bath) of the
disodium salt of tetrachlorofluorescein (from 4.7 g,
10 mmol oftetrachlorofluorescein and 100 ml of 0.4
M NaOH) over 10 min. After 10 min of additional
stirring, the solution was acidified with 3 M HCI
until no further precipitate formed. The precipitate
was filtered, washed (5 x 30 ml water), and dried
(130 mmHg, 100°C, 5 h), yielding an orange powder
(7.25 g).

Preparative RP-HPLC
Preparative RP-HPLC was performed using a

Waters Delta Prep 3000 system and a Waters Delta
Pak C1S preparative cartridge column (l51lm parti
cle size, 100 A pore size, 300 x 47 mm J.D.) in a
Waters 1000 PrepPAK module. Detection was at
254 nm with a Linear UVIS 204 detector and a vari
able-pathlength preparative flow cell adjusted to
0.05 mm. The eluents, A = water, B = methanol
and C = 1.00 M aqueous NH4 0Ac, were sparged
with helium. The column was washed with metha
nol and equilibrated at 40 ml/min with A-B-C
(55:40:5) for 6 min and then with A-B-C (45:50:5)
for 5 min. A solution of the diammonium salt pre
pared from 2 g of the crude brominated tetrachlo
rofluoresceins in 74 ml of water, 5 ml of 5%
NH40H, 1.5 g ofNH40Ac, and 31 mlofmethanol
was syringe-filtered through a Millipore Millex-HV
0.45-llm pore size, 25-mm diameter filter unit. The
filtrate was pumped onto the column at 15 ml/min
and the column was eluted at 40 ml/min with a 90
min linear gradient from A-B-C (45:50:5) to B-C
(95:5). Over 46 fractions were collected with vol
umes of ca. 20 ml when there were major peaks, ca.
50 ml when there were weaker and tailing peaks,
and ca. 100 ml or more when there was little detec
tor response. Diluted aliquots of these fractions
were analyzed by analytical RP-HPLC.

Analytical RP-HPLC
The system consisted of a Model 8800 ternary

pump, Model 8500 dynamic mixer, Model 8780 au
tosampler and Model 4270 integrator (all Spectra
Physics, San Jose, CA, USA), and a Model 490
dual-wavelength UV-VIS detector set at 254 and
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546 nm (Waters Assoc., Milford, MA, USA). The
autosampler was equipped with a Model 7010 in
jector (Rheodyne, Cotati, CA, USA) with a 200-,ul
sample loop. A Hypersil MOS-I RPC-8 column (5
,um particle size, 250 x 4.6 mm LD., Keystone Sci
entific, Bellefonte, PA, USA) was used throughout.

Eluents were 0.1 M aqueous NH40Ac and meth
anol. The column was eluted using consecutive line
ar gradients of 25 to 90% methanol in 25 min, 90 to
100% methanol in 5 min, and 100% methanol for 5
min. The column was re-equilibrated with 25%
methanol for 15 min. Other conditions were injec
tion volume 20 ,ul, full scale response 0.128 absor
bance, and flow-rate I ml/min.

An aliquot of each desired fraction from the pre
parative RP-HPLC and HSCCC separations was
diluted with approximately 3 ml ofmethanol-O.I M
aqueous NH40Ac (50:50, v/v). The solution was
filtered through a LID/X glass microfiber syringe
less filter unit AQOR.45 (Genex, Gaithersburg,
MD, USA) prior to chromatography.

Isolation of fluorescein dyes from preparative RP
HPLC and HSCCCfractions

The dyes were isolated in the lactone form as the
following example shows. Fractions 30-33 from the
preparative RP-HPLC separation were combined
and concentrated to ca. I ml on a rotary evaporator
at 25 and 30 mmHg at ca. 50°C. The residue was
acidified with 10-15 ml of 10% HCl and the precip
itated lactones were extracted into ethyl acetate.
The organic layer was washed (2 x 10 ml water)
and dried (anhydrous NaZS04), and the solvent was
evaporated, yielding ca. 100 mg orange solid.

Preparative high-speed counter-current chromatog
raphy

The commercial high-speed counter-current
chromatograph (P.C. Inc., Potomac, MD, USA) [6]
holds an Ito multilayer-coil separation column and
a counterweight whose centers revolve 10 em
around the centrifugal axis. The column consists of
approximately 150 m x 1.6 mm LD. polytetrafluo
roethylene tubing with a total capacity of approxi
mately 300 ml. The (J value [7] ranges from 0.5 at the
internal terminal to 0.85 at the external terminal.

The two-phase solvent system, composed of ethyl
acetate-n-butanol-(O.OI M aqueous NH40Ac ad
justed to pH 8.6 with ammonium hydroxide)
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(1:1 :2), was selected on the basis of previous experi
ence with HSCCC purification of 2 [4]. The solvent
system was thoroughly equilibrated in a separatory
funnel and the two phases were separated shortly
before use.

The column was completely filled with the sta
tionary (upper) phase by using a metering pump
(Milton Roy minipump; LDC Analytical, Riviera
Beach, FL, USA). The lactone mixture (ca. 100 mg,
isolated from fractions 30-33 of the preparative
RP-HPLC separation as described above) was dis
solved in a mixture of 10 ml solvent system (5 ml
each of the upper and lower phases) and 100 ,ul of
30% ammonium hydroxide. This solution was in
jected into the column by syringe. The mobile (low
er) phase was then pumped into the column at 2
ml/min while the column was rotated at 800 rpm.
The column effluent was monitored with a UV de
tector (Uvicord S; LKB Instruments, Stockholm,
Sweden) at 280 nm, and 4-ml fractions were collect
ed (Ultrorac, LKB Instruments).

Mass spectrometry
The positive ion chemical ionization (PICI) mass

spectra were obtained on a Finnigan Mat TSQ-46
instrument interfaced to an INCOS 2300 data sys
tem with TSQ software (Revision D). The spec
trometer had a source temperature of 100°C, emis
sion of 0.35 mA at 70 eV, 0.25 Torr methane, pre-

ABC D

E

, ,.",.""""""",.""""", , 254 nmo 5 10 15 20 25 30
RETENTION TIME (MINUTES)

Fig. 2. Analytical RP-HPLC of the crude brominated tetrachlo
rofluorescein. See text.
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Fig. 3. Overloaded preparative RP-HPLC separation of the
crude brominated tetrachlorofluorescein.

lH Nuclear magnetic resonance
lH NMR spectra were obtained on .a Varian XL
200 Fourier transform NMR spectrometer at 200
MHz. Typical concentrations were 4 mg compound
(lactone form, see above) in 0.5 ml of 0.5% Na02H
in 2H20. Peak A (Fig. 4c): 7.19 ppm (d, H-a), 6.81
ppm (d, H-b). Peak B (Fig. 8c): 7.18 ppm (d, H-a),
6.72 ppm (d, H-b), 6.68 ppm (s, H-c). Peak C (Fig.
7c) 7.50 ppm (s, H-a), 7.10 ppm (d, H-b), 6.80 ppm
(d, H-c).

amplifier setting of 10- 8 AfV, and conversion dy
node of - 5 kV, and was scanned from m/z 65 to
765 in 1.0 sec. The fluoresceins (lactone form, ob
tained as described above) were dissolved in either
ethyl acetate or methanol and were introduced via
the direct chemical ionization (DCI) probe at a
heating rate of 20 mA/s. Fragmentation patterns
m/z (relative intensity): peak A (Fig. 4b): 625 (26.2,
MH+), 580 [2.6, (M -C02)+'], 545 [0.7,
(M - CO2- Cl) +]; peak B (Fig. 8b): 469 (74.1,
MH+), 424 [11.8, (M-C02)+'], 389 [5.6,
(M - CO2- Cl) +]; peak C (Fig. 7b): 703 (12.4,
MH+), 658 [1.1, (M -C02)+'], 623 [0.4,
(M -C02-Cl)+):

RESULTS AND DISCUSSION

In adapting the published method for the prep
aration of 4' ,5'-dibromofluorescein by bromination
of fluorescein [5], it was expected that 4',5'-dibro
motetrachlorofluorescein would be the single major
product of bromination of 4,5,6,7-tetrachlorofluo
rescein. Instead, the reaction resulted in a complex
mixture as shown by analytical RP-HPLC (Fig. 2).
Band D, two of the four major peaks, had retention
times matching those of the unbrominated and tet
rabrominated dyes, 3 and 2 (Fig. 1), respectively.
Because the two other major peaks were probably

Fig. 4. Characterization of the compound contained in fractions
15-18 of the preparative RP-HPLC separation (see Fig. 3). (a)
Analytical RP-HPLC of fraction 17, (b) positive ion chemical
ionization (methane) mass spectrum of fraction 17, (c) IH NMR
spectrum of fraction 17 (in Na02HFHp, 200 MHz).

lower-brominated subsidiary colors of D&C Red
Nos. 27 and 28, separation of 2 g of the mixture by
preparative RP-HPLC was attempted. This over
loaded separation yielded several peaks (Fig. 3),
and the eluate corresponding to two of these peaks
was collected in fractions 15-18 and 30-33.

Fractions 15-18 contained a single component
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whose HPLC peak (Fig. 4a) corresponded to peak
A in Fig. 2. This component was isolated as the
lactone (94 mg) and identified, by MS and 1H
NMR, as 4',5'-dibromotetrachlorofluorescein (Fig.
4b and c).

The analytical RP-HPLC of fractions 30-33 (Fig.
5) produced two main peaks that corresponded to
peaks Band C in Fig. 2. To separate this mixture
(approximately 100 mg), the counter-current chro
matographic method developed previously to puri
fy the tetrabrominated dye [4] was chosen over the

Fig. 5. Analytical RP-HPLC of combined fractions 30-33 (see
Fig. 3).
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Fig. 6. HSCCC separation of combined fractions' 30-33 (see Fig.
3).

Fig. 7. Characterization of the compound contained in fractions
57-58 of the HSCCC separation (see Fig. 6). (a) Analytical RP
HPLC of HSCCC fraction 58, (b) positive ion chemical ion
ization (methane) mass spectrum of fraction 58, (c) [H NMR
spectrum of fraction 58 (in Na02H/2H 20, 200 MHz).

feasible alternative of using the preparative HPLC
procedure with the lower load. The HSCCC sep
aration of the mixture resulted in three peaks, and
the corresponding eluate was collected in fractions
57-58,90-130, and 53-54 (Fig. 6).

-HSCCC fractions 57~58 contained a single com
ponent whose HPLC peak (Fig. 7a) corresponded
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E

pound whose HPLC peak (Fig. 8a) corresponded to
peak B in Fig. 2. The compound was isolated as the
lactone (12 mg) and identified by MS and lH NMR
as the unbrominated starting material, 4,5,6,7-tet
rachlorofluorescein (Fig. 8b-c).

HSCCC fractions 53-54 contained a major com
ponent, whose HPLC peak (Fig. 9) corresponded to
the minor peak E in Fig. 2, and several minor com
ponents. To date, peak E remains unidentified.

Fig. 9. Analytical RP-HPLC of HSCCC fraction 53 (see Fig. 6).

This work demonstrates that HSCCC can be
used in combination with other chromatographic
techniques to successfully separate complex mix
tures. The use of silica gel HPLC followed by
HSCCC [8] and the use of HSCCC followed by RP
HPLC [9], both on an analytical scale, to substan
tially improve purification of various compounds
has been previously reported. To our knowledge,
this work represents the first reported coupling of
HSCCC and RP-HPLC for purification on a pre
parative scale. Two new lower-brominated subsidi
ary colors of D&C Red Nos. 27 and 28 (phloxine
B), 4',5'-dibromo-4,5,6,7-tetrachlorofluorescein
and 2',4',5'-tribromo-4,5,6,7-tetrachlorofluores-
cein, were isolated and characterized by 1H NMR
and chemical ionization MS.

CONCLUSIONS
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to peak C in Fig. 2. The compound was isolated as
the lactone (20 mg) and identified by MS and 1H'
NMR as 2',4',5'-tribromotetrachlorofluorescein
(Fig. 7b and c).

HSCCC fractions 90-130 contained one com-

Fig. 8. Characterization of the compound contained in fractions
90-130 of the HSCCC separation (see Fig. 6). (a) Analytical
RP-HPLC of combined fractions 90-130, (b) positive ion chem
ical ionization (methane) mass spectrum of combined fractions
90-130, (c) IH NMR spectrum of combined fr~ctions 90-130 (in
Na02H/2HP, 200 MHz).
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ABSTRACT

The methanolysis of small amounts of purified phosphoglycerides and sphingomyelin was studied and a quantitative comparison of
five methods for the methanblysis of standard phosphoglycerides was made. These methods were based on methanolysis with boron
trifluoride-methanol, methanolic sodium methoxide (at ambient temperature and with heating) and methanolic sulphuric acid. A
further method was based on saponification with methanolic sodium hydroxide and subsequent esterification with boron trifluoride
methanol. Under the experimental conditions, only the sodium methoxide-catalysed method at ambient temperature gave complete
methanolysis of phosphoglycerides. For methanolysis of sphingomyelin, boron trifluoride-methanol, methanolic sulphuric acid and
methanolic hydrochloric acid were used. It was found that complete methanolysis of sphingomyelin takes 15 h at 90"C. Based on these
results, procedures for the methanolysis of phosphoglycerides and sphingomyelin separated by high-performance liquid chromatogra
phy are presented.

INTRODUCTION

For the quantification of phospholipid classes in
biological materials, thin-layer chromatographic
separation with subsequent densitometric or spec
trophotometric measurement of phospholipid
phosphorus is the most widely used procedure
[1--4]. Newer methods often measure phospholipids,
which have been separated by thin-layer chroma
tography or high-performance liquid chromatogra
phy (HPLC), by determining total phospholipid
bound fatty acids by gas chromatography (GC)
[5,6]. This procedure allows a more precise mea
surement of phospholipid classes than phosphorim- .
etry, because the molecular mass of bound fatty
acids is taken into consideration.

For the quantification of phospholipid classes by

Correspondence to: Dr. M. Kirchgessner, Institut fiir Erniihr
ungsphysiologie, Technische UniversitiitMiinchen, 8050 Frei
sing-Weihenstephan, Germany.

fatty acid analysis, a complete conversion of phos
pholipid-bound fatty acids into fatty acid methyl
esters (FAMEs) is necessary. For methanolysis of
phospholipids, many methods have been published.
Most of them use boron trifluoride-methanol [7
10], diazomethane [11,12], methanolic sulphuric or
hydrochloric acid [13,14], methanolic sodium meth
oxide [15-18] and quaternary ammonium hydrox
ides [19-21]. Other reagents for methanolysis, sel
dom used, include methanolic acetyl chloride [22],
methanolic aluminium chloride [23] and methanolic
methyl iodide [24]. There are also methods involv
ing saponification with subsequent esterification
[25,26]. All these methods for preparing FAMEs
have been reviewed [27,28]. Moreover, studies com
paring different methods have been published
[12,29,30]. However, most of these methods have
been applied to standards or samples containing
milligrams to grams of triacylglycerols [27], and
there is little information about the methanolysis of
very small amounts of phospholipids. Therefore, in

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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this work various methods were applied to the
methanolysis of phospholipid standards in small
amounts in order to check the rate of conversion of
bound fatty acids into FAMEs. In the first part of
the study, various methods were used for the meth
anolysis of standard phosphoglycerides. In the sec
ond part, methanolysis of sphingomyelin was in
vestigated by using various reagents and experimen
tal conditions. This paper also presents methods for
the methanolysis of phosphoglycerides and sphin
gomyelin from erythrocyte membranes in micro
gram amounts separated by high-performance
liquid chromatography (HPLC).

EXPERIMENTAL

Materials

All chemicals were purchased from Merck (Darm
stadt, Germany) with the exception of boron triflu
oride-methanol reagent (100 gil, puriss.), which
was from Fluka (Buchs, Switzerland), and fatty
acid and phospholipid standards, which were from
Sigma (Taufkirchen, Germany). Phospholipid stan
dards were phosphatidylcholine (PC, from egg
yolk, hydrogenated), phosphatidylethanolamine
(PE, synthetic, dipalmitoyl; and PE, from bovine
brain, containing ca. 60% plasmalogen); phospha
tidylserine (PS, from bovine brain), lyso-phosphati
dylcholine (LPC, from egg yolk), lyso-phosphati
dylethanolmine (LPE, from egg yolk) and sphingo
myelin (SM, from bovine brain). A "phospholipid
standard from egg" purchased from Merck was al
so used. Blood samples were taken from adult fe
male Sprague-Dawley rats.

FAMEs were analysed using a GC system which
consists of a Siemens (Karlsruhe, Germany) Sichro
mat 2 gas chromatograph equipped with a temper
ature-programmed vaporizing (PTV) injection sys
tem, a Chrompack (Middelburg, Netherlands) wall
coated open-tubular fused-silica (CP-Sil 88) column
(50 m x 0.25 mm J.D., film thickness 0.2 11m), a
flame ionization detector (FID) and a Merck-Hi
tachi D-2500 integrator. HPLC separation of eryth
rocyte membrane phospholipids was carri~d out
with a Merck-Hitachi HPLC system (L-6200 intel
ligent pump, L-3000 multi-channel photodetector,
D-2000 integrator) with a 25 cm x 0.4 cm J.D. Si 60
(5 11m) cartridge (LiChroCART, Merck) and a
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Model 201 fraction collector (Gilson, Villiers-le
Bel, France).

Extraction and separation of erythrocyte membrane
phospholipids

Extraction and separation of erythrocyte mem
brane phospholipids were carried out as described
by Eder et al. [6,31]. Erythrocytes were washed
three times with physiological saline, lysed by addi
tion of distilled water and freezing. Erythrocyte
membranes were washed three times according to
Hanahan and Ekholm [32]. Phospholipids were ex
tracted by the method of Peuchant et af. [33] using
isopropanol as solvent. Erythrocyte membrane
phospholipid classes were separated by HPLC us
ing a gradient system based on the mobile phases
(a) acetonitrile, (b) acetonitrile-H3P04 (99.8:0.02)
and (c) methanol-H3P04 (99.8:0.02). Using this
separation method, the major phospholipid classes
of erythrocyte membranes (PS, PE, PC and SM)
could be separated. Moreover, plasmalogens could
be separated from diacyl phosphoglycerides, as
plasmalogens were hydrolysed by the acidic mobile
phase and hence eluted as 2-acyl lyso analogues
[34-36]. Therefore, all the phosphoglycerides men
tioned were purified phospholipids, which exist ei
ther as diacylphosphoglycerides or as plasmalo
gens. A 100-111 aliquot of the lipid extract contain
ing phospholipids from ca. 170 III of packed eryth
rocytes was injected manually. Phospholipid classes
which were detected at 205 nm were collected auto
matically with a fraction collector. The mobile
phase was evaporated and phospholipids were dis
solved in chloroform-methanol (1:1) for methanol
ysis.

Methanolysis procedures

Methanolysis ofphosphoglyceride standards
Standard solutions of each of the phospholipids

PC, PE, PS, LPC and LPE were prepared in chloro
form-methanol (1:1), containing butylated hydrox
ytoluene (BHT) at similar concentrations (0.5-1
mg/mI). A solution of "phospholipids from egg"
was prepared in the same solvent at a concentration
of 4.6 mg/m!. For investigation of methanolysis of
each of these preparations, test tubes with PTFE
lined caps were used. Prior to methanolysis, a
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known amount of methyl heptadecanoate (dis
solved in n-hexane), as internal standard, was pipet
ted into the test-tube and the solvent removed by
vacuum. After addition of the sample to be metha
nolysed, and before closing, the tubes were flushed
with nitrogen. Methanolysis was carried out by one
of the procedures A-E detailed below. On comple
tion of the methanolysis reaction, 0.5 ml of water
was added to the reaction mixture and the FAMEs
were extracted twice with 0.5-ml amounts of n-hex
ane. After separation from the aqueous phase, the
pooled hexane layers contained the FAMEs, which
were then suitable for GC analysis.

Procedure A was a modification of the method of
Morrison and Smith [7]: I ml of phospholipid solu
tion and 2 ml of boron trifluoride-methanol reagent
were added to the tubes containing methyl heptade
canoate. The solution was heated at 90°C for 30
min, cooled and the FAMEs were extracted.

Procedure B was a modification of the method of
Butte [20]: I ml of phospholipid solution and I ml
of I M methanolic sodium methoxide solution were
added to the tubes containing methyl heptadeca
noate. The tubes were heated at 75"C for 20 min,
cooled and the FAMEs were extracted.

Procedure C was a modification of the method of
Olegard and Svennerholm [37]: I ml of phospho
lipid solution and I ml of I M methanolic sodium
methoxide solution were added to the tubes con
taining methyl heptadecanoate and the tubes were
shaken at ambient temperature for 1 h, then the
FAMEs were extracted.

Procedure D: 1 ml of phospholipid solution and 2
ml of 6% methanolic sulphuric acid were added to
the tubes containing methyl heptadecanoate. The
tubes were heated at 90°C for 2 h, cooled and the
FAMEs were extracted.

Procedure E was a modification of the method of
Slover and Lanza [25]: 1 ml of phospholipid solu
tion and 1 ml of 1 M methanolic sodium hydroxide
solution were added to the tubes containing methyl
heptadecanoate. The tubes were heated at 90°C for
15 min. After the tubes had cooled, 2 ml of boron
trifluoride-methanol reagent were added and the
tubes were heated at 90°C for 15 min. The tubes
were cooled and the FAMEs were extracted.

Methanolysis ofplasmalogens
A standard solution of "PE from bovine brain",
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which contained ca. 60% plasmalogens, was pre
pared in chloroform-methanol (l: 1), containing
BHT, at a concentration of ca. 1 mg/ml. For metha
nolysis of this standard, boron trifluoride-methanol
(according to procedure A above), methanolic sodi
um methoxide (according to procedure C) and
methanolic sulphuric acid (according to procedure
D) were used.

Methanolysis of sphingomyelin standard
A standard was prepared by dissolving sphingo

myelin in chloroform-methanol (l: 1), containing
BHT, at a concentration of ca. 1 mg/ml. For in
vestigation of methanolysis, tubes with PTFE lined
caps were used. After addition of the sample to be
methanolysed, and before closing, the tubes were
flushed with nitrogen. On completion of the metha
nolysis reaction, 0.3 ml of water was added to the
reaction mixture and FAMEs were extracted twice
with 0.3-ml amounts of n-hexane. After separation
from the aqueous phase, the pooled hexane layers
contained the FAMEs, which were then suitable for
GC analysis.

Time and concentration studies

Boron trifluoride-methanol methanolysis. Into
each test-tube, 0.5 ml of sphingomyelin solution,
0.2 ml of n-hexane containing methyl heptadeca
noate and 1 ml of boron trifluoride-methanol re
agent were pipetted. The tubes were heated at 90°C
for 1,2,6 or 15 h.

Sulphuric acid-methanol methanolysis. Into each
test-tube, 0.5 ml of sphingomyelin solution, 0.2 ml
of n-hexane containing methyl heptadecanoate and
1 ml of6% or 15% methanolic sulphuric acid were
pipetted (giving sulphuric acid concentrations of 1
and 2.5 M). To obtain a one-phase system, 0.5 ml of
chloroform was added. Into other test-tubes, 0.2 ml
of n-hexane containing methyl heptadecanoate was
pipetted and the solvent was evaporated. A 0.5-ml
volume of sphingomyelin solution, 0.5 ml ofchloro
form and 2 ml of 30% methanolic sulphuric acid
were added (giving a sulphuric acid concentration
of ca. 7.5 M). The tubes were heated at 90°C for 1,
2,6 or 15 h.

In a further experiment, the effect of water on the
rate of conversion was tested. For this, part of the
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methanol (10% and 20%) was replaced with water.
Methanolic hydrochloric acid was also used for
methanolysis.

Methanolysis of erythrocyte membrane phospho
lipids separated by HPLC

Phospholipids separated by HPLC were collect
ed, the solvent was evaporated and phospholipids
were dissolved in 1 ml of chloroform-methanol
(1:1). The phosphoglycerides were methanolysed
with either methanolic sodium methoxide or boron
trifluoride-methanol reagent. In the former in
stance, 4 ml of 0.5 M methanolic sodium methoxide
solution were added to the test-tubes containing
phosphoglyceride classes and the tube was shaken
for 1 h. FAMEs were extracted twice by adding 2 ml
each of n-hexane and water. The hexane phases
were collected. In the latter instance, 2 ml of boron
trifluoride-methanol reagent were added to the test
tubes, which were closed and heated at 90°C for 2 h.
FAMEs were extracted twice by adding 0.5 ml each
of n-hexane and water. Sphingomyelin was metha
nolysed using boron fluoride reagent. A 2-ml vol
ume of boron trifluoride-methanol reagent was
added to the test-tubes containing the sphingomye
lin fraction. The tubes were closed and heated at
90T for 15 h. FAMEs were extracted twice by add
ing 0.5 ml each of n-hexane and water.

Gas chromatographic analysis of FAMEs

FAMEs were analysed as described by Eder et al.
[38]. A O.5-lll portion of the FAME extract was in
jected manually into the GC system using a PTV
system. For injection of FAMEs from phospholipid
standards the splitting ratio was 1:20 and for in
jection of FAMEs from rat erythrocyte membranes
it was 1:2. Hydrogen was used as the carrier gas at a
flow-rate of 2.0 ml/min. The PTV programme was
as follows: initial temperature, 40°C, held for 1 min,
then increased at 800°C/min to 300°C, which was
maintained for 10 min. The flame ionization detec
tor temperature was 300°C. After an initial temper
ature of 50°C for 1 min, the oven temperature was
increased at 2YC/min to 160°C, then at 15°C/min to
200°C, held at that temperature for 1.5 min, and
subsequently increased at 10°C/min to nyC, which
was then maintained for a further 10 min. The
amount of each FAME was calculated using C j 7
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FAME as internal standard. As an example, the
GC separation of FAMEs from phospholipids from
egg is shown in Fig. 1.

Calculation of conversion rates

Conversion rates were calculated from the ratio
between fatty acids converted into FAMEs and to
tal phospholipid-bound fatty acids. The amounts of
total phospholipid-bound fatty acids were calculat
ed by determining the average molecular mass of
the fatty acids, the molecular mass of the phospho
lipid core, the mass of total phospholipids and the
amount (in percent) of fatty acids in the phospho
lipid molecule.
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Fig. I. Separation of fatty acid methyl esters from egg phospho
lipids obtained by methanolysis with methanolic sodium meth
oxide. Splitting ratio 1:20; 17:0 = internal standard; time scale in
minutes.
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RESULTS AND DISCUSSION

M ethanolysis ofphosphoglycerides

Various methods were applied to the methanol
ysis of small amounts of standard phospholipids
and phospholipids from rat erythrocyte membranes
separated by HPLC. In the first experiment, the rate
ofconversion of standard phospholipid bound fatty
acids into FAMEs was checked using various meth
ods based on methanolysis with (A) boron trifluo
ride-methanol (90°C, 30 min), (B) methanolic sodi
um methoxide (7SoC, 20 min), (C) methanolic ~odi

urn methoxide (ambient temperature, 60 min) and
(D) methanolic sulphuric acid (90°C, 2 h). Method
E was based on saponification with methanolic so
dium hydroxide and subsequent esterification with
boron trifluoride-methanol. Rates of phospholipid
bound fatty acids converted into FAMEs using var
ious methods are shown in Table 1.

Of the methods investigated, only reaction with
sodium methoxide at ambient temperature gave re
sults that could be considered to be reasonable. For
the other four methods, the yields of FAMEs from
individual phospholipid classes were so variable
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and so lacking in reproducibility that they cannot
be considered to be viable quantitative methods.
Even in the case of reaction with sodium methoxide
at ambient temperature, the yields were scattered to
the extent that it would appear that there is still the
need to improve control over the experimental con
ditions. Table II shows that methods A, B, D and E
gave lower rates of conversion of both saturated
and unsaturated fatty acids into FAMEs than the
method based on sodium methoxide at ambient
temperature. This indicates that the low yields of
FAMEs produced by methods A, B, D and E are
not due to oxidation of polyunsaturated fatty acids
during heating, but to unreasonable experimental
conditions in general. Similar results were obtained
in the methanolysis of phospholipids from egg. The
method based on sodium methoxide at ambient

. temperature gave the highest yields of FAMEs,
whereas the yields of FAMEs obtained by metha
nolysis using the boron trifluoride method were
smaller (Table III).

In a further experiment, phospholipids from rat
erythrocyte membranes separated by HPLC were
methanolysed using either methanolic sodium
methoxide at ambient temperature for 1 h or boron

TABLE I

RATES OF PHOSPHOLIPID·BOUND FATTY ACIDS CONVERTED INTO FAMEs USING VARIOUS METHODS

Results are given in means (n = 3) and ranges (%)

PI classo Method

Ab BC Cd De EI

PC 88 96 99 79 91
(86-89) (96-97) (98-100) (71-86) (90-91)

PE 84 99 103 82 98
(81-87) (98-101) (101-106) (81-83) (94-101)

PS 70 102 97 74 85
(64-75) (100-103) (96-98) (68-82) (84-86)

LPC 83 93 98 80 83
(82-86) (93-94) (96-99) (79-82) (81-84)

LPE 91 99 101 91 90
(89-92) (97-101) (100-102) (90-92) (90-91)

a Phospholipid classes in amounts of 0.5-1 mg.
b A: boron trifluoride-methanol (30 min at 90°C).
C B: 0.5 M methanolic sodium methoxide (20 min at 75T).
d C: 0.5 M methanolic sodium methoxide (I h at ambient temperature).
e D: 6% methanolic sulphuric.acid (2 h at 90°C).
I E: saponification with subsequent esterification.
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TABLE II

AMOUNTS OF THE MOST IMPORTANT PHOSPHO-
LIPID-BOUND FATTY ACIDS CONVERTED INTO
FAMEs USING VARIOUS METHODS

Results are mean (n = 3) Ilg FAMEs per mg of phospholipid.

PI class Fatty acid Method

N B' Cd DC EI

PC 16:0 196 218 231 185 205
18:0 353 423 438 350 402
20:0 28 34 32 25 35

PE 16:0 617 729 759 597 . 716
PS 18:0 239 335 319 255 286

18:1 170 231 218 ]77 192
22:6 36 82 75 48 68

LPC 16:0 288 322 334 280 302
18:0 118 135 145 112 102
18:1 16 18 19 15 14

LPE 16:0 208 218 218 214 190
]8:0 ·298 336 345 290 310

b- I See Table 1.

trifluoride-methanol at 90°C for 2 h. Both methods
gave similar yields of fatty acids converted into
FAMEs (Table IV). This result, showing that for
methanolysis of erythrocyte membrane phospho
lipids the boron trifluoride method is equivalent tv
the sodium methoxide method, contrasts with the
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results of methanolysis of standard phosphoglyce
rides, showing that the sodium methoxide method
is superior to the boron trifluoride method. The rea
son for this inconsistency might be that both meth
ods used for methanolysis of standard phospho
lipids were modified in the experimental conditions
for methanolysis of erythrocyte membrane phos
pholipids. Using the boron trifluoride method the
period of heating used was 30 min for methanolysis
of standard phospholipids whereas it was 2 h for
methanolysis of erythrocyte membrane phospho
lipids. Hence it seems that 30 min are not sufficient
for completion of methanolysis of phospholipids
using boron trifluoride at 90°C. This result is in con
trast to the results of Morrison and Smith [7], which
showed that phosphoglycerides can be methanol
ysed completely at 100°C in 10 min. Surprisingly,
methanolysis with methanolic sulphuric acid under
conditions often used [39,40] also gave incomplete
conversion of fatty acids from standard phospho
lipids into FAMEs. The incompleteness of metha
nolysis might be due to the period of heating, as
Freedman et at. [41] found that complete methano
lysis of vegetable oils using 1% methanolic sulphur
icacid takes over 50 h at 65°C. Saponification with
sodium hydroxide and subsequent esterification
with boron trifluoride-methanol also gave incom
plete methanolysis. In this instance the incomplete
ness migqt be due to the short period of saponifica
tion (15 min) and might not. be due to the short
period of esterification (15 min), as Morrison and

TABLE III

METHANOLYSIS OF PHOSPHOLIPIDS FROM EGG USING VARIOUS METHODS

Results are mean Ilg fatty acids converted into FAMEs per mg of phospholipids from egg, with ranges.

FAME

16:0
16:1
18:0
18:1
18:2
20:4
Sum

Method

AD (n=4) Bb (n=3) C' (n=3)

]87 (185-193) . 264 (255-269) 258 (255-261)
9 (7-10) 11 (7-14) 12 (11-13)

73 (71-78) 94 (92-95) 107 (105-110)
125 (1]9-131) 173 (169-178) 185 (183-187)
46 (43-50) 62 (6Q-:{j4) 65 (64--67)

6 (6-7) 8 (6-10) 9 (9-10)
447 (437-459) 611 (597-620) 636 (633--6~8)

a A: boron trifluoride-methanol (30 min at 90°C).
b B: 0.5 M methanoJic sodium methoxide" (20 min at 75"C).
, C: 0.5 M methanolic sodium methoxide (I h at ambient temperature).
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TABLE IV

METHANOLYSIS OF RAT ERYTHROCYTE MEMBRANE PHOSPHOLIPID CLASSES USING EITHER BORON TRIFLU
ORIDE OR SODIUM METHOXIDE

Results are Jlg phospholipid-bound fatty acids converted into FAMEs per 170 JlI of packed erythrocytes (duplicate results).

Reagent Sample Phospholipid class
No.

PS PE PE plasmalogens PC Sum

NaOCH 3
a I 44.2 58.7 51.8 192.1 346.8

2 45.0 63.1 52.5 196.6 357.1
BF/ 1 50.0 65.1 48.4 194.5 358.0

2 47.6 61.7 51.7 189.0 350.0

a Ambient temperature, I h.
b 90°C, 2 h.

Smith [7] found that esterification of free fatty acids
using boron fluoride is complete within 2 min. On
the other hand, there are studies showing that phos
pholipids cannot be saponified completely [27].

Although in this study methods A, C and D did
not give complete methanolysis of phosphoglyce
ride standards, it should be noted that this does not
mean that the reagents used are not useful for meth
anolysis but rather that the experimental conditions
used in this study did not allow complete methanol
ysis. In fact, many studies have shown that methods
using boron trifluoride-methanol [7,8,27,28] or
methanolic sulphuric acid [14,27], as well as the sa
ponification--esterification procedure [26,42], are
suitable for the complete methanolysis of glyce
rides, provided that the reaction conditions are op
timized.

The results using standard phospholipids indicate
that methanolic sodium methoxide might be the
most useful reagent for the methanolysis of phos
pholipids in small amounts. Many investigators
have also shown that methanolic sodium methoxide
might be more useful for the methanolysis of fats
and oils than the widely used boron fluoride and
other reagents [17]. On the other hand, in this study
methanolysis of erythrocyte membrane phospho
glycerides with boron trifluoride-methanol reagent
for 2 h gave similar yields of FAMEs to those ob
tained by methanolysis with sodium methoxide.
However, methanolysis with sodium methoxide is
faster and simpler than methanolysis with boron
trifluoride and can be·applied at ambient temper-

ature, so that simple tubes such as centrifuge tubes
can be used. This offers the possibility of the use of
a one-vial procedure. In the method described,
phospholipid classes were separated by HPLC. The
eluate containing phospholipid classes was collect
ed in lO-ml centrifuge tubes and the solvent was
evaporated under vacuum at ambient temperature.
Then methanolysis of phospholipids and extraction
of FAMEs were carried out using the same tubes.
Hence losses of phospholipids during transfer from
one tube to another can be completely avoided.
Therefore, the recoveries of phospholipids were ca.
100% (98.9% for PE, 101.8% for PC). Moreover,
methanolysis at ambient temperature did not re
quire BHT. This is undoubtedly advantageous be
cause in some instances, in the GC analysis of
FAMEs, methyl myristate or palmitoleate and
BHT and its derivatives cannot be separated [43]. In
Fig. 2 a typical GC separation of FAMEs from rat
erythrocyte membrane PE obtained by methanol
ysis with the method described is shown.

Methanolysis ofplasmalogens

The major phospholipids, namely PC and PE, ex
ist in plasmalogen and non-plasmalogen subfrac
tions [43,44]. In this study, a PE standard from bo
vine brain which contains ca. 60% plasmalogen was
methanolysed using boron trifluoride-methanol re
agent, methanolic sulphuric acid and methanolic
sodium methoxide. Methanolysis of l>E plasmalo
gen with boron trifluoride-methanol and methanol-
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methanolic sodium methoxide is a useful reagent
for the methanolysis of plasmalogens.

Another possibility for preventing DMA forma
tion from plasmalogens is to hydrolyse the labile
enol--ethe~ binding prior to methanolysis by treat
ment of plasmalogens with concentrated HCI fumes
[5] or 90% acetic acid [36,43]. If plasmalogens are
injected into an HPLC system using a mobile phase
containing phosphoric or sulphuric acid they are
also hydrolysed during their passage through the
column [5,34-36]. Thus plasmalogens elute as their
2-acyllyso analogues. In this study, phospholipids
from rat erythrocyte membranes were separated us
ing a mobile phase containing 0.2% of orthophos
phoric acid (85%). GC determination of the
methylated fatty acids showed that the lyso-PE
fraction eluted corresponds to the PE plasmalogen
injected into the HPLC system as there is a large
portion of polyunsaturated fatty acids with 20 and
22 carbon atoms which is typical of erythrocyte
plasmalogens [43] (Fig. 4). Moreover, the chro
matogram shows that there were no DMAs formed
during methanolysis with boron trifluoride-metha
nol reagent.

Methanolysis of sphingomyelin

Fig. 2. Separation of fatty acid methyl esters from rat erythro
cyte membrane phosphatidylethanolamine obtained by metha
nolysis with methanolic sodium methoxide. Splitting ratio 1:2;
17:0 = internal standard; time scale in minutes; x = unidentified
peak.

ic sulphuric acid resulted in the formation of di
methylacetals (DMAs), which interfered with the
GC separation of FAMEs (Fig. 3a and b). Using
the conditions described, peaks of FAME 17:0 and
DMA 18:0 could not be separated. However, the
formation ofDMAs was prevented ifPE plasmalo
gen was methanolysed with sodium methoxide (Fig.
3c). This observation is in agreement with the re
sults of other studies [45], also showing that DMA
formation from plasmalogen aldehydes can be pre
vented by base-catalysed methanolysis. Hence,

III I,., I

'" MIN

Sphingomyelin is extremely resistant to alkali
treatment because fatty acids exist as amides rather
than as esters. Therefore, methanolic inorganic
acids such as hydrochloric and sulphuric acid and
also boron trifluoride-methanol are the most often
used catalysts for the methanolysis of sphingomye
lin [7,46-49]. However, in the literature there is little
information about experimental conditions that en
sure complete methanolysis of sphingomyelin.
Moreover, the published results are not consistent.
For example, Morrison and Smith [7] found that
when using boron trifluoride-methanol, methanol
ysis of sphingomyelin is complete within 75 min. In
studies by MacGee and Williams [50], the rate of
conversion of fatty acids from sphingomyelin into
FAMEs using boron trifluoride-methanol reagent
was only 25% within 2 h. Therefore, in this study,
methanolysis was carried out using boron trifluo
ride and methanolic sulphuric acid in order to in
vestigate the effect of the period of heating on the
rates of conversion of sphingomyelin fatty acids.
Our results are in agreement with those of MacGee
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Fig. 3. Separation of fatty acid methyl esters from bovine brain phosphatidylethanolamine containing 60% plasmalogens. Fatty acid
methyl esters were prepared using (a) boron trifluoride-methanol reagent, (b) methanolic sulphuric acid and (c) methanolic sodium
methoxide. Arrows indicate dimethylacetals formed during methanolysis; 17:0 = internal standard; time scale in minutes; x = un
identified peak.
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Fig. 4. Separation of fatty acid methyl esters from rat erythro
cyte membrane phosphatidylethanolamine plasmalogen ob
tained by methanolysis with boron trifluoride-methanol reagent.
Splitting ratio = 1:2; 17:0 = internal standard; time scale in
minutes; x = unidentified peak.

and Williams [50], showing that very long periods
of heating are necessary for complete conversion of
sphingomyelin fatty acids into FAMEs using both
boron trifluoride and methanolic sulphuric acid (l
and 2.5 M) (Table V).

Using methanolic sulphuric acid and boron tri
fluoride-m.ethanol, complete methanolysis was
achieved after heating at 90·C over a period of 15 h.
However, the rates of conversion for periods of 1, 2
and 6 h were higher for methanolic sulphuric acid
than for boron trifluoride. Moreover, the period of
heating required for complete methanolysis could

Fig. 5. Separation of fatty acid methyl esters from rat erythro
cyte membrane sphingomyelin obtained by methanolysis with
boron trifluoride-methanol reagent. Splitting ratio = 1:2; 17:0
= internal standard; time scale in minutes; x = unidentified
peak.

not be shortened by increasing the concentration of
sulphuric acid. Using 7.5 M methanolic sulphuric
acid, the rate of conversion decreased with an in
crease in heating time. This phenomenon is due to
oxidation of unsaturated fatty acids caused by high
temperature and high concentration of sulphuric
acid.

Although a large amount of BHT (100 Jig) was
added to each test-tube, the amounts of polyunsat
urated FAMEs decreased with an increase in heat
ing time (Table VI). On the other hand, the fatty
acid composition of sphingomyelin standard ob-
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TABLE V

EFFECT OF PERIOD OF HEATING ON RATES OF CONVERSION OF SPHINGOMYELIN FATTY ACIDS INTO FAMEs
USING BORON TRIFLUORIDE OR METHANOLIC SULPHURIC ACIDS AT VARIOUS CONCENTRATIONS

Results are means (n = 3) and ranges (%)

Reagent

7.5 MH,S04

Period of heating (h)

2 6 15

35.5 60.4 82.7 99.1
(32.6-37.3) (58.1-63.1) (82.0-83.2) (98.6-99.4)
53.5 81.4 94.6 97.6

(52.7-54.2) (79.4-83.0) (93.0-96.0) (96.3-99.6)
75.5 87.6 92.4 100.3

(73.9-76.9) (86.4-89.0) (90.2-94.8) (96.0-103.4)
74.8 84.8 73.1 65.6

(73.5-76.2) (83.6-85.5) (71.5-74.4) (64.8-66.2)

tained by methanolysis with boron trifluoride
methanol reagent and using various periods of heat
ing was similar (Table VII). Moreover, the fatty
acid composition of sphingomyelin standard ob
tained by methanolysis was similar using 1 and 2.5
M methanolic sulphuric acid and boron trifluoride
(Table VIII).

Methanolic hydrochloric acid is also often used
for the methanolysis of sphingomyelin [46-48]. In
the present experiments, the rates of conversion of
sphingomyelin fatty. acids into FAMEs using 2.4 M

TABLE VI

CONVERSION OF SPHINGOMYELIN FATTY ACIDS IN
TO FAMEs USING 7.5 M SULPHURIC ACID AND VARI
OUS PERIODS OF HEATING

Results are mean Jlg sphingomyelin-bound fatty acids converted
into FAMEs per mg of sphingomyelin (n = 3).

Fatty acid Period of heating (h)

2 6 15

16:0 10.1 11.8 12.6 12.6
18:0 113.3 136.9

"

144.3 134.7
20:0 3.6 3.7 5.5 5.3
22:0 12.9 15.2 16.0 15.0
24:0 30.2 36.6 35.0 38.2
20:4 21.0 24.9 19.9 13.4
22:1 2.9 2.9 3.0 2.3
22:2 6.3 7.4 4.2 1.9
24:1 110.1 109.2 51.5 37.2

methanolic hydrochloric acid and 2.25 M metha
nolic sulphuric acid were similar. Moreover, the ad
dition of small amounts of water (200-400 Jil, repre
senting 10-20% of the total volume) did not influ
ence the rate of conversion. On adding 0, 10 and
20% of water, the rates of conversion of sphingo
myelin standard fatty acids into FAMEs using 2.25
M methanolic sulphuric acid were 97.9, 98.9 and
97.1 % respectively, and using 2.4 M methanolic hy
drochloric they were 99.9,100.8 and 101.7% respec
tively. This indicates that methanolic acids are also
useful for the methanolysis of sphingomyelin from
extracts containing small amounts of water. How
ever, 10% or more of water disturbs .the methanol
ysis of sphingomyelin using methanolic acetyl chlo
ride [22].

The method for the determination of fatty acid
composition of sphingomyelin from rat erythrocyte
membranes described used boron trifluoride as cat
alyst. The separation of FAMEs from rat erythro
cyte membrane sphingomyelin obtained by this
method is shown in Fig. 5.

CONCLUSION

For the methanolysis of small amounts of phos
phoglycerides, sodium methoxide is the most useful
reagent. Sodium methoxide methanolysis of phos
phoglycerides from rat erythrocyte membranes,
separated by HPLC, can be carried out at ambient
temperature using a one-vial procedure. This meth-
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TABLE VII

FATTY ACID COMPOSITION OF SPHINGOMYELIN STANDARD OBTAINED BY METHANOLYSIS WITH BORON TRI
FLUORIDE USING VARIOUS PERIODS OF HEATING

Results are mean mol% (II = 3) and ranges

Fatty acid

16:0

18:0

20:0

20:4

22:0

22:1

22:2

24:0

24:1

Period of heating (h)

2 6 15

4.6 4.7 4.6 3.9
(4.2-5.0) (4.6-4.8) (4.3-5.0) (3.6-4.1)
43.1 44.5 41.1 42.7

(41.4-44.7) (41.8-47.6) (40.7-41.5) (41.0-43.9)
1.3 0.9 1.1 0.9

(0.6-1.7) (0.8-0.9) (0.9-1.3) (0.8-1.0)
7.4 7.4 8.9 7.6

(7.1-7.9) (6.7-8.0) (8.6-9.3) (7.2-8.0)
3.6 3.9 4.3 3.7

(3.4-3.9) (3.5-4.2) (3.8-4.7) (3.3-4.0)
1.2 1.1 1.2 0.9

(0.5-1.8) (0.9-1.3) (I.lH.4) (0.6-1.2)
1.8 1.7 1.3 1.9

(1.7-2.0) (1.5-2.0) (1.2-1.3) (I.8-2.0)
6.7 6.3 6.8 7.9

(6.0-7.2) (6.0-6.6) (6.7-7.0) (7.5-8.1)
30.3 29.5 30.7 30.5

. (25.4-35.6) (25.7-31.6) (29.1-32.1) (30.0-31.5)

Period ofheating 15 h in each instance. Results are mean mol%
(n = 3) and ranges

TABLE VIll

FATTY ACID COMPOSITION OF SPHINGOMYELIN
STANDARD OBTAINED BY METHANOLYSIS WITH BO
RON TRIFLUORIDE AND 1 AND 2.5 M METHANOLIC
SULPHURIC ACID

Fatty acid

16:0

18:0

20:0

20:4

22:0

22:1

22:2

24:0

24:1

Reagent for methano1ysis

BF3 1 M H2SO4 2.5 M H2SO4

3.9 4.3 4.2
(3.6-4.1) (4.i-4.6) (4.2-4.4)
42.7 42.2 41.5

(41.0-43.9) (41.9-42.4) (40.4-43.4)
0.9 0.9 0.9

(0.8-1.0) (0.9-1.0) (0.8-1.0)
7.6 6.8 7.5

(7.2-8.0) (5.3-8.4) (6.5-9.1)
3.7 3.9 4.3

(3.3-4.0) (3.7-4.3) (4.3-4.5)
0.9 1.0 0.9

(0.6-1.2) (0.8-1.0) (0.9-1.1)
1.9 1.5 1.3

(1.8-2.0) (1.4-1.6) (1.1-1.3)
7.9 8.0 9.0

(7.5-8.1) (7.8-8.4) (8.4-10.0)
30.5 31.4 30.4

(30.0-31.5) (30.8-32.4) (29.1-32.1)

od is simple and gives complete methanolysis, as
was demonstrated by using phospholipid stan
dards: For the methanolysis of sphingomyelin, bo
ron trifluoride and also methanolic sulphuric and
hydrochloric acid can be used. The study presented
shows that complete methanolysis of sphingomye
lin takes about 15 h.
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ABSTRACT

The inverse secondary equilibrium isotope effects of Rh(I)-CzH4 and Rh(I)-CzH 3D were directly measured using a gas chromato
graphic column of dicarbonyl-rhodium(I)-3-trifluoroacetyl-IR-camphorate in squalane solution at 283-333 K. Statistical isotope ef
fects were also obtained from a reduced partition function using harmonic vibrational frequencies of RHC~CzH4 complexes and
normal-mode analysis. The observed isotope effects were in good agreement with those deduced from the reduced partition function.
Thermodynamic data of the inverse isotope effect were An.H'dH = - 469 ± 12 J mol- 1 and AD,HAS = - 0.975 ± 0.017 J mo]-l K -1,

where AD.HAH = AHD - AHH = the difference of the enthalpy changes of the deuterated and non-deuterated compounds (see refs. I
and 22) and AD.HAS = ASD - ASH = the difference of the entropy changes of the deuterated and non-deuterated compounds. The
detailed analysis of the force constant most affected, Fc-e = 8.39 mdyn/A, by metal complexation was closer to that of the carbon
carbon double bond (9.1 mdyn/A) than to that of the carbon~arbon single bond (4.3 mdyn/A).

INTRODUCTION

The selective separation of olefin isomers by
complexation gas chromatography (GC) [1], in
volving a n-coordination equilibrium complex of
metal with substrates (solute), was demonstrated by
Bradford et al. [2], and extension of its usage for the

Correspondence to: Dr. K.-H. Jung, Centre for Molecular Science
and Department of Chemistry, Korea Advanced Institute of
Science and Technology, Taedok Science Town, Taejon 305-701,
South Korea.

separation of enantiomers [1,3], and constitutional
[4-6] and isotopic isomers has also been reported.

The application of the technique to isotopic
ethylene isomers, CZH 4 - nD n, has been tested exten
sively using stationary systems such as silver nitrate
ethylene glycol [7,8], silver nitrate-water [9] and di
carbonyl-rhodium(l)-f3-ketoenolates-squalane [1].
In conventional gas-liquid chromatography (GLC),
the elution of isotopic samples usually occurs in
order of decreasing volatility [10-12], but the order
of elution in complexation GC is reversed [1,7-9].
Since this anomaly results from a large inverse

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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..... IR Beam

Fig. I. Low-temperature IR cell for the measurements of solid
gas and liquid-gas interface phenomena. A = window; B =

O-ring; C = stopcock; D = copper tip; and E = KBr pellet.

Experimental procedures
Gas chromatographic and IR spectroscopic mea

surements in conjunction with the normal-mode

A

column was conditioned by passing helium through
at a low flow-rate (ca. 5 ml/min) for more than 3
days at room temperature. The freshly made column
lasted more than 3 months with minimum change in
its activity by preventing unnecessary exposure to
air, water or organics.

Infrared spectroscopy
Infrared spectra of Rh(I)-olefin complexes were

obtained using a Bomen MB 100 spectrometer
(Fourier transform infrared FT-IR). Since RHC-
olefin complex formation processes are known to be
fast reversible reactions, a low-temperature IR cell
was used to obtain IR spectra of the equilibrium
n-complexes. The IR cell was composed of a IO-cm
gas cell with KRS-5 windows (Yanus), 36 mm
diameter and 5 mm thickness, at both ends and a
copper tip located in the middle of the cell which
intersected the IR beam path perpendicularly. A
detailed configuration is shown in Fig. I. The tip had
a circular hole in the middle to hold a KBr pellet
containing stationary phase in order to form an
equilibrium chemical complex with its environment
gas, i.e. olefins at liquid nitrogen temperature. The
potassium bromide/squalane ratio of the pellet was
20: I and it was mounted on the copper tip using
Torr-Seal (Varian). On top of the cell a liquid
nitrogen Dewar was attached to chill the pellet
through the copper tip heat-transmitting medium.
An external blow fan was installed near the cell to
prevent deposition of water vapour on the window
surface.

Silver Welding

:~~
----J~~======"J

EXPERIMENTAL

Gas chromatography
An HP 5880A gas chromatograph equipped with

two flame ionization detectors was used to measure
Ko/KH . Sample injection was done using a l.O-ml
internal loop six-port gas sampling valve (Valco)
attached to a high-vacuum sampling system line.
The GC oven temperature was maintained at the
operating temperature of 283-333 K to within ±0.1
K by a built-in liquid nitrogen cryogenic system.

The separation column for isotopic samples was a
30 m x 2 mm J.D. PTFE column packed with 60-80
mesh Chromosorb PAW DMCS coated with squa
lane containing 0.06 M RHC. The newly prepared

secondary equilibrium isotope effect between com
plexes, we considered it a logical extension to
measure this anomaly using GC and to correlate it
with the inverse isotope effects, Ko/KH , of metal
olefin complexes, where Ko and KH are the
equilibrium constants of the deuterated and non
deuterated systems, respectively [1,13,14]. It is also
worth noting that some of existing data are rather
inadequate to correlate the anomaly with the equi
librium phenomena owing to a lack of information
regarding the structural properties of the equi
librium complexes.

In this paper we report on the inverse secondary
isotope effects of Rh(I)-CzH 4 and Rh(I)-CzH 3D
determined from the retention data obtained by GC
and on the correlation of the measured values with
the structural properties of equilibrium complexes
obtained from their vibrational characteristics. Dif
ferences in the separation factors of Rh(I) and Ag(I)
complexes are also correlated in terms of rehybrid
ization of CZH 4 for metal complexation in conjunc
tion with our previous studies [14].

Materials
Ethylene (Matheson), ethylene-d1 (Merck Sharpe

and Dohme, Canada) and methane (Matheson)
were used after several freeze-pump-thaw cycles at
liquid nitrogen temperature until traceable im
purities were no longer detected by Gc. For
ethylene-d1 no isotopic purification was attempted.
Dicarbonyl-rhodium(I)-3-trifluoroacetyl-I R
camphorate (RHC) was purchased from Johnson
Matthey.
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analyses were made to obtain the equilibrium and
statistical isotope effects, respectively.

The equilibrium isotope effect was obtained from
retention data of both C2H4 and C2H 3D in an
RHC-squalane stationary phase system. The reten
tion data were observed by injecting a sample
mixture of C2H4-C2H3D-CH4 (10:10:1) into the
gas chromatograph at a flow-rate of 14.6 ml/min at
283~333K. Sample pressures for GC injection were
kept at < I Torr to prevent column overloading,
which causes lowering of retention time and peak
tailing [15]. Methane gas was used as an internal
reference to measure the dead volume of the in
strument and the relative corrected retention vol
umes of the olefins.

The statistical isotope effect was deduced from the
experimentally observed IR spectra and the vibra
tional frequencies calculated by normal-mode an
alyses of the olefins and the complex molecules.
Since the vibrational frequencies of both olefins
have been well studied [16-18], the normal-mode
analyses of these compounds, checked against the
literature values, were utilized to obtain transfer
force constants for the analysis of the complex
molecules. However, the vibrational frequencies of
RHC-olefin equilibrium complexes have not been
available up until now. We have obtained IR spectra
of the complexes using the low-temperature IR cell
and performed the analysis utilizing our calculated
force constants as well as literature values [19] for
similar compounds such as [RhCI(C2H4hh or
[RhBr(C2H4hh. To obtain IR spectra, gas samples
were introduced into the gas cell, prechilled with
liquid nitrogen and evacuated. The temperature of
the tip or pellet was not monitored but was assumed
to be that of liquid nitrogen since the system was
continuously pumped and cooled long enough for it
to reach equilibrium temperature with the cooling
system. The sample pressure was varied to obtain
the best IR spectrum. These pressures were ca. I atm
at liquid nitrogen temperature owing to condensa
tion of samples around the upper part of the tip but
they were ca. 20 Torr at room temperature where
condensation did not occur. To accomplish com
plete normal-mode analysis of the complexes, one
should have complete knowledge of the geometrical
structures of the complexes. However, since the
structures ofneither RHC nor RHC-olefins are well
known [20], we have treated the complexes as free
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Rh-olefin complex molecules for the calculations.
This simplified calculation is further justified by the
fact that the interaction between the vicinal group
CO, which is covalently bound to Rh, and Rh-olefin
is not so prominent and hence the complete calcula
tion is impractical.

The free Rh(I)-olefin spectra were acquired by
subtracting the free RHC spectra from the RHC
olefin spectra using the spectra subtraction function,
Bomen program. The spectra obtained by subtrac
tion contained high background noise. This noise
was eliminated by averaging 10-20 repeated runs of
the same spectra.

RESULT AND DISCUSSION

Determination of isotope effect, Ko/KH, using com
plexation GC

The retention volumes ofC2H4 and C2H 3D were
obtained from chromatograms of these compounds
by analysing on an RHC-squalane stationary phase.
The retention volumes were expressed as a product
of the partition equilibrium between the gas phase
and the liquid phase of the olefin of interest, and the
thermodynamic association equilibrium between
the olefin and the metal complex [21]. The expres
sion can be approximated with an equilibrium
constant (KH or Ko) when the relative corrected
retention volume of the olefin with respect to
methane as an inert reference standard on RHC
squalane (rH or ro) is larger than that on pure
squalane (roH or roo). Consequently, the inverse
secondary isotope effect, Ko/KH, is reduced to [I]:

(1)

where rO/rH and roH/roO are the relative corrected
retention volume ratios or the separation factor on
RHC-squalane and on pure squalane, respectively,
using methane as an inert reference material. rO/rH is
directly measured from the retention data, while the
direct measurement of roH/roO is impractical since it
requires a long squalane column causing peak
broadening too large to handle. Alternatively, roH/roO
can be obtained from the relationship roH/roO ~

PO/PH, where Po and PH are the vapour pressures of
deuterated and non-deuterated solutes on an apolar
stationary phase, respectively [22]; the ratio of
retention volumes is inversely proportional to that
of the vapour pressures of constituents on an apolar
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TABLE I

GAS CHROMATOGRAPHIC PROPERTIES OF ETHYL
ENE AND ETHYLENE-D1 ON THE RHC-SQUALANE
STATIONARY SYSTEM

Temperature (K) Ko/KH rO/rH r.H/r.O"

283 1.087 1.078 1.0080
293 1.076 1.068 1.0079
303 1.070 1.062 1.0078
313 1.065 1.057 1.0077
323 1.060 1.052 1.0076
333 1.053 1.045 1.0074

" r.H/r.O is calculated from the relationship r.H/r.O ~ PO/PH and
In(PH/PO) = 406/]'2 - 3.687/T [23].
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Fig. 3. IR spectra of free ethylene (A) and the ethylene portion in
of the RHC-C2H4 complex (B).

stationary phase and can be expressed by a simple
empirical relationship [23]. The deduced inverse
secondary isotope effects, the ratios of relative
corrected retention volume on both RHC-squalane
and neat squalane at a set of temperatures, are listed
in Table I. A typical chromatogram is displayed in
Fig. 2. The separation factors measured on the 30-m
packed column used for this study were approxi
mately the same as those on a 200-m stainless-steel
capillary column in the literature [1]. Average
thermodynamic values deduced from the partition
equilibrium secondary isotope effects f1 o,Hf1H and
f1 o,Hf1S, obtained at different temperatures, by

.0...
'"

A

B

c

Gibbs-Helmholz plot are -469 ± 12 J mol- 1 and
-0.975 ± 0.017 J mol- 1 K -1, respectively, where
f1 o,Hf1H = f1Ho - f1HH = the difference of the
enthalpy changes of the deuterated and non
deuterated compounds (see refs. 1 and 22) and
f1 o,HL1S = f1So - f1SH = the difference of the
entropy changes of the deuterated and non
deuterated compounds.

The bonding structures of metal-olefin n-com
plexes can be explained well by the two-way donor-,
acceptor model known as the Dewar-Chatt
Duncanson model [24,25], in which the bondings are
composed of a dative <T-bond [n(olefin) ---+ metal]
and a n-back-bond [metal ---+ n*(olefin)]. The quan
titative contributions of the two bonds in Ag(l)
CZH 4 and in Rh(l)-CzH 4 complexes are not well
understood, but the dative <T-bond is known to be
relatively more dominant than the n-back-bond for
both complexes [1,26,27]. Consequently, one would
expect the more electronegative Rh(I) to form a
stronger Rh(l)-CzH 4 bond than Ag(l)-CzH 4 and
hence the separation factor on an Rh(I) column to
be larger than that on an Ag(l) column. These
phenomena are supported by our observed second
ary isotope effect for Rh(l), e.g. 1.087 on RHC
squalane at 283 K is larger than 1.047 on silver
nitrate-ethylene glycol at 273 K [14].

55 60 65 70
Time (min)

Fig. 2. Typical chromatogram of C2H4 and. C2 H3 D on an
RHC-squalane stationary phase system. GC conditions: oven
temperature, 323 K; carrier gas flow-rate, 14.6 ml/min. A, Band
C refer to internal standard CH4 (retention time = 13.0 min),
C2H4 (60.5 min) and C2H 3D (63.1 min), respectively.

Infrared spectroscopic studies
An lR spectroscopic study was undertaken to

determine the vibrational characteristics of Rh(l)
CZH 4 and the structural changes occurring during
the complexation. The ethylene portion of the
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Fig. 4. IR peak assignments for RHC-ezH 4 peaks (A) and neal
RHC peaks (B). The letters A, Blo Bz, B3 , B4 and E on both IR
spectra refer to squalane, C == 0 asymmetric stretching, C == 0
symmetric stretching, C = 0 asymmetric stretching, C = 0 sym
metric stretching and ethylene peaks, respectively.

the geometry, the magnitude offorce constants and
the degree of coupling between each mode for more
precise calculation. These are discussed in some
detail in the normal-mode analysis section.

Both 1069 and 1058 cm -1 bands can be assigned
as either dimer bands or CHz wagging bands (A 1

and B1) because of their broad nature [28]. We
assigned these bands to the waggings on the experi
mental ground that stoichiometrically different spe
cies other than the 1: 1 complex were not found
during all our observations and the shift to higher
frequencies agrees with the generally increasing
trend of the wagging frequency by complexation
[31]. The 808 cm -1 band is assigned to CHz bending
mode shifted from 819 cm - 1 of free CZH4. Though
our observed weak band at 2999 cm - 1 and a hidden
band around 3107 cm - 1 are well within the 3200
2900 cm - 1 range of the CH stretching region, CH
stretching motions attributed to Rh(I)-CzH4 are
difficult to assign on the basis of IR spectra alone
because of their weak absorption and strong tenden
cy to overlap free CZH4 bands. These are, therefore,
assigned to CH stretching bands with less con
fidence.

Fig. 4 displays the strong characteristic peaks at
2089, 2021, 1628 and 1519 cm - 1 in full spectra of
RHC and RHC-CzH4. The first two bands are as
signed to C == 0 asymmetric and symmetric stretch
ings, and the last two are C = 0 asymmetric and
symmetric stretchings. The observation offrequency
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spectrum was obtained by subtracting the free RHC
spectrum from that ofRHC-CzH4. By scanning the
RHC-squalane solution at liquid nitrogen tempera
ture, we obtained shifted ethylene bands in the
ethylene portion of the spectrum (shown in Fig. 3)
together with the band of free CZH4 adsorbed on
KBr surface, which we compared with that obtained
at room temperature and that of the RHC-CzH4
KBr pellet. The observed frequencies of free CZH4
are similar to those ofa thick film (a few microns) of
CZH4 obtained by Dows [28] at 65 K. The ethylene
portion of the spectra demonstrated two types of
spectra, i.e. one composed of uncomplexed CZH4
bands and the other composed of shifted bands
caused by complexation. The uncomplexed CZH4
bands in the scan showed less than ±2 cm - 1 shift of
line frequencies except for 3107 cm - 1. The large
shift for the 3107 cm -1 band, ca. 17 cm -1, is
interpreted as a cause of the convolution of the 3090
cm - 1 free CZH4 band and the hidden complexed
band around 3107 cm -1. In the CZH4portion of the
spectrum, we could identify seven frequencies
among fifteen' fundamental frequencies of Rh(I)
CZH4 complex ranging from 400 to 4000 cm - 1. In
the 1650-750 cm -1 range, like other transition metal
complexes [29-31], we also observed several relative
ly high-intensity peaks. The 1538 and 1259 cm- 1

peaks are assigned to C = C stretching and CHz
in-phase scissoring motion, respectively, by refer
ence to other metal complexes. These bands play key
roles in predicting the degree of C = C bond re
hybridization on metal-olefin complexes [29-32].
Stuve and Madix [32] proposed the 1!O'-parameter as
a measure of the degree of CZH4 rehybridization in
adsorption. This parameter takes into account the
vibrational coupling of these two bands and ranges
from 0 to 1, i.e. 0 for gaseous CZH4, 0.38 for Zeise's
salt, a model for 1!-bonded CZH4and 1for CZH4BrZ,
a model for di-O'-bonded CZH4. The calculated
1!O'-parameter of Rh(I)-CzH4, 0.31, obtained from
1538 and 1259 cm -1, is larger than that of Ag(I)
CZH4, 0.12, obtained from 1579 and 1320 cm - 1

bands [33] of [Ag(CzH4)]BF4. Since CZH4in Rh(I)
CZH4is rehybridized more than that in Ag(I)-CzH4,
one would expect the separation factor to be larger
in an Rh(I) column than in an Ag(I) column.
Though the simplified calculation given above pre
dicts the 1!O'-parameters reasonably well, it requires
further information on coupling parameters such as

3200 2400 1800 1200 600
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Fig. 5. Internal coordinate assignments for Rh(l)--e2H4 com
plex. (a) The stretching coordinates; (b) the bending coordinates;
and (c) the wagging and torsional coordinates. Adapted from ref.
16.

shift of these bands from RHC to RHC-C2 H4 may
give a good idea of structural changes in the RHC
skeleton. Schurig and Gil-Av [20] have proposed
that the square planar shape of uncomplexed RHC
is changed to trigonal bipyramid by olefin complex
ation with the CO groups in apical, and the olefin
and {3-diketonate in equatorial, positions. In our
system, however, no considerable band shifts were
observed from RHC to RHC-C2H4 , and these
findings indicate that there are very few structural
changes between the four coordinates of RHC and
the intermediate five coordinates of RHC-C2H4 •

Consequently, we suggest that the structure of the
intermediate five coordinates of RHC-C2H4 com
plexes is closer to the square pyramid geometry. It is
also likely that there is no structural change in RHC
during the reaction with C2H4 since the IR spectra
of both fresh RHC and used RHC are almost
identical.

Normal~mode analysis
Normal-mode analysis was used to compare

quantitatively the molecular parameters of the
Rh(I}-C2H4 complex and those of other n-com
plexesand to assign vibrational frequencies of
Rh(I}-C2H 3D. We used valence force fields [34]
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obtained from the seven observed frequencies of the
C2H4 portion of the spectrum of the RHC-C2H4

complex and its assumed geometry. The geometries
of the complexes are assumed on the basis of X-ray
data ofRh-containing compounds [35,36], and these
are Rh(I}-C = 2.2, C-C = 1.38, C-H = 1.09 A
and <HCH = 120°, with the C2H4 group held in a
planar structure as shown in Fig. 5. For the choice of
internal coordinates, a factor to bear in mind was
facilitation of the quantitative comparison with
other metal-ethylene complexes within the same
framework [29,30,37]. The calculations and dis
cussions are emphasized, in particular the coupling
parameters, which are responsible for the degree of
C2H4 rehybridization of metal-C2H4 complexes in
complexation GC, and .vibrational frequencies re-

TABLE II

CALCULATED FUNDAMENTAL FREQUENCIES OF
Rh(I)--e2H4 AND Rh(l)--e2H3D AND THE OBSERVED
VALUES OF THE ETHYLENE PORTION IN THE SPEC
TRUM OF RHC--e2H4 COMPLEX

FRh-e = 1.13 mdynjA, Fc-e = 8.39 mdynjA, Fe-II = 5.09
mdynjA, F <CCH = 0.54 mdyn A, F <CCII.<COI = -om mdyn A,
F<IIC11 = 0.39 mdyn A, F<HCH.<HCII = 0.07 mdyn A, F wag =
0.186 mdyn A, Fwag.wag = 0.06 mdyn A, F,w;S1 = 0.175 mdyn A
and Fc-e.<HOI = -0.375 mdyn.
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(sds'l) TI (U'li/Uli)exp[(Uli - U'li)/2] [1 - exp( - Uli)/l - exp( - U~i)]
Kn/K

H
= __--..:i _

(S2/SZ) TI (U'2dU2;) exp[(U2i - U'2i)/2][1 - exp( - U2i)/1 - exp( - UZi)]
i

(2)

and EXC = TI[1 - exp( - Uli)/l - exp( - U~i)]/

ZPE = TI exp[(Uli - U~i)/2]/TI exp[(U2i - Uzi)/2]
i i

where VP = (sds'l) TI (U'li/ Uli)/(S2/S2) TI (U'2dU2i),
i i

TI [1 - exp( - U2i)/1 - exp( - Uz;)] and where VP,
i

ZPE and EXC represent the vibrational product, the
zero-point energy and the vibrational excitation

(3)Kn/KH = (VP) (ZPE) (EXC)

show double-bond character, form reversible equi
librium complexes and can be used as stationary
phases in complexation GC, whereas both Fe-C2H4
and Pt-C2H 4 , show single-bond character and form
the stable complexes at room temperature. From the
foregoing discussion, we conclude that the degree of
rehybridization of C2H 4 in metal complexes is
greatly affected by the chemical and physical prop
erties of the metal-olefin complex. The higher
separation factor in Rh(I) than in Ag(I) columns is
also responsible for the higher degree ofrehybridiza
tion of C2H4 in Rh(I)-C2H4 than in Ag(I)-C2H 4 .

Statistical isotope effect
The statistical inverse secondary isotope effect

was calculated from the reduced partition functions,
expressed in terms ofthe normal-mode vibrations of
the molecules involved. It can be expressed in terms
of the reduced partition function, (s/s')f, the ratio of
the uncomplexed and the complexed molecules, i.e.
(sl/s~)f[C2H3D/C2H4]/(s2/sz)f[Rh(I)-C2H3D/Rh

(I)-C2H4J. A more comprehensive expression using
the complete set of normal-mode frequencies, Vb is
as in eqn. 2 [38,39], where subscripts 1 and 2
represent the complex and free C2H4, respectively.
The primed quantities refer to the deuterated molec
ules. Ui has its usual meaning, hvdkT. The symmetry
number, s, for C2H 4 , C2 H 3D, Rh(I)-C2H4 and
Rh(I)-C2H 3D is 4, 2, 2 and 1, respectively. For
simplicity, eqn. 2 can be resolved into three terms:

sponsible for the inverse secondary isotope effect.
The present model includes fourteen out of fifteen
vibrations for Rh(I)-C2H4 and does not take into
account a B1 tilting motion, since it is expected to
have a very low frequency and hence very small
isotopic shift [29,30]. Two Rh-C stretching modes,
causing relatively large isotopic shifts, were obtained
from the normal-mode analysis, and these are 393
and 324 cm -I. For the calculation, we used a
transferred force constant, FRh- C = 1.13 mdyn/A
from similar systems. The transferred force constant
was deduced from known Rh-C stretching fre
quencies of other Rh-containing molecules such as
399 cm -I in [RhCl(C2H 4hh [19], 393 cm - 1 in
[RhBr(C2H4hh [19], 355 cm- I in adsorbed C2H 4

on Rh(11!) [31] and two peaks at 325 and 395 cm- I

in adsorbed C2H4 on Rh(100) [31]. The same
geometrical parameters and force constants were
assumed for Rh(I)-C2H 3D). The observed and
calculated frequencies are listed in Table II for both
Rh(I)-C2H 4 and Rh(I)-C2H 3D.

For general trends of metal-olefin complexes,
Bent et al. [31] have suggested a method of predict
ing the correlation of the degree of the rehybridiza
tion with the mode frequencies of C2H4. The trends
are that the CC and CH stretching and CH 2 bending
mode frequencies are decreased but the wagging and
twisting are increased by complexation. For all
calculation force constant Fe-c is clearly the most
affected by metal complexation. Compared with free
C2H4 Fe-c is reduced from 9.1 to 8.39 mdyn/A and
found to be closer to that of a double bond than to
that of a single bond, 4.3 mdyn/A [29,30], in
cyclopropane. Comparative studies with other metal
complexes were also made. These are 6.14 mdyn/A
[37] for (C2H4 )Fe(CO)4 and 4.23 mdyn/A [37] for
K[PtCI 3(C2H 4)]H20, which suggest CC single
bond characters in both Fe and Pt complexes, while
the 8.91 mdyn/A value for [Ag(C2H4)]BF3 is quite
similar to that of RHC-C2H 4 and CC double
bond character. The reduction in FC--f:- represents a
higher degree of rehybridization of C2H 4 in metal
complexes. Both Ag(I)-C2H4 and Rh(I)-C2H4
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TABLE III

CALCULATED AND OBSERVED VALUES OF KDIKH AND
VP, ZPE, AND EXC TERMS AS A FUNCTION OF TEM
PERATURE

Temperature (K) KDIKH" VP ZPE EXC

283 1.086 (1.087) 0.921 1.158 1.018
293 1.078 (1.076) 0.921 1.148 1.019
303 1.070 (1.070) 0.921 1.140 1.019
313 1.064 (1.065) 0.921 1.133 1.020
323 1.059 (1.060) 0.921 1.127 1.020
333 1.054 (1.053) 0.921 1.121 1.021

" The observed values in the RHC-squalane column are in
parentheses.

terms, respectively. The VP term comes from the
classical translational and rotation partition func
tion, given by the Redlich-Teller product rule for the
isotopically substituted compounds. The ZPE and
EXC terms are from the classical vibrational parti
tion function. The calculated values of KD/KH at
different temperatures together with the observed
values are shown in Table III. The calculated
AD,HAH and AD,HAS values are -469 J mol- 1 and
-0.975 J mol- 1 K-l, respectively. The calculated
values are in good agreement with those obtained
experimentally by GC. Investigation of the data in
Table III reveals several interesting points. The
positive contributions are mainly attributable to the
ZPE and EXC terms, whereas the negative contribu
tion comes from the VP term. The temperature
dependence of each term also shows some interest
ing phenomena. The VP term is temperature
independent and the slight positive effect of EXC
cancels the negative dependency of ZPE; thus, the
overall effect shows little temperature dependency.

CONCLUSIONS

In this paper we report on the successful achieve
ment of a method to correlate the equilibrium
isotope effect with the statistical isotope effect of
Rh(I)-CzH 4 and Rh(I)-CzH 3D. The equilibrium
isotope effect is directly measured by the GC
technique using RHC-squalane as the stationary
phase. The statistical isotope effect is deduced from
the reduced partition function based on the RHC
CZH 4 vibrational frequencies acquired from IR
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spectroscopic data. The larger separation factor of
Rh(l)-olefins compared with that of Ag(l)-olefins is
caused by their greater rehybridization capabilities,
Both the nO'-parameter and Fe-c are useful to the
degree of rehybridization of CZH 4 in metal-olefin
complexes, which can be used to predict the physical
and chemical properties of metal-olefin complexes.
The procedures used in this study provided insight
into the physical separation of olefinic isotopes in
complexation GC and clarification of the molecular
properties of metal-olefin complexes.
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Efficiency in supercritical fluid chromatography as a
function of linear velocity, pressure/density, temperature
and diffusion coefficient employing n-pentane as the eluent
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ABSTRACT

The effect of the physical factors linear velocity, pressure/density, and temperature on the efficiency expressed in terms of effective
plate number, Norco or height equivalent to a theoretical plate, Herr' were studied for supercritical fluid chromatography using n-pentane
as the mobile phase modified with a small amount of methanol (0.5%, v/v), unbonded silica gel as the stationary phase, and a mixture of
polycyclic aromatic hydrocarbons as the analytes on a packed analytical column (4.6 mm I.D.). The results are presented as three
dimensional graphs which, on plotting Nerr of chrysene, Nerr(C), versus column average pressure, p, and temperature, T, at different
constant linear velocities, ii, show movement of the maxima of Nerr to higher temperatures when ii increases. Moreover, the maxima are
highest at medium ii, i.e., at iiOp!' An analogous behaviour is found when Nerr(C) is plotted versus the average density in the column, p.
On replacing Nerr(C) with the capacity factor of chrysene, k'(C), and again plotting ·versus p and T, the k'(C) values do not change
greatly with increasing ii. If the customary Van Deemter plots of Herr(C) versus ii are combined with p or p as a third axis, keeping T =

constant, the dependence of ii.p, on p or p becomes obvious. As expected, p and p should be kept as low as possible in order to obtain
low Herr(C). Employing Tas the third dimension for the Van Deemter plots and keepingp = constant, it is seen that only specific ranges
of Tyield the low Herr(C). The graphs are explained in terms of the interdiffusion coefficient, D,.2' Three-dimensional graphs for the
dependence of D'.2 or of the viscosity.on pressure and temperature are shown. The three-dimensional plots of Nerr(C) and Herf(C) can
be rationalized with respect to their dependence on the average linear velocity, pressure/density and temperature.

INTRODUCTION

In supercritical fluid chromatography (SFC)
many and, in part, very early studies have been
reported on the dependence of the capacity factor,
k', and the selectivity, a, on pressure/density, pip,
or on temperature, T, for different single mobile
phases, stationary phases and analytes (e.g., [1-10)).
Many studies are also concerned with k' and a for
binary mobile phases (e.g., [11-18)). There are, in
addition, a number of reports dealing with the
dependence of the efficiency, either in terms of plate
numbers, N, or of height equivalent to a theoretical

Correspondence to: Dr. E. Klesper, Lehrstuhl fur Makromoleku
lare Chemie, Aachen University ofTechnology, Worringerweg I,
D(W)-5100 Aachen/Germany.

plate, H, and with the dependence of the resolution,
R, on pressure/density and on temperature [2,4,5,8,
10,16-23]. In a number of these studies, particularly
with packed columns, the volume flow-rate of the
pump, and therefore approximately the mass flow
rate,was kept constant during the measurement of a
chromatogram. In other studies, particularly with
microcolumns, the volume flow-rate of the pump
was changed to obtain some desired pressure or
density. Therefore, with both packed columns and
microcolumns, the linear velocity of the mobile
phase in the column was not constant during a
separation and hence was not changed in a way
generally suitable for optimizing this velocity with
the aim of optimizing the chromatographic param
eters. Moreover, the dependence of the chromato
graphic parameters on the average linear velocity, ii,

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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has not received sufficient attention in publications,
although the velocity should be considered more
closely on account of its large influence on the
chromatographic parameters [8,10,24-28]. The lin
ear velocity in conjunction with the dynamic viscosi
ty, '7, of the mobile phase also determines the
pressure drop, LJp, over a given column which, in
turn, may influence the chromatographic parameter
s by means of solubility and peak compression.
Often lacking in previous work is a systematic
investigation of the simultaneous influence of all
independent physical parameters of the mobile
phase on the chromatographic parameters. Because
of the large experimental effort required for this type
of study, it may be practical only for some selected
and typical chromatographic system. This is even
more the case ifit is considered that, for obtaining a
complete set of information, the stationary phase
should also be changed over an appropriate range of
physical and chemical properties. The same applies
to the chemical nature of the substrate.

In this work, the influence of the average linear
velocity, pressure/density and temperature on effi
ciency and retention was simultaneously studied for
a specific chromatographic system. The system
consisted on n-pentane as the mobile phase, un
bonded silica gel as the stationary phase, a mixture
of four polycyclic aromatic hydrocarbons as the
analytes and an analytical wide-bore (4.6 mm J.D.)
packed column. The influence of the four physical
properties ii, p/Pand T on the three chromatograph
ic parameters effective plate number, Neff, effective
plate height, Heff, and capacity factor, k', is pre
sented in the form of three-dimensional graphs and
explained by the interdiffusion coefficients. The
graphs allow an immediate overview of the inter
relations between physical and chromatographic
parameters. The influence of ii, p/P and T on the
chromatographic parameters resolution, R, and
capacity factor, k', for the same chromatographic
system will be the subject of a forthcoming paper
[29].

In this and in previous studies (e.g.,.[8-10,21]) the
chromatographic experiments were standardized to
simplify comparisons. First, the standardization
applies to the stationary phase for which unbonded
(naked) silica gel was used because this is both the
simplest and an often employed phase which was
(and still is to some extent) more stable toward
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temperature and solvolysis than many bonded
phases. The polycyclic aromatic hydrocarbons used
as the analytes are also employed by many investiga
tors and range from those possessing considerable
vapour pressure at the temperatures at which the
chromatography is carried out to those with only a
low vapour pressure. When there is no or negligible
vapour pressure, movement through the column is
due only to the dissolution power of the mobile
phase. In this work with naphthalene, anthracene,
pyrene and chrysene as the analytes and n-pentane
as the mobile phase, some vapour pressure exists
even for chrysene because separations with this
mobile phase required temperatures up to 300°C.
Another standardization applied to the feed rate of
the pump and the column with a length of25 cm and
an J.D. of 4.6 mm. Either a constant pump feed rate
of I ml min -1 at ambient temperature in the liquid
state was chosen, or else, as in this work, a varied
pump feed rate which was adjusted to yield a
constant average linear velocity in the separation
column. A constant pump feed rate has the advan
tage of being conveniently obtainable with simple
present-day hardware. Specifically, the rate of I ml
min -1 is in the general range of iiopt with the present
mobile phase and column (bare silica gel; 4.6 mm
J.D.) whereby it is to be understood that iiopt depends
on the nature of the mobile phase, stationary phase,
p and T.

EXPERIMENTAL

The eluent, n-pentane, containing a small amount
of the modifier methanol (0.5%, v/v), was supplied
from a container pressurized by helium. Between the
container and a piston-driven membrane pump
(Type MF 65; Orlita, Germany) a filter of stainless
steel frits (2-Jlm pore size) and between the pump
and the column a membrane-type pulse damper
(Type 3.350; Orlita) were installed. The analytical
column (25 cm x 0.46 cm J.D.) was packed with
unbonded silica gel (LiChrosorb Si 100, 10 Jlm;
Merck, Germany) using a slurry method, the col
umn being placed in an air-circulated oven (Type
UT 5042, Heraeus, Germany). The column inlet and
outlet pressures were measured with Bourdon-type
manometers (class 0.6 VDO; Wika, Germany). For
each chromatogram, 20 JlI of a sample solution of
naphthalene, anthracene, pyrene and chrysene, dis-



lili

A. Hiltz and E. Klesper:] J. Chromalogr.6rJ7 (1992)7949

!>plved in n-heptane <0.,1.3,. {);01, OJ3a:ndl'l.QJ mg,
respectively, in' 1 rnl ofheptane), wereintrodl!.ced by
a lo~p injector (Type 7125; Rheodyne, USA) and.
monitored at the column exit by !a U¥ detector
(Type DC-75; Perkin-Elmer, USAJ. The outlet pres
s.utedownstreamof column and deteetor was :con
trolled by anadjttstable back-pressure valve (Type
26--3'200; TeSCbni, USA), To measure the flo:w-rate,
the elute4 mobile l1lhase was 9QIlected withc~()ling,

The apparen.taverage Un.ear velocity in the column
was determined using .a = Lito (L =::eolumn
length,. IQ= dead time), whereby .an injeeti0n oJ
n-heptane was'employed to determine iQ.

The four polycyclili: 'aromatic hydrocarbohs were
purified by trystallizatiollor sublllnation. The fIl

pentane was dried over ~odiuni, di!>ti11ed, filtered
and degas!>ed. The methanol used~s the modifier
waso(spectroscopic grade. Theeffeetive plate
number, N~ff.andthe effective plate height, Heff,
were obtained from the chromatogram according to

Neff = 5.54 (t'r/W')2 (1)

and

where t~= if ~ to is the net retention time,t. the
retention time, w' the width of the peak at half
heightandL the column length. The,ea;pacity factors
were obtained from It = (tr - to)/to.

Forcollectingchromatographiidata, the physical
par:ameters for the necessary isobaric-isothermal
runs at constant linear veloeity were varied between
chromatograms as follows: at a given constant
temperature,chromatograms were obtained for
each average linear velocity' and for each average
pressure,wher.eby only one of the two physical
parameters was changed at a time. Then the, temper~
ature WaS'changed andenol1gh time was allowed for
the: system to reachequilibriuttl before the velocity
and ptesSlite were ch:mged insteps again. In aU,
chro:rnatQgranis. were ol:1tained frOID 210 t{) 3QO°C
and ataflPatentaverageveloqities fr-Qm 0.1 to O.S cm
S-l andatpressures from 20 to 70 bar.

Mostofthe lVe((data thus obtained correspond to
a :regular data grid of pressure and temperature, at a
given co.nstant linear velocily. Another part of the
data, which were not obtained at regular intetvalsof
pressure. or density, and theref{)redl<i not fit the
desired regular grid, were first drawn ascUtves

versus pressure 'or deJls.ity~gd then interpolated to
obt-ain data. whicheonformed tothe grid, All theNeff
data wet:e then used to calculate also the H eff
according. toeqn. 2. Fig.lashows the directly
measured lines of the pressure-temperature, grid
(solid lines) and the lines obtained by interpolation
(dashed lines), whereby the pressures are average
ct>hunn t>ressures p =CPj + Po)!2 (1, (') = inlet and
()utlet. respectively). from theoreticalconsidera
tions it is known that the arithmetic mean pres!>urep
is about tWQ third.s of theway down the oolumn and
is only reached after about tWQ thirds of the total
residence time. of the mobile phase in: theeolumn
[30]. The p-T pairs Were converted intofr-T pairs
using published tables [31,12]. The cakulatidfiS
assumed pUre. n-penral1e, m,glectifig the effect ofthe

!Vila, '"
7:0 +----,----,---.----r---r~~__"".,,___---,

I- - -- - - - .- - -~ - - .-. ~
I- ~ -' ~ - - - - V":' - - - - - - -
~---~-~-~--------

50 /,

f- - ~'~ - -- - ~ - - - - - - ~ -

~.~ ./

35 +---1--+-+--f--+---+-----{

'J°ltl--~~U-
lO,~

.l'l) '220 230 240 '250 t6Q

'J/!linl1 b
O,zoo +----,----,----.-----,r-----r---,-----,.

0.1'75 +---1--+-4----"1r---+---t------j

0.1.50' +---1--+-+---II----f----f---...,

'O.i25. +---1--+---+----1--+---/------1

0100 +---1--+-+----"1--+---j---...,

0,015 +---1--+--+----"1--f----I-'---...,

MSQ+---I--+---+----1--+---/-----+~
. . l'l) '220 l3!l'241J.2.50l60 m,300T/:C

Fig. L (a) Two"dimensional grid of direct and inteI'p9lated
experimel1taldata ((J.g;, pfi;:ffeetive plate nl,lmber, N.m or of
capa«ityfactor, k')::at avenl,ge«QIJlmnpres~ure$, p, ~mper~t\1res,
T,ano conStant average linear vehx:ity. S!Qpingline$ fl;preSeJlt
isoehoresof( +) P = O.050gcm- 3.and (O)p =0.20l), gl::!l1-3.
(b)Two"dimensionat,grid ofexpeI'imentafdata (Ii..g., N"orcQr k') at
average densities i:q the column, ii, temperature~, T, and cqnstant
aVeragj'l" linear velocity; Grid is derived frQIll thc!p..,.Tdata in (a.).
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RESULTS AND DISCUSSION

0.5% (v(v) modifying methanol on density. The
density~temperature grid derived in this way from
the original pressure-temperature grid in Fig. la is
shown in Fig. Ib; the densities, p, are average
column densities corresponding to the average col
umil pressures,p. The isochores at the highest (0.20 g
cm - 3) and the lowest density (0.05 g cm - 3) occur
ring in Fig. Ib are seen as two sloping lines in Fig. Ia.
In order to obtain for Fig. 1b a rectangular grid,
essentially only those data of Fig. la which are
situated between the two isochores appear in Fig.
Ib. Therefore, Fig. Ib contains less data than Fig. la
and the same applies to plots seen later which show p
instead of p. For each average linear velocity a
separate grid is established both for the type of grid
in Fig. Ia and that in Fig. Ib. Each intersection or tee
in Fig. la and b represents one data point for one of
the chromatographic parameters (Neff, H eff or k').
From the grids three-dimensional graphs were ob
tained using a personal computer and graphics
software as described previously [33].

The data for Neff are plotted as the third axis in
three-dimensional plots and also as the hatching of
the three-dimensional surfaces in these plots in Figs.
2 and 3. In Fig. 2a, band c the other two axes are p
and T and in Fig. 3a, band c they are p and T, with
the linear velocity, ii, being kept constant for a given
plot. From the five line,ar velocities actually em
ployed (ii = 0.1,0.2,0.3,0.4 and 0.5 cm S-I), only
tluee (ii = 0.1, 0.3 and 0.5 cm S-I) are shown in
Figs. 2 and 3. Moreover, only the Neff for chrysene,
Nea(C), is shown, chrysene being the last-eluting
analyte in the mixture ofpolycydic aromatic hydro
carbons used as a test substrate. Remarkably, all the
plots presented in Figs. 2 and 3 are of similar shape,
at least in principle. Particularly at a given low
pressure or at a given low density, Neff(C) passes
through pronounced maxima with changing tem
perature. When the pressure increases, the maxima
are found at higher temperatures than at lower
pressures (Fig. 2). However, when the density in
creases this effect is hardly present any longer (Fig.
3). In both instances, the maxima decrease strongly
in height with increasing pressure or increasing
density. With increasingly linear velocity, i.e., going
from a to b to c, the maxima are shifted to higher

N..(C)
2000

2000

N",(C)

1
1=-~::~
12,PD.O - 150(1.0
'iOO.O - 1200.0
6QQ.O - 1iI00.0

• a= - ::g p/bor

Fig. 2: Effective plate numbers of chrysene, N'ff(C)' versus
average column pressure,p, and temperatiJre, T, at three constant
average linear velocities, ii: (a) 0.1; (b) 0.3; (c) 0.5 em s-'. The
N'ff(C) are plotted on the z-axis as a three-dimensional surface,
but they are also indicated as shadings on the surface ofthe graph.
The data were obtained with n-pentane as mobile phase and
unbonded silica gel as stationary phase.

temperatures. Thereby, the heights of the maxima
appear to reach their greatest height at some inter
mediative velecity. With increasing velocity, the
areas of low Neff(C) become larger. Therefore, it
becomes less easy to select p-T or p-T regions
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Fig. 3. Effective plate numbers of chrysene, Neff(C), versus
average density of the mobile phase in the. column, p, 'and
temperature, T, at three constant average linear velocities, Ii: (a)
0.1; (b) 0.3; (e) 0.5 em s- 1. Other details as in Fig. 2.

possessing an acceptable Neff(C) at higher than at
lower velocity. Summarizing, in Figs. 2 and 3 strong
decreases in Neff(C) from their maxima are seen
when proceeding to higher pressures and higher or
lower temperatures. Also, the highest Neff(C) are
obtained at medium velocities in Figs. 2 and 3, which
are closer to the optima of the velocity, iiopt '

(5)

(6)

(4)

(7)

(8)

= eddy diffusion factor for the dispersion of
size, direction, and velocity of the mobile
phase streams in the interstitial flow
channels between particles;

= obstruction factor for longitudinal diffu
sion;

= tortuosity factor for impeding the diffu
sion within the intraparticulate pores of
the particles;

= ratio of the intraparticulate void volume
to the interstitial void volume;

= velocity constant ofdesorption of analyte
from the outside surface and from the
pore surface of the particles;

= interdiffusion coefficient of the analyte
molecules in the mobile phase.

where
A

A, y and B may be tentatively considered as
independent of p, T and ii for a given chromato
graphic system, i.e., for a given mobile and station
ary phase, column geometry and analyte. The same
may apply to k o, but k', kd and D I •2 will depend
strongly on p and T, although not on ii. It should be
noted, however, that it may be expected that with
greatly increasing ii the pressure drop along the
column, Ap, may reach levels such that k', k d • and

y

The results in Figs. 2 and 3 may be qualitatively
explained by the Van Deemter equation and its
modifications [34,35]:

H = A + Blii + Cii + Dii (3)

with H eff being derived from H by

(I + k')2
H· k,2 = H eff

and

A = 2Adp

B = 2yD I •2 = .RD I •2

B(k + k' + k k')2 cE.C = 0 0 p

30 ko(l + k O)2 (I + k')2 D I •2

C(ko + k' + kok')2 C"

DI.~ ko(l + k O)2(l + k')2 D I.2

2k' D'
D=-------

(I + k o) (I + k')2 kd kd

T/'C

N,.(C)

N..(C)

N.,,(C)

_ ABOVE _.0

•
600.0 - _.0 p/g.ml-'

BElOW 600.0

•
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•
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en.ow 300.0

• ABOVE 1200.0

1
_ 900.0 - 1200.0

600.0 - 900.0
300.0 - 600.0

ea.DW .300.0
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D1,2 start to depend to a considerable extent on uvia
LJp. This may arise if k', for instance, in the first half
of the column decreases considerably less on ac
count of higher density than it will increase in the
second half of the column owing to lower density.

Turning now to the capacity factor instead ofNeff,

the behaviour of the capacity factor of chrysene,
k'(C), with respect to p, T and ucan be seen in the
plots in Fig. 4: There is the usual strong decrease in k'

f r,l - fO,l + fr ,2 - fO,2 +
tO,l + f O,2 + fO,3 f O,l + f O,2 + f O,3

fr.1 + fr,2 + fr,3 = fr(total) (9)

where. fr,; is the retention time of the analyte in the ith
section. Similarly, one may write for the corre
sponding dead times

(0,1 + fO,2 + (0,3 = fo(total) (10)

Ifthe same p-T conditions exist for all sections of the
column,

fr,l = fr,2 == fr,3 = 1/3 frCtotal) (11)

tO,l = f O,2 = f O,3 = 1/3 fo(total) (12)

If the p-T conditions are different, then eqns. II and
12 do not hold. Subtractingeqn. 10 from eqn. 9and
dividing by eqn. 10 yields

with increasing p and also with increasing T, pro
vided that one has passed already the maximum
value of k' asa function of T, as is the case here. At
velocities ubetween 0.1 and 0.4 cm S-1 little if any
change in k' with u can be observed, but some
decrease in k' may, in fact, be present with u = 0.5
cm S -1 at low p and T. On the whole, and over a
moderate range of u, one finds a k' which depends
strongly on p and T but not on U. If one desires to
quantify the behaviour of k' it should be considered
that a pressure drop over the column changes the k'
along the column. One may start with the concept of
an infinite number ofequally long, identical sections
over the total column length, each of these sections
having its own k'. If there exists a Significant
pressure drop LJp at T = constant along the column,
for instance, the sections closer to the inlet of the
column will exhibit a lower k', whereas the sections
closer to the outlet of the column will show a larger
k', all relative to the k' measured experimentally for
the total column length. This total k' will be
composed of the k' of the individual sections.
Assuming for simplicity that the total column is
composed ofonly three sections, 1, 2 and 3, ofequal
length, one may start from the additivity of the
retention times:

20

20

15

300

10

5

k'(C)

is/bar

k'(C)
20

k'(C)

15

k'(C)

k'(C)

kitC)

•
ABOVE 14-.0

,12.0 - 14.0

_.' 9,0 - '2~On 6.0 - 9.0
3.0 - 6.0

BElOW J.O

• ASOVE 21.0_ 'e.o - 21.0

•
15".0 - 1B~O
12.0 - 15.0

•
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•
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•
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Fig. 4. Capacity factors of chrysene, k'(C), versus average
column presslire,fl, and temperature, T, at three constant average
linear velocities, ii: (a) 0.1; (b) 0.3; (c) 0.5 cm s- '. The k'(C) are
plotted on the z-axis as a three-dimensional surface and also
shown by shading of this surface.

fr 3 - f o 3 f.(total) - fo(total) k'(. I).' , = = tota
fO,l + fO,2 + fO,3 fo(total)

(13)
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or

where the Pi are the densities in the ith section of the
column, as counted from the column inlet. Substitu
tion of eqns. 14 in eqn. 13 leads to

Considering that the density will be proportional
to the dead time, provided that the mass flow-rate is
not changed, it, is obvious that the to.i can be
transformed into each other by a ratio of densities:

where Ui is the linear velocity in the ith column
section. The Ui are inversely proportional to the Pi,
other conditions being equal.

Inspecting Fig. 5, where the experimental pressure
drop LJp is plotted versus p and Tat u = constant,
the expected strong decrease in LJp with decreasing u
is seen. In fact, a graph for u = 0.1 cm s- 1 is not
shown in Fig. 5 on account of the small LJp, leading
with bur experimental set-up to large relative errors
in measurement. However, one can conclude from
the data that LJp at u = 0.1 em s- 1 is too small to
cause significant differences between the ki along the
column. Therefore, one may take the results of
k'(total) in Fig. 4a (u = 0.1 cm s -1) as the results one
will obtain not only at some average p but also at
p = p(inlet) = p(outlet), i.e., LJp = 0, that is,
without pressure drop over the entire column. One
may then read the approximate ki for individual
sections of the column which possess different p
from Fig. 4a. Assuming higher LJp, it is seen from

, Fig. 4a, band c that the ki of the sections of the first

(15)

(14a)

(14b)

(14c)

to,l = (pdP2)tO.2

to. 1 = (PdP3)tO. 3

to.2 = (P2/P3)tO,3

tr,l - to,l + tr.2 - to,2 +
(1 + P2/Pl + P3/Pl)tO.l (PdP2 + 1+ P3/P2)tO,2

tr,3 - to,3 = k'(total)
(Pl!P3 + P2/P3 + 1)to,3

pressure drop LIp

b

_ ABOV' ',5

•
..0- ....5
3.5 - 4.0

•
J.O - J.'
2.5 - 3.0

II 2.0 - 2.5
eaow 2.0

(17)

(16)

"L (to,iki)
i= 1" = k'(total)

L to,i
i= 1

" "Ltr " - L to"
,= 1 i= 1

"L to,i
i= 1

k'
____3---,----'__ = k'(total)
Pl/P3 + P2/P3 + I

whereby the denominators with their Pi can be
considered as weighting factors for the k' in the
individual sections. Eqn. 13 can be generalized for n
column sections, as in fact has been written before
[36]: ,

Eqn. 16 can also 'be rewritten as

k~ k2----=---- + +
Pl + P2 + P3 Pl + P2 + P3

Pl P2

k3---=---- = k'(total)
Pl + P2 + P3

P3

which becomes in general

(18)

pre ssu re drop LIp

II ABOVE 6.0
7.0 - 8.0

•
6.0 -7.0
5.0 - 6.0

•
..0 - 5.0

BELOW .4.0

±(k;Pi) ±k;
i= 1" = i: 1 ~i = k'(total)

LPi L-
i= 1 i= 1Ui

(19)

Fig. 5. Pressure drop over the total column, ,1p (bar), versus
average column pressure, p, and temperature, T, at two constant
velocities, 11: (a) 0.3; (b) 0.5 cin s-'. The,1p are presented both on
the z-axis and by shading.
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halfof the column will be compensated inpart by the
ki of the second half. This is the case whenever the ki
of a p(inlet) is connected to the ki of p(outlet) by a
sloping, more or less straight line in the graph. One
may expect that within the range of the 'present
presswe drops t1p, the k'(total) are roughly in
dependent of U, as in fact is, found experimentally..

The~T dependence of the interdiffusion coeffi
cient D1.2 at infinite dilution for chrysene in n
pentane is presented in Fig. 6, together with the
viscosity data [37] needed for its calculation.. The
Dt2 valueg were calculated according to the Wilke
Chang equation [38]:

DO _74.10- s(q,M2)!;r -K. T (20)
" 1,2 -. . '1'2 V:Y.6, - 112

a

II!!!!l ASOV6 eM

•
70.0 - 80;0"
60.0 - iO.O'

• ~,O>- 60.0
• 40.'0- 50.0'
• 30.0 - <b.0
• $,pw 30.0

b
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where 1 and 2 refer to the analyteand the supercriti
cal fluid, respectively, q, = dimensionless associa
tion factor (1.0 for unassociated supercritical fluids
such as n-pentane), M z = molecular weight of the
fluid,112 = dynamic viscosity ofthe fluid CcP), V1 =
molar volume Qf the analyte at its nQrmal boiling
temperature (cm3- g mol- 1) and K the combination
of constants which is valid for a given solvent and
solute. Although the Wilke-Chang equation is in
tended for liquid solvents, it is expected to yield
reasonable values also for dense supercritical fluids
well above Te• The 112 in Fig. 6b follow expectations
in as much as an increasing pressure increases tbe
viscosity particularly at lower temperature. It may
be noted in passing that at a given density the
temperature has only a negligible influence on
vtscosity [381 l which means that lines of equal1'f in
Fig'. 6b have p-Tpairs that lead to equal p.

The interdiffusion coefficient D1 ,.z in Fig. 6a
shows, as expected, a pronounced drop at the
highest pressure and lowest temperature. 'This is also
the k5cation of highest 11.z, the 112 e,xerting a larger
influence thali temperature on ))1,2 (eqn. 20) be
cause the relative ranges Studied here are larger for 11
than for T. Obviously, a large JJ1,2 may be oQtainecl
at low pressure over the entire temperature range.
To ~btain a sizeable D 1 ,']. at higher pressures,
however, a higher temperamre is required.

The viscosity, 11~is not onlyco.nnected to D1,2 but
also to the pressure drop, zJp. The viscosity' and the
av.erage linear velocity, ii, of the fluid are the
variables' to detennine the pressure. drop for a given
chromatographic column. According to Darcy's
law,

where B is the .specific permeability cqefficient ,of a
given column. Becauseu and 11 are in general
functions of the distance travelled in the column, x,
eqn. 21 is written in differential form. The experi
mental column. pressure drop, Ap, in Fig: 5 increases
with 11 and ii, as expected, although a non-trivial
dp/dx must actually hold because of non-linear
functions u(x) and 11(X), and possibly also on
account of partially non-laminar flow.

Plotting Herr versus U a.t constant pressure and
te.mperature would yield Van Deemter-typegraphs.

40
'4,0

'0

AeOVE _0.0
39,0 - '.0.0

'. 20.0, - 30:0
• eaqw 20,;1

Fig. 6. (a) Interliiffusion coefficient, D 1•2, o( chry~ene in n
pentane at djfferent pressures, p, and temperatl,lre-s, T. D 1•2

calculated by the Wilke-chang equation. Data are presented
bdth on the z-lI:xis llnd by shading. CO) Dyn~mic viscosity, 1/, of
n-pentane at different pressqr~, p, 'and temperatures, T. Data are
presented both on the z-axis a.nd by $hadj.ng.

dp = _ tin
dx B

(21)
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In Figs. 7a, band c pressure or density is employed
as an additional third axis, showing the Van
Deemter plots of Heff of chrysene, Heff(C) , as a
function ofp or pat T = constant. In Fig. 7a, which
present the Van Deemter plot as a function ofp at

H",(G)/)'m
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III Z500 - 5000
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•
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300 - 600

=,~a - 'JOO
BELOW 150

H..(G)
1400

87

T = 220°C, the location ofuopt is shown as the dark
black area. The movement of uopt to lower U with
increasing pressure becomes obvious, in addition to
the very unfavourable HefC(C) with larger U, i.e., on
the high velocity part of the graph. When the.
temperature is raised to 280°C, other conditions
being equal, as in Fig. 7b, the higher temperature
yields in almost all areas ofthe graph lower Heff than
in Fig. 7a. When p is used as the third axis instead of
p, T remaining at 280°C, as in Fig. 7c, the graph
remains similar to Fig. 7b. Again, the uopt move to
lower Uas pressure or density is increased, whereby
at the highest pressure and densities the Hecc(C)
apparently have left the useful range. Fig. 8 shows
the dependence of the Van Deemter plots on tem
perature at a constant pressure of p = 30 bar (Fig.
8a) and 50 bar (Fig. 8b). There is a tendency for uopt
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Fig. 7. (a) Effective plate height ofchrysene, He(((C), as a function
of average linear velocity, ii, and average column pressure, ji, at
220·C. This isa Van Deemter-type plot with the additional
feature of exhibiting the dependence on Ii on a third axis. (b) As
(a), but at 280°C. (c) As (b), but replacing Ii with the. average
density, p.

Fig. 8. Effective plate height ofchrysene,.Hef(C), as a function of
average linear velocity, ii, and temperature, T, at a constant
pressure. This is a Van Deemter-type plot with the additional
feature ofexhibiting the temperature dependence on a third axis.
Ii = (a) 30 and (b) 50 bar.
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to move to higher ii when the temperature is raised.
Comparing Fig. 8a and b, the range of iiopt is located
at higher velocities when the pressures are lower and
the H eff are generally smaller. Both Figs. 7and 8 lead
to analogous conclusions.

The appearance of a minimum in H or H eff at iiopt

is, of course, a consequence of the validity of Van
Deemter-type equations such as eqn. 3. Because the
A term in eqn. 3 does not usually change much with ii
in gas chromatography, it is taken in eqn. 3 as
independent of ii. The minimum in H or H eff appears
because of the counteracting influence of the B/ii
term versuS the high-velocity terms Cii and Dii.
When the pressure increases in Fig. 7a and b, D 1,2

becomes smaller, particularly at lower temperature
(Fig. 6a). At the same time the k' values decrease
with increasing pressure and, therefore, the factor CIf

decreases (eqn. 7), whereas kd increases (eqn. 8). As
Fig. 7a and b show, the overall result is an increase in
H eff and a moving Qfits minimum, Heff,min, to lower
ii. When the temperature, instead of the pressure or
density, is increased, as plotted in Fig. 8a and b, D1,2

increases strongly, particularly at higher pressure
(Fig. 6a). The k' values mostly decrease with in
creasing temperature in the temperature range in
vestigated (Fig. 4). This leads to a similar behaviour
of CIf and kd , as before, with increasing pressure. As
Fig. 8a and b show, the overall result with increasing
temperature is an increase in H eff at velocities
around iiopt or lower in the plateau region, but a
strong decrease in Herr at higher velocities. General
ly, a movement of Heff,min to higher ii is observed at
higher temperatures. The latter is just the opposite of
the effect of increasing pressure in Fig. 7a and b.
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ABSTRACT

The relationship between gas-liquid chromatographic (GLC) retention properties and RF values in thin-layer chromatography
(TLC) with molecular connectivity indices, mX" was investigated for a series of benzodiazepines using multiple correlation coefficients,
standard errors of estimate, F-Snedecor function values and Student's t-test as the criteria for best equation selection. Regression
analyses show that the molecular connectivity model predicts the retention properties in GLC with the polar stationary phase OV- 17 at
280·C and the RF values in TLC with the stationary phase silica gel. However, zero- or second-order connectivity indices alone are not
sufficient; higher-order indices are shown to be necessary. The effect of the polarity of the mobile phases in TLC was also investigated.

INTRODUCTION

Quantitative structure-activity relationship
(QSAR) studies are used to explain or predict the
physicochemical [1,2] or pharmacological [3-6] be
haviour of drug molecules. Attempts have been
made to develop a numerical description of a
molecule derived not from experimental measure
ments of a property but from knowledge of the
molecular structure itself [7]. Molecular topology
transcribes molecular structure into a topological
graph from which a number is derived, the topologi
cal index. Topological parameters, such as the
molecular connectivity indices [8], can be used to
quantify these properties.

The degree of retention in a chromatographic
experiment depends on the structure and properties
of the stationary phase and the molecular character
istics of the solute (volume, temperature, partition
coefficient of each molecule, etc.). Experimental

Correspondence to: Dr. Jorge Galvez Alvarez, CjCiscar 40, 46005
- Valencia, Spain.

retention data of several groups of molecules on a
given stationary phase can be correlated with
parameters describing the molecular structure [9].
Unfortunately, the only criterion used to test the
relationship between the observed and calculated
retention properties in these experiments is the
statistical correlation coefficient. This criterion is
insufficient for predicting retention properties since
a high correlation coefficient does not necessarily
imply a correct elution sequence [10]. Other results
indicate that the empirical additive scheme will not
be able to reproduce adequately the retention indices
of chlorinated benzenes unless a large number of
parameters are employed [11,12].

Kier and Hall [13] have established that chroma
tographic behaviour depends on both topological
and non-topological molecular structural character
istics. It seems that, for polar columns, the topologi
cal characteristics are more important. Other, later
studies [14-16] have established that chromato
graphic parameters in a polar stationary phase
system correlate better with the valence connectivity
indices, whilst Koval's parameters, obtained from

0021 -9673(92($05.00 © 1992 Elsevier Science Publishers RV. All rights reserved
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the apolar phase interaction, show best correlation
with the non-valence connectivity terms.

In this study, the connectivity indices of nineteen
benzodiazepines with different chromatographic
properties were compared: retention times (tR) in
seconds, retention indices (RI) and RF values are
those reported in ref. 17.

Some reports correlating the chromatographic
behaviour of drugs with molecular connectivity, for
example the barbiturates [18] and the neuroleptics
[19], have been published. However, the benzodia
zepines have not been investigated.

METHOD OF CALCULATION

Connectivity indices are calculated from a hy
d,rogen-suppressed formula or graph of the mole
cule, following the method ofKier and Hall [20]. The
general form ofthe indices, mXt , is found by assigning
to each vertex (non-hydrogen atom) in the molec
ular graph a value (b) which is the number of edges
(bonds) to that atom, bonds to hydrogen being
ignored. Thus, for a graph of m edges and s
subgraphs (binding between m + 1 atoms), mXt is
calculated according to eqn. 1.

R. M. Soler Roca el al. / J. Chromalogr. 607 (1992) 91-95

where P is a property, and A o and Am,t represent the
regression coefficients of the obtained equation.

Eqn. 3 was obtained by multilinear regression
with 9R and 5R programs ofthe biostatistic package
BMDP (Biomedical Computer Programs) [22]. To
test the quality of the regression equations, the
following statistical parameters were used: multiple
correlation coefficient (r), standard error ofestimate
(s), F-Snedecor function values (F) and Student's
t-test (statistical significance).

The retention time (tR ) in seconds and the reten
tion index (RI) values in gas-liquid chromatography
(GLC) used in this study, reported by Schutz [17],
were obtained at 280°C with a 1.5 m x 2 mm J.D.
glass column packed with 3% OV-17 on Chromo
sorb G AW DMCS (80-100 mesh) as the polar
stationary column and nitrogen as the carrier gas at
a flow-rate of ca. 15 m/min. The RF values in thin
layer chromatography (TLC) were obtained with
precoated TLC plates, silica gel 60 F254, 20 cm x 20
cm, layer thickness 0.25 mm, activated for 1 h
(l100 C), saturated chamber, ascending method,
length of run 10 cm, 20°C, and two solvent systems:
chloroform-acetone (90:10, v/v) and benzene-iso
propanol-25% ammonia solution (85:15:1, v/v/v).

where ZV is the number of valence electrons of the
atom and NH is the number of hydrogen atoms
attached to it. The empirically derived values for the
halogens were also used [21].

Single and multiple regression analyses were used
to find the relationship between the gas chromato
graphic properties and the connectivity indices, and
are calculated from eqn. 3.

where nm is the number of paths. Connectivity
indices describing non-linear arrangements of
bonds, such as clusters of three bonds, 3 Xe, and path
clusters of four bonds, 4 Xpe, are calculated in the
same way.

The vertex valences, bV
, of the unsaturated carbon

atoms and the heteroatoms (N or 0) can be calcu
lated using eqn. 2.

nm m+l

mXt = L f1 (b i)s-1/2
s= 1 i= 1

P = A o + L Am,tmXt
m,t

(1)

(2)

(3)

RESULTS AND DISCUSSION

The connectivity indices and experimental chro
matographic properties of nineteen benzodiazepines
examined in this study are shown in Tables I and II,
respectively.

Essentially, all these parameters represent the
degree of affinity between the solute considered and
the two phases, namely stationary and mobile. This
affinity is closely related to the molecular solubility
in both phases, and it is quantified by the distribu
tion coefficient value for the solute in the two phases.
This solubility, in turn, basically depends on two
factors: first, the polar character of the solute
(evaluated by its dipolar moment value) and, sec
ond, the solvent's capacity for solute solvation.

The selected equations for the retention times and
retention indices in GLC of the compounds studied
were, respectively:

tR = 1047.2 2X- 797.0 2Xv - 556.7 4 Xpe + 461.7 4 X;e

- 1402.7 (4)

n = 19 r = 0.946 s = 87.54 F = 29.66
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TABLE I

CONNECTIVITY INDICES USED IN THE CORRELATIONS OF A GROUP OF BENZODIAZEPINES

Compound Ox 2 X 2
X

v 3 Xp 3X: 4 Xp 4X~ 4Xpc 4X~c

CWordiazepoxide 13.110 5.945 5.198 4.273 0.556 3.176 2.641 1.530 1.050
Demoxepam 12.240 5.786 4.966 3.980 0.556 3.109 2.535 1.468 0.985
3-Desmethylchlordiazepoxide 12.403 5.780 5.082 3.913 0.647 3.072 2.513 1.446 1.126
Diazepam 12.188 5.659 5.122 4.231 0.541 2.912 2.739 1.697 1.063
Nordiazepam 12.163 5.285 4.568 3.554 0.485 2.497 2.147 1.278 0.746
3-Hydroxydiazepam 13.058 6.122 5.201 4.608 0.577 3.191 2.724 2.029 1.106
Oxazepam 12.188 5.731 5.139 4.118 0.655 2.828 2.480 1.614 1.175
Nitrazepam 12.179 5.496 4.566 3.981 0.430 2.884 2.262 1.201 0.887
7-Aminonitrazepam 11:317 5.275 4.384 3.676 0.452 2.684 2.135 1.195 0.849
7-Acetamidonitrazepam 13.232 6.240 5.021 4.090 0.541 3.076 2.399 1.326 0.928
Medazepam 11.688 5.553 5.039 4.063 0.443 2.967 2.815 1.419 0.914
Lorazepam 13.110 6.180 5.697 4.469 0.818 3.068 2.768 1.894 1.522
Prazepam 13.886 6.303 5.751 4.589 0.745 3.431 3.093 1.702 1.117
3-Hydroxyprazepam 14.757 6.766 5.882 4.977 0.791 3.652 3.108 2.047 1.192
Clonazepam 13.102 5.945 5.125 4.331 0.593 3.123 2.549 1.481 1.233
7-Aminoclonazepam 12.240 5.724 4.943 4.026 0.615 2.923 2.422 1.475 1.196
7-Acetamidoclonazepam 14.154 6.689 5.247 4.441 0.602 3.315 2.612 1.606 1.230
Clobazam 12.895 6.191 5.304 4.627 0.533 3.386 2.029 2.005 0.966
Norclobazam 12.025 5.808 4.928 4.071 0.549 3.180 2.570 1.503 0.864

TABLE II

EXPERIMENTAL VALUES FOR SEVERAL CHROMATOGRAPHIC PROPERTIES OF BENZODIAZEPINES USING THE
MOLECULAR CONNECTIVITY METHOD

Compound GLC TLC

tR (s) RI RFA RFB

Chlordiazepoxide 180 3160 0.Q7 0.47
Demoxepam 169 3142 0.10 0.30
3-Desmethylchlordiazepoxide 474 3590 0.02 0.30
Diazepam 127 3020 0.52 0.74
Nordiazepam 162 3124 0.26 0.52
3-Hydroxydiazepam 194 3200 0.42 0.51
Oxazepam 93 2888 0.16 0.26
Nitrazepam 335 3455 0.24 0.48
7-Aminonitrazepam 369 3475 0.08 0.30
7-Acetamidonitrazepam 823 3815 0.04 0.18
Medazepam 71 2775 0.56 0.85
Lorazepam 115 2979 0.16 0.30
Prazepam 230 3178 0.63 0.79
3-Hydroxyprazepam 358 3375 0.56 0.61
Clonazepam 435 3518 0.27 0.48
7-Aminoclonazepam 470 3560 0.08 0.30
7-Acetamidoclonazepam 1200 3970 0.04 0.19
Clobazam 232 3170 0.52 0.59
Norclobazam 316 3297 0.22 0.45
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Fig. 2. Correlation between experimental (GLC with polar
stationary phase, OV-17) and calculated (eqn. 5) retention indices
of nineteen benzodiazepines.
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Fig. I. Correlation between experimental (GLC with polar
stationary phase, OV-I 7) and calculated (eqn. 4) retention times
of nineteen benzodiazepines.

Statistically,eqns. 4 and 5 are significant above
the 99.9% level, while the 2 X, 2 Xvand 4Xpc indices are
significant above the 99.9% level and 3X~ and 4X~c

indices are significant above the 95% level. In both
cases, there is dependence on the 2 X and 2Xv indices
and typically branching parameters such as 3X~, 4Xpc
and 4X~c occur. The size of benzodiazepines is
described and quantified by the 2 X indices, the
numerical values of which are directly proportional
to the number of bonds in a molecule, and by the
substitution pattern given by structural parameters.
The difference 2 X - 2 Xv somehow measures the
polar character ofthe molecule, whilst the branching
indices, i.e. cluster and path cluster, take into
account the solvation effects, closely related to steric
aspects.

Graphical representations of the experimental
and theoretical values for these properties following
equns. 4 and 5are given in Figs. I and 2, respectively.

For the RF values (with high polar mobile phase,
RFA , or lower polar mobile phase, RFB) in TLC, the
best regression equations and their statistical
parameters are as follows:

RFA = 0.47 3 Xp -0.78 4Xp + 0.80 4X~ - 0.66 4X~c

- 0.74 (6)

12 = 19 r = 0.927 s = 0.07 F = 21.31

and

RI = 1129.3 2 X - 1210.0 2Xv+ 1447.7 3X~ -

477.54Xpc + 2705.9 (5)

n = 19 r = 0.911 s = 124.12 F= 17.05

and

RFB ,;" 0.23 Ox - 0.87 2 X + 0.85 4X~ + 0.54 (7)

n = 19 r = 0.906 s = 0.08 F = 22.94

Eqns. 6 and 7 are statistically significant above the
99.9% level and 99% level, respectively. 2X, 4Xp, 4X~
and 4X~c are significant above the 99.9% level and Ox

and 3 Xp are significant at the 99% level. The
dependence on the 4Xp, 4X~ and 4X~c indices should be
emphasized; it occurs when polar eluents [chloro
form-acetone mixture (90:10, vfv)] are used. How
ever, when mixtures with a lower polar character are

0.8
<J)
w
::>
<I. 0.6
>
~a:
.... 0.4«
I-z
W •
~ •
w 0.2 ••0.
x ..w ••O.,l!:--~-,r--~---r-~-'-r--""'---1
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Fig. 3. Correlation between experimental (TLC with stationary
phase silica gel and high polar mobile phase) and calculated (eqn.
6) RFA values of nineteen benzodiazepines.
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Fig. 4. Correlation between experimental (TLC with stationary
phase silica gel and lower polar mobile phase) and calculated
(eqn. 7) RFB values of nineteen benzodiazepines.

used, such as benzene-isopropanol-25% ammonia
solution (85:15:1, v/v/v), these indices do not
appear.

These results suggest that these indices, particu
larly 4X~c, are a measure of the eluent's polar
character. The comparison between experimental
and theoretical RF values is illustrated in Figs. 3 and
4.

This report demonstrates that a relationship exists
between molecular connectivity and chromato
graphic retention parameters for a group of benzo
diazepines. Generally a three or four-variable model
is necessary to obtain a good degree of correlation.

CONCLUSION

The molecular connectrvity model has been
shown to be a useful tool for predicting and
interpreting the different chromatographic retention
parameters ofbenzodiazepines on different polarity
phases. Statistical analyses show that the size of
molecules and the structural terms control the drugs'
chromatographic behaviour. In those cases concern
ing a system containing one polar phase, the depen
dence on the 2X, 2Xv or 4 Xp, 4X~, together with a

95

cluster or path cluster index, indicates that the three
somehow evaluate the molecular dipolar moment,
while the last estimates the solvent's solvation effects
on the solute molecules.
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ABSTRACT

Observations of peak splitting in Chromarod separations ofextracts of marine samples led to an in-depth study of this phenomenon.
By co-spotting standards with lipids from the phytoplankton Gyrodinium aureolum and developing in hexane-based solvent systems it
was determined that triacylglycerol and free fatty acid peaks were split due to the presence of high levels of polyunsaturated species. The
content of formic acid in the solvent system controlled the separation of saturated and polyunsaturated free fatty acids from each other
and from triacylglycerols. The amount ofdiethyl ether controlled the separation of saturated and polyunsaturated triacylglycerols from
each other and from more polar components. It was possible to quantify individual components of split peaks provided loads were kept
below 3 /lg to maximize separations between species. Iatroscan-measured calibration curves revealed a slightly lower response for
polyunsaturated species when developed in hexane-based solvent systems. The proportion of polyunsaturated species determined by
Iatroscan compared well with the proportion of polyunsaturated fatty acids determined by gas chromatography.

INTRODUCTION

Silica gel chromatography on Chromarods fol
lowed by flame ionization detection (FID) in an Ia
troscan has been used extensively in the analysis of
lipid classes in environmental samples (e.g. refs.
1--4). The attractiveness of this thin-layer chro
matographic (TLC)-FID technique lies in the ra
pidity and simplicity with which samples can be pre
pared for analysis, the number of different sets of
Chromarods that can be processed by a single Ia
troscan in a day, and the synoptic type of informa
tion that it provides. In studies involving dynamic
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situations it is often better to obtain totals for class
es in a large number of samples than it would be to
obtain details of the molecular composition of each
class in just a few samples. Different lipid classes
may be used as indicators of different processes, e.g.
anthropogenic inputs, energy storage in organisms,
membrane synthesis, etc.

In samples from the marine environment, chro
matographic peaks for a single-compound class are
sometimes split [2,5-7] as a result of the partial sep
aration of molecular species within that class [8,9].
Hydrogenation has been proposed as a means of
eliminating peak splitting in marine samples [7,9].
An alternative approach that avoids this consider
able increase in sample handling might be to accept
that peak splitting occurs in some classes in some
marine samples arid to calibrate the components of
such classes as individual entities. Indeed, in many _
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studies involving marine lipids it may be important
to know the proportion of polyunsaturated constit
uents within a class. Currently, there is considerable
interest in lipids containing marine polyunsaturated
fatty acids in biomedical research [10], aquaculture
[11,12], and most recently in the study of toxic algae
[13-15]. Some algae are thought to cause fish kills
by producing lipid compounds containing polyun
saturated fatty acids [13]. TLC-FID analyses may
provide a rapid screening method for marine sam
ples to evaluate their potential toxicity due to the
presence of polyunsaturated lipid classes.

EXPERIMENTAL

The Chromarod-Iatroscan procedures used pre
viously for saturated lipid classes [16] were the start
ing point for this investigation into the separation
and calibration of lipids containing significant pro
portions of polyunsaturated fatty acids. Standards
(Sigma, St. Louis, MO, USA) and samples were
spotted on Chromarods-SIII (Iatron Labs., Tokyo,
Japan) using a Hamilton syringe fitted into a Ha
milton repeating dispenser (Hamilton, Reno, NV,
USA). Chromarods-SIII are reusable quartz rods
coated with silica gel particles of uniform shape and
size [17]. Solute was applied near one end of each of
ten rods held in a metal frame. The solute was fo
cused twice using acetone to produce a narrow
band of lipid near the lower end of the rods. The
rods were then dried and conditioned over saturat
ed sodium chloride at 22°C for 5 min before devel
opment in a hexane-based solvent system. After
separation of classes, the rods were scanned at 0.4
cm/s in an Iatroscan MK IV analyzer (Iatron) with
a hydrogen flow-rate of 160 ml/min and an air flow
rate of 2000 ml/min. The scanning direction of the
rods was the opposite of the development direction
in the TLC tanks. Data acquisition from the FID
system and calibration were performed with BO
REAL software (FLOTEC, La Queue lez Yvelines,
France).

The marine phytoplankton samples were taken
from cultures of the toxic dinoflagellate Gyrodinium
aureolum. The algae were grown in batch culture as
described previously [18] at 13 and 18°C [15]. The
particulate material in the samples was separated
from that material dissolved in the culture medium
by centrifugation at 13 200 g (12 000 rpm) and the
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dissolved and particulate fractions were extracted
using large-scale extraction procedures [15]. For
fatty acid analysis of the neutral lipids in the ex
tracts, a portion of each extract was placed on a
Florisil column and eluted with chloroform. TLC
FID analysis of an eluate revealed only 8% contam
ination of the neutral lipid classes by polar lipids.
Fatty acid methyl esters were analyzed in a Hewlett
Packard 5890 Series II gas chromatograph (Hew
lett-Packard, Palo Alto, CA, USA) containing a 60
m x 0.25 mm LD. capillary column coated with
Supelcowax-l0 (Supelco, Bellefonte, PA, USA).
Samples were injected in the splitless mode at
200°C.

RESULTS AND DISCUSSION

Optimization of separations of polyunsaturated and
saturated lipids

Lipid class separations were attempted using var
ious standards in various developing systems to op
timize the separation between polyunsaturated and
more saturated neutral lipids within classes while
maintaining the basic class separations according to
functional groups. Since non-polar solvent systems
are more effective at separating lipids according to
the degree of unsaturation [9], Chromarods were
developed in solvent systems ranging in polarity
from hexane-diethyl ether-formic acid (H-D-F)
95:4:1 to 100% hexane. The use of non-polar sol
vent systems also minimizes separations according
to chain-length [9].

Multicomponent standards containing free fatty
acids (FFAs) and triacylglycerols (TGs) with differ
ent degrees of unsaturation were spotted onto
Chromarods-SIII so that the load of each class was
3-4 f-lg. We were unable to separate any pair of oleic
acid, palmitic acid and lauric acid in any of our
hexane-based non-polar solvent systems. In order
to be able to separate FFA on Chromarods the de
gree of unsaturation must differ by more than one
double bond [9]. Thus, palmitic acid and linolenic
acid were well separated in all solvent systems, pro
vided they contained a minimum of 0.5% formic
acid.

The level of formic acid was important in deter
mining the extent to which saturated and unsaturat
ed FFAs were separated from each other and from
TGs. In solvent systems containing H-D-F



Fig. 1. Separations of saturated (s), monounsaturated (m) and
polyunsaturated (P) free fatty acid (FFA) and triacylglycerol
(TG) standards on Chromarods-SIII after 40-min developments
in (a) hexane-diethyl ether-formic acid (H-D-F) 97:2:1, (b) H
D-F 97:3:1, (c) H-D-F 96:3: I, and (d) H-D-F 95:4:1. The atten
uation in each chromatogram has been adjusted according to the
size of the major peak.
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99.6:0.2:0.2, or less polar, neither saturated nor un
saturated FFAs separated from each other nor
from TG. In H-D-F 99:0.5:0.5, linolenic acid and
palmitic acid separated from each other and from
TGs, but TGs were not well separated from more
polar components. The amount of diethyl ether was
important in determining the extent to which poly
unsaturated and saturated TGs were separated
from each other and from more polar components.
To separate TGs from all other components re
quires a system more polar than H-D-F 98:1:1.

Fig. 1 shows the separations obtained in four sol
vent systems ranging in polarity from H-D-F
97:2:1 to H-D-F 95:4:1. It can be seen that small
changes (1 % or less) in the proportion of diethyl
ether produce large changes in the efficiency of sep
arations between polyunsaturated and saturated
species. Tripalmitin and trilinolein are not separat
ed at this load in H-D-F 97:2:1 (Fig. la) but are
partially separated in 97:3:1 (Fig. Ib). The best sep
aration of all four standards was obtained in 96:3: 1
(Fig. lc). In H-D-F 95:4: 1 saturated TGs (TGs) are
too mobile with respect to polyunsaturated FFAs
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Fig. 2. Iatroscan FID responses to saturated (s) and polyunsaturated (P) triacylglycerol (TG) and free fatty acid (FFA) standards on
Chromarods-SIll after 40-min developments in hexane-diethyl ether-formic acid (96:3:1, v/v/v). (a) Calibration data: error bars extend
1 standard deviation from the means. (b) Calibration curves and 95% confidence intervals. Solid lines are power law regressions
through raw data points. Broken lines are the upper 95% confidence intervals for the regression lines of the saturated species and the
lower 95% confidence intervals for the polyunsaturated species.
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(FFAp) and the separation of linolenic acid and tri
palmitin is lost (Fig. 1d). This was also the case in
another relatively polar system: H-D-F 97: 1:2 (not
shown). In systems more polar than this, even the
separation between saturated FFAs and TGs would
be lost as they run together in H-D-F 92:7: I [1]. In
systems containing more than 7% diethyl ether the
elution order of FFAs and TGs is reversed [1].

Quantification ofneutral acyl lipid standards
Quantitative mixtures of standard tripalmitin,

trilinoienin, palmitic acid and linolenic acid dis
solved in chloroform were used for calibration (Fig.
2). Calibration data were obtained at five levels be
tween 0.08 and 2.89 Jlg with, on average, six analy
ses per level on different rods within a single set.
The average coefficient of variation was 16% (Fig.
2a). These calibration curves show that polyunsat
urated species give a slightly lower response as was
found with a fish oil developed in a hexane-based
solvent system [19].

Regression analysis with the raw calibration data
suggested that linear regressions were adequate for
calibration (r2 values in the range 94.1-97.3%);
however, power law regressions (Fig. 2b) gave an
even better fit (r2 = 96.6-98.2%). The power law
exponents ranged from 1.05 ± 0.03 to 1.11 ± 0.05

(0)
....
CI
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for all regressions except that for trilinolenin where
the exponent was 1.15 ± 0.03.

Linear regressions through the raw data gave in
tercepts that were not significantly different from
zero for all except the trilinolenin data, suggesting
the response for three of these standards was truly
linear. This is confirmed by the proximity to 1.0 of
the power law exponent for these three compo
nents. These exponents are similar to those ob
tained previously for tripalmitin and palmitic acid
on Chromarods-SII [20].

The polyunsaturated standards were monitored
for breakdown by looking for build-up of oxidized
material at the origin of the Chromarods after de
velopment [7]. With normal precautions against ox
idation the standards appeared quite stable: there
was no evidence for breakdown in a I-month peri
od.

Separation of neutral acyl lipids in marine phyto
plankton samples

G. aureolum is thought to produce polyunsaturat
ed lipids which cause lysis of mouse and trout red
blood cells [13,18] and which retard growth in other
marine phytoplankton [18,21]. Fig. 3 shows the lip
id class composition in extracts of extracellular (dis
solved) and intracellular (particulate) lipids' of this

(b) ....
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....
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Fig. 3. Multi-step separations of extracts of (a) extracellular lipids and (b) intracellular lipids in a batch culture of Gyrodinium aureolum
grown at 13°C. Polarity increases from left to right: HC{hydrocarbon), SE (sterol ester), ME (methyl ester), TG (triacylglycerol), TGp

(polyunsaturated triacylglycerol), FFA (free fatty acid), ALC (free alcohol), ST (free sterol), GL (glycolipid), CHL (chlorophyll), PL
(phospholipid). Neutral lipid classes were separated by developing twice in hexane--<liethyl ether-formic acid (99:1:0.05, vJvJv) partially
scanning, and then developing for 40 min in H-D-F (80:20:0.1, vJvJv).
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toxic marine dinoflagellate. These chromatograms
are composites of three scans of the same sample on
the same rod obtained in a multi-step procedure in
volving several developments with partial scanning
in between [15]. It can be seen that glycolipids (iden
tified by co-spotting with galactosyl diglyceride) are
the major components in the extracellular lipids
(Fig. 3a) and that TGs and phospholipids are pro
portionally more important within the cells (Fig.

e
~
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3b). It can also be seen that the TG peak is split into
two suggesting that there is a significant proportion
dfpolyunsaturated species (TGp) in this class. Note
that TG runs ahead of FFA in the multi-step proce
dure because these acyl lipids are eluted in a system
containing 20% diethyl ether (Fig. 3).

Figs. 4 and 5 show single-step separations of dis
solved and particulate lipid samples from an 18°C
culture of G. aurea/urn. The lower two panels of
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Fig. 4. Separations of extracellular lipids from an 18°C culture of
Gyradiniurn aurea/urn after a single 40-min development in hex
ane-diethyl ether-formic acid (97:2:1, v/v/v). (a) Water extract
alone. (b) Water extract co-spotted with trilinolein (hatched
peak). (c) Water extract co-spotted with palmitic acid and oleic
acid (hatched peak).

Fig. 5. Separations of intracellular lipids from an 18°C culture of
Gyradiniurn aurea/urn after a single 40-min development in hex
ane-diethyl ether-formic acid (97:2:1, v/v/v). (a) Cell extract
alone. (b) Cell extract co-spotted with linolenic acid (hatched
peak). (c) Cell extract co-spotted with tripalmitin (hatched
peak).
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peak was lower when measured in a multi-step pro
cedure. With six analyses, the 13°C culture gave a
proportion of 38 ± 5% for TGp and the 18°C cul
ture gave a value of 68 ± 10% (cf Table I).

While the optimum'separation of standards was
obtained in H-D-F 96:3:1 (Fig. 1), it should be
noted that excellent separations were also obtained
with these samples in 97:3:1 and even 97:2:1 (Figs. 4
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TABLE I

RELATIVE PROPORTIONS OF SATURATED AND PO
LYUNSATURATED SPECIES WITHIN THE TRIACYJ..,
GLYCEROLS AND FREE FATTY ACIDS IN EXTRACTS
OF GYRODINIUM AUREOLUM CELLS

Intracellular lipids were separated in a single 40-min develop
ment in hexane-diethyl ether-formic acid (96:3:1, v/v/v); data
are means ± S.D., n = 6.

these figures show how peak identities were con
firmed. The 13°C particulate samples were similar
to the 18°C particulate samples in that baseline sep
arations were obtained between an FFA peak con
taining predominately polyunsaturated fatty acids
and a peak containing more saturated species. Like
wise for intracellular TGs, separations were ob
tained between polyunsaturated species and more
saturated species in the 13°C samples. However, the
18°C samples appeared to be more strongly dom
inated by less saturated components (Table I, Fig.
5).

While the particulate samples clearly had a high
proportion of polyunsaturated fatty acids in the
neutral lipids, the dissolved samples were strongly
dominated by saturated species as evidenced by the
lack of TG peak splitting in Fig. 3a and the very
small peaks for polyunsaturated FFAs and TGs in
Fig. 4. Co-spotting with authentic standards
showed that the major FFA peak in the dissolved
samples resulted from more saturated species.

A single-step separation in H-D-F 96:3: I is pref
erable to a multi-step- separation in the determina
tion of polyunsaturated neutral lipids as a more
strongly bimodal distribution in the degree of un
saturation is necessary for separation in the multi
step procedure. Polyunsaturated and saturated
FFA hardly separate in the multi-step procedure
and they run close to polyunsaturated TGs so that
it was difficult to separate FFAs and polyunsaturat
ed TGs at loads higher than 2 /lg using this proce
dure. Fewer species appear to be included in the
T9p peak as the proportion of the total TGs in this

I3"C Culture 18"C Culture

Relative proportion (%)

Polyunsaturated species in TGs 50 ± 5
Polyunsaturated species in FFAs 45 ± 8

88 ± 10
46 ± 6

Fig. 6. Distribution of fatty acids with respect to unsaturation in
dissolved and particulate matter from an 18"C culture of Gyrodi
nium aureolum sampled after 41 days. (a) Dissolved total lipids.
(b) Particulate total lipids. (c) Particulate neutral lipids. Fatty
acids were measured as their methyl esters by capillary gas chro
matography.
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and 5), suggesting the differences in unsaturation
between peaks was greater in the samples than in
the standards. For quantitation, however, samples
and standards were routinely developed in H-D-F
96:3:1 (Table I) to maximize the range over which
calibration curves could be obtained (Fig. 2). None
theless, overlapping of peaks made it difficult to
perform analyses beyond loads of 3 J.lg. Accurate
integration of peak areas in shouldering peaks de
pends on the integrator's ability to recognize the
exact location of the trough between the peaks. The
more the peaks overlap, the greater is the effect on
accuracy and precision of any error in determining
the base of the trough. As loads were lowered the
degree of overlapping was reduced but the signal
to-noise ratio decreased so that, although it was
possible to detect peaks of both saturated and poly
unsaturated lipid classes below 100-ng load, cali
bration below 100 ng was unreliable.

The comparison between TLC-FID (Figs. 4 and
5) and gas chromatographic (Fig. 6) analyses of ex
tracts of G. aurea/urn further validates the use of
Chromarod separations for determining polyunsat
urated lipids. The distribution of fatty acids in the
total dissolved lipid extracts was biased towards the
less unsaturated fatty acids with over half of the
fatty acids being saturated or monounsaturated and
less than 20% having three or more double bonds
(Fig. 6a). The distribution of fatty acids in the total
particulate lipid extracts was more bimodal with
most of the fatty acids being saturated or highly
unsaturated and less than a quarter containing one
to four double bonds (Fig. 6b). The low levels of
dienoic and trienoic fatty acids would also permit
separation of the methyl esters on silica gel coated
plates [22]. The distribution of fatty acids in the
neutral lipids was biased towards polyunsaturation
(Fig. 6c): 77% of the fatty acids in the neutral lipids
contained two or more double bonds. This figure
compares well with the value of 88 ± 10% obtained
in TLC-FID analyses of TG (Table I) which were
the major neutral lipid class present in the extracts
(Fig. 5).

CONCLUSIONS

It is possible to calibrate split peaks in Chroma
rod analyses of marine phytoplankton lipids pro
vided loads are kept low. Polyunsaturated stan-
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dards gave lower responses but the difference in re
sponse was small by comparison with the error of
repeat analyses at anyone level or the error in re
gression equations obtained from calibration data.
This is especially true in the case of TG standards
where a single TG calibration curve would suffice
for most applications in which a non-polar hexane
based solvent system was used. Thus the compo
nents of a split TG peak may be calibrated with a
single standard and the sum of these two compo
nents would be close to the total TG load on the
rod. Quantification of split chromatographic TG
peaks in multi-step developments and of TG and
FFA peaks in single-step developments may be a
very useful way to rapidly determine the degree of
polyunsaturation within these marine lipid classes.
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ABSTRACT

Fractionation ofa light petroleum (b.p. 4o-60'C) extract from the male roots of Piper guineense Schum and Thonn was carried out by
thin-layer chromatography (TLC) followed by reversed-phase high-performance liquid chromatography (HPLC). Fractions were
monitored by their insecticidal activity, and five different active amides were purified. The amides were identified by spectral and
chemical methods as N-isobutyl-II-(3,4-methylenedioxyphenyl)-2E,4E,IOE-undecatrienamide (1), N-pyrrolidyl-12-(3,4-methylene
dioxyphenyl)-2E,4E,9E, II Z-dodecatetraenamide (2), N-isobutyl-13-(3,4-methy1enedioxyphenyl)-2E,4E, 12E-tridecatrienamide (3),
N-isobutyl-2E,4E-decadienamide (4) and N-isobutyl-2E,4E-dodecadienamide (5). Some of these (4 and 5) have not hitherto been
identified in P. guineense, and one (2) appears to be novel from any plant source. TLC-HPLC is suggested to be more suitable than
other chromatographic methods used earlier for isolating minor insecticidal components from Piper plants.

INTRODUCTION

Most of the earlier work on Piper species seem to
suggest that the major insecticidally active compo
nents are alkamides [1-3]. The isolation of one of
these amides (pellitorine) by gas chromatography
(GC) from a light petroleum extract of the root of
Piper guineense was reported earlier [4]. However,
GC was found to be unsuitable for the separation
and isolation of some of these amides which appear
to be unstable at the high temperatures used. There
have been few reports on the use of high-perform"
ance liquid chromatography (HPLC) for the sep
aration and isolation of amides from Piper plant
[3,5]. In this study we have used reversedcphase
HPLC, preceded by thin-layer chromatography
(TLC) for the fractionation of insecticidal amides
from a plant extract and for the isolation of these

Correspondence to: Dr. D. J. Candy, School of Biochemistry,
University of Birmingham, Birmingham BI5 2TT, UK.

"" Present address: Department of Biochemistry, University of
Ghana, Legon, Ghana.

components in sufficient quantities for chemical
identification.

EXPERIMENTAL

The male root of P. guineense was used. Details
of the origin, processing and extraction of the plant
material were described earlier [4]. Briefly, 25 g of
dried, powdered root was extracted with 250 ml of
light petroleum (b.p. 40-60°C) for 6 h at 20°C and
was then filtered.

Bioassays
A Petri dish contact method described earlier [4]

was usedwith adult Musca domestica as test insects.
Eluents of the TLC and HPLC fractions to be
bioassayed were introduced into glass Petri dishes
(radius = 4.6 cm; area = 67 cm2

), 2.0 ml of olive
oil-light petroleum (0.03%, v/v) were added and
the mixture was dried. The olive oil served as carrier
to facilitate transfer of test materials to the insects.
At least two replicates of ten insects were used at
each concentration tested and a set of controls was

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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included with each group of bioassays. The insects
were supplied with sucrose and water and main
tained at 26--28°C. Knockdown (proportion of in
sects no longer able to upright themselves) was re
corded at 2 h and lethal effects (proportion of in
sects showing no movement even after stimulation
by contact) at 24 h.

TLCfractionation of the total extract for insecticidal
activity

Silica gel chromatoplates (250 J..lm, 20 cm x 10
cm, spread on glass plates using Kieselgel 60G,
Merck, Darmstadt, Germany) were used for analyt
ical separation and identification of active bands.
For quantitative separation of active fractions,
however, preparative silica gel chromatoplates (ap
proximately 400 J..lm, 20 cm x 20 cm of Kieselgel
60G) were used. During a preliminary analytical
separation, bands were located both with ultravio
let light at 254 and 365 nm and by iodine staining.
In all subsequent TLC separations, bands were only
located with UV light. The use of UV light at two
wavelengths allowed the borders of the bands to be
better defined. The sequence of TLC fractionation
of the Piper root extract is summarized in Fig. 1.
First (TLC I) the concentrated extract was run for
50 min. using chloroform-methanol (10: 1, v/v) as
developing solvent. The individual fractions ob
tained from this were eluted and run for 40 min
using n-hexane-ethyl acetate (3:1, v/v) (TLC II).
Each fraction was eluted and re-run under the same

conditions as for TLC II, i.e. using n-hexane-ethyl
acetate as solvent (TLC III). In general, R f values
for components after TLC II were lower than after
TLC III, presumably because of differences in load
ing. When monitoring the activity of TLC bands,
samples of the extract (4.0 mg dry weight) and the
subsequent fractions (0.4 mg) were tested. Bands
were recovered by scraping off the appropriate re
gion of silica gel and eluting with acetone-light pet
roleum (2: 1). The eluents were centrifuged at 1000 g
for 15 min to remove suspended silica gel particles,
and then evaporated under partial vacuum and tak
en up in chloroform. Larger amounts of each of the
active crude fractions A, Band C were obtained by
separating aliquots (100 mg) of the extract on pre
parative silica gel chromatoplates (Fig. 1). It should
be noted that additional components were obtained
during TLC fractionation but were not further ex
amined because of their low insecticidal activity.

Isolation and purification of active components from
TLC fractions by HPLC

Three active fractions (A, Band C, recovered by
TLC) were further separated by reversed-phase
HPLC. An LDC Milton Roy (Stone, UK) MP300
multi-processor, consisting of two Constametric III
metering pumps, a Spectromonitor III variable
wavelength detector and a printer, all of which were
linked to a computer, was used for HPLC separa
tions. A semi-preparative (250 mm x 10 mm 1.D.)
5-J..lm Spherisorb ODS2 C tS column (Phase Separa-

Total Extract

ITLC I (CHCI,-CH,OH. 10:1; 50 min)

Active Band, RF = 0-65- 0·79

TLC II (n- C.H1,-EtOAc, 3:1; 40min)

Active Band, RF = 0·29-0·35

TLC III (n-C.H1.-EtOAc, 3:1; 40min) I
Active Fractions A and B

Active Band, RF = 0·39-0,45ITLC III (n-C.H14 -EtOAc, 3:1; 40min)

Active Fraction (

Fig. 1. TLC separation of insecticidal components from Piper guineense root extract. For RF values of active fractions A, Band C after
TLC III, see Table I. A, Band C were further separated by HPLC to give components 1, 2, 3, 4 and 5. EtOAc = Ethyl acetate.
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tions, Deeside, UK) was used. The separations were
monitored at 254 nm, and the flow-rate was 4.0 m\.
A two-solvent gradient elution was carried out us
ing as mobile phase methanol-ammonium acetate
buffer (0.05 M, pH 5.6). The solvent programme
was: 70.0-99.9% methanol over a 15-min period,
then 99.9% methanol for another 5 min. Aliquots
(50 flg) of each TLC fraction were analysed, and the
results were then used to guide in the HPLC frac
tionation of larger quantities of the TLC fractions.
Aliquots of the TLC fractions (0.4 mg) were sep
arated by HPLC and fractions were collected as
groups of peaks together (T1, T2, T3, T4, T5 and
T6) as shown for the chromatogram in Fig. 2. These
HPLC fractions were dried under partial vacuum,
taken up in chloroform (1 ml) and bioassayed for
insecticidal activity. In order to identify the actual
peaks responsible for activity, the HPLC separa
tions of the TLC fractions were repeated and select
ed individual peaks (areas> 8% of the total at 154

23

nm) were isolated and bioassayed. The active peaks
1, 2, 3, 4 and 5, the elution times for which are
shown in Table II, were isolated in sufficient quanti
ties (and then further purified) to allow subsequent
structural analysis. For further purification two iso
cratic solvent systems were used: (i) acetonitrile
ammonium acetate buffer (55:45) for components
with elution times ofless than 15.0 min during com
ponent isolation; (ii) acetonitrile-ammonium ace
tate buffer (62:38) for components with elution
times greater than 15.0 min during component iso
lation.

Structure determination
The chemical identities of the isolated com

pounds were determined by spectral and chemical
analysis. The details of these procedures were as
outlined earlier [4], except that 1H NMR spectra of
components Band F were determined with a lEOL
lNM-GX 270 FT NMR spectrometer.

,-
2·0 4·0 6·0

I I I I I I I I I

8'010·0 12'0 14·0 16·0 18·0 20·0 22'0 24'0

Elution time (min)

Fig. 2. HPLC separation of components 1, 2 and 3 from TLC fraction A. Elution times (min) are indicated for the various peaks. Peaks
marked I, 2, 3 were the active components isolated. T 1-T 6 represent groups of peaks collected as fractions for bioassay. Column:
Spherisorb 50DS2; solvent: methanol-ammonium acetate buffer, gradient; flow-rate: 4.0 ml/min; detector: UV, 254 nm.
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RESULTS AND DISCUSSION

Many TLC bands with activity were obtained
(Fig. 1). However, the main bands recovered in sub
stantial quantities (recovery > 0.005% dry weight
of plant material) and which also showed dissimilar
activities on bioassay are shown in Table 1. Frac
tion A showed both good knockdown and good le
thal toxicity, B showed moderate lethal toxicity but
good knockdown whilst C showed poor lethal tox
icity but good knockdown.

The chromatograms obtained by reversed-phase
HPLC separation of fractions A, Band C, showed
that all the fractions contained several closely relat
ed components which absorbed at 254 nm. The
areas of the integrated peaks of individual active
components in each chromatogram were all greater
than 15% of the total absorbance for fractions A, B

or C (Table II). The peak eluting at approximately
12.0 min constituted nearly 50% of the total, and
the peaks eluting at about 15.0-17.0 min constitu
ted between 15 and 23% of the total (Table II).
HPLC peaks 1,2 and 3, which eluted between ap
proximately 15.0 and 17.0 min, were found to cause
knockdown and lethal toxicity to 75% or more of
the treated insects (Table II). Peak 4, which eluted
at about 12.0 min from TLC fraction B, but formed
as much as 50.0% of the total integrated peak area,
was also found to cause knockdown to over 75%
and lethal toxicity to 50% or more of insects when
bioassayed. Peak 5 from TLC fraction C on the oth
er hand had an elution time around 14.0 min but
showed only moderate activity, with only up to
50% of treated insects being killed in 24 h or being
knocked down in 2 h. All the active peaks contained
impurities resulting from overlapping of minor

TABLE)

RF VALUES, RECOVERY AND TOXICITY OF MAIN ACTIVE FRACTIONS OBTAINED FROM THE SEPARATION OF
TLC))) FRACTIONS

TLC ))I, dose = 6.0 Jlg/cm 2
; solvent, n-hexane-ethyl acetate (3:1, v/v). Degree of activity (percentage of test insects responding:

. + + + + = 100-95%; + + + = 95-75%; + + = 75-50%; + = 50-25%; - = 0-25%. Each fraction was tested on twenty insects.
KD = Knockdown after 2 h; M = mortality after 24 h. The proportion recovered was expressed relative to total dry weight of plant
material (710 g). .

TLC RF of Proportion Degree of activity
fraction band recovered (%)

KD M

A 0.23---{).37 0.D18 ++++ ++++
B 0.37-0.42 0.005 +++ +
C 0.51-0.69 0.022 ++++

TABLE II

ELUTION TIMES AND ACTIVITIES OF PEAKS ISOLATED FROM TLC FRACTIONS BY REVERSED-PHASE HPLC

Percentage % total int. peaks = % total absorbance for fractions AlBIC (= 100) detected at 254 nm. A O.4-mg amount of each TLC
fraction was separated. Twenty insects were used for the bioassays. Degree of activity (percentage of test insects responding): + + + =
95-75%; + + = 75-50%; + = 50-25%. KD = knockdown after 2 h; M = mortality after 24 h.

TLC Active Elution Percentage % total Degree of activity
fractions HPLC peak(s) time int. peaks

(min) KD M

A I 14.6 17.4 +++ +++
2 16.1 15.3 ++ +++
3 16.8 22.8 +++ +++

B 4 11.9 49.6 +++ ++
C 5 14.3 15.3 + +
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peaks adjacent to the major peaks (Fig. 2). On
changing from methanol-ammonium acetate buffer
to acetonitrile-ammonium acetate buffer as eluting
solvent and rechromatography, much better resolu
tion was obtained enabling large quantities ofmate~'

rial to be purified. For example, components 2 and
3, which were isolated together (Fig. 2) and were
barely separable with methanol-ammonium acetate
buffer, were completely resolved when acetonitrile
ammonium acetate buffer (62:38) was used (Fig. 3).
The peaks were therefore purified isocratically us
ing acetonitrile-ammonium acetate buffer of appro
priate strength. In this way pure components 1,2, 3,
4 and 5 were obtained for determination of their
chemical identities. The components were identified
as follows.
N~Isobutyl~11- (3,4~methylenedioxyphenyl)

2E,4E,10E~undecatrienamide (component 1, 2.1
mg). Mass spectrum (m/z, % intensity): 355 (M +,
68),220 (56), 161 (15), 135 (100), 57 (42), 40 (65).
lH NMR (D, deuterochloroform, 270 MHz): 0.93
(d, J = 6.7 Hz, 6H), 1.47 (m, 4H), 1.80 (m, IH),
2.18 (m, 4H), 3.17 (t, J = 6.4 Hz, 2H), 5.44 (br s,
IH), 5.74 (d, J = 15.6 Hz, IH), 5.94 (s, 2H), 6.01
(dt, J = 15.9, 7.0 Hz, IH), 6.07 (m, IH), 6.12 (dd,
J = 15.3,9.8 Hz, IH), 6.28 (d, J = 15.6 Hz, IH),
6.73 (br s, 2H), 6.87 (br s, IH), 7.19 (dd, J = 10.1,
15.0 Hz, IH). IR (y, NaCl flat, neat, cm- 1

): 3305,
2930, 1660, 1630, 1620, 1550, 1260, 1000, 925. UV
(Ama" methanol): 260, 305 nm.

N-Pyrrolidyl-12~(3,4-methylenedioxyphenyl)~
2E,4E,9E,11Z~dodecatetraenamide(component 2,

-
35

Elution time (min I

Fig. 3. HPLC purification of components 2 and 3. Elution times
(min) are indicated for the active peaks (I-and 2). Column: Sphe
risorb 50DS2; solvent: acetonitrile-ammonium acetate (62:38),
isocratic; flow-rate: 4.0 ml/min; detector: UV, 254 nm.

3.4 mg). Mass spectrum (m/z, % intensity): 367
(M+, 56), 232 (50),192 (30),164 (70),135 (100), 98
(25),70 (43). lH NMR (D, deuterochloroform, 270
MHz): 1.48 (m, 2H), 1.55-1.64 (m, 4H), 2.17 (m,
4H, 3.61 (br, 4H), 5.95 (s, 2H), 5.95 (d, J = 10.9 Hz,
IH), 6.02 (m, 2H), 6.09 (m, IH), 6.18 (dd, J = 15.1,
10.6 Hz, IH), 6.24 (dd, J = 16.0, 7.7 Hz, IH), 6.30
(d, J = 8.6 Hz, IH), 6.75 (br s, 2H), 6.88 (br s, IH),
7.25 (dd, J = 10.1, 14.6 Hz, IH). IR (y, NaCl flat,
neat, cm- 1

): 2920, 1650, 1620, 1595, 1500, 1440,
1245, 1033, 1000, 925. UV (Amax , methanol): 259,
296 nm (inflexion).

N~Isobutyl-13- (3,4-methylenedioxyphenyl)
2E,4E,12E-tridecatrienamide(component 3, 7.8
mg). Mass spectrum (m/z, % intensity): 383 (M +,
100),369 (35), 248 (39), 180 (21), 152 (38), 135 (70),
57 (12). lH NMR (D, deuterochloroform, 270
MHz): 0.93 (d, J = 6.7 Hz, 6H), 1.30 (m, 4H), 1.42
(m,4H), 1.80 (m, IH), 2.14 (m, 4H), 3.17 (t,J = 6.4
Hz, 2H), 5.45 (br, IH), 5.74 (d, J = 14.7 Hz, IH),
5.92 (s, 2H), 6.01 (dt, J = 15.6,7.7 Hz, IH), 6.07
(m, IH), 6.14 (dd, J = 15.3, 9.9 Hz, IH), 6.28 (d,
J = 15.6 Hz, IH), 6.73 (br s, 2H), 6.88 (br s, IH),
7.20 (dd, J = 15.0, 10.1 Hz, IH). IR (NaCl flat,
neat, cm - 1): 3305, 2920, 1645, 1630, 1605, 1545,
1250, 1030, 1000, 920. UV (Ama" methanol): 260,
304 nm.

N~Isobutyl~2E,4E-decadienamide (cofYIponent 4,
15 mg). The spectral data obtained were identical to
those reported earlier for the component isolated by
gas-liquid chromatography [4]. The identity of this
compound was also confirmed by 3H reduction fol
lowed by hydrolysis and identification of the
hydrolysis product [4].

N~Isobutyl-2E,4E~dodecadienamide (component
5,2.1 mg). Mass spectrum (m/z, % intensity): 251
(M+, 40),179 (100),166 (12),152 (36), 96 (34),57
(8), 41 (8). lH NMR (D, deuterochloroforum, 270
MHz): 0.87 (t, J = 7.7 Hz, 3H), 0.93 (d, J = 6.7,
6H), 1.26-1.30 (m, 8H), 1.42 (m, 2H), 1.83 (m, IH),
2.10-2.18 (q, 2H), 3.17 (t, J = 6.4 Hz, 2H), 5.44 (br,
IH), 5.74 (d, J = 15.1 Hz, IH), 6.06-6.14 (m, 2H),
7.19 (dd, J = 10.1, 15.8 Hz, IH). IR (y, NaCl flat,
neat, cm- 1

): 3295, 2950, 2920, 1645, 1625, 1605,
1550, 1530, 990. UV (Ymax, methanol): 258 nm.

On 3H reduction and hydrolysis [4], component 5
gave as its main hydrolysis product a fatty acid
which eluted from HPLC at 22.5 min compared
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with the elution times of 4.0, 10.0 and 16.0 min for
hexanoic acid, octanoic acid and decanoic acid, re
spectively, which were run as standards. Thus hy
drolysed reduced 5 probably contained twelve car
bon atoms and was dodecanoic acid. The Am • x from
the UV spectrum of 5 suggests the presence of a
conjugated diene system adjacent to an amide car
bonyl in the molecule, and the IR spectral data is
characteristic to the system, -CHrCH = CH
CH = CH-CONHR [6]. The fact that the UV and
IR spectra of component 5 suggests it is a 2E,4E
dienamide, the presence of dodecanoic acid as a ma
jor component of its reduced hydrolyzed products,
and the spectral data from mass spectrometry (MS)
and 1H NMR, shows that component 5 is N-isobut
yl-2E,4E-dodecadienamide which is being named
here kalecide after one of the local Ghanaian names
of P. guineense, Kale. This compound has not been
previously isolated from P. guineense. The only re
ported isolation of this compound from a plant
source (P. peepuloides) was by Dhar and Raina [7].
The spectral data of component 3 are consistent
with those reported for guineensine from P. atten
uatum by Dasgupta and Ray [8]. The isolation of
guineensine from P. guineense has been reported
previously by Okogun and Ekong [9]. The spectral
data of component 1 were consistent with those ob
tained for pipercide isolated from P. nigrum [3].
However, pipercide has so far only been detected in
P. guineense as a lower homologue and a contami
nant in the mass spectrum of guineensine [9]. The
present work is the first report of the actual isola
tion of pipercide in a reasonably pure form from P.
guineense. The isolation of N-pyrrolidyl-12-(3,4
methylenedioxphenyl)-2E,4E,9E,11Z-dodecatetra
enamide, i.e. component 2, has not been previously
reported. This amide is being given the trivial name
guineensinamide. Okogun and Ekong [9] suggested
from GC-MS of a hydrogenated mixture of amides,
the presence of an amide with M+ 367, which was
indicated to be an isobutylamide of eicosanoic acid.
The IR and 1H NMR spectral data obtained for the
pure compound isolated with M + 367 in the present
work shows this compound lacked an -NH group
and hence could not be an isobutyl amide. Further
more, the fragmentation pattern obtained from the
mass spectrum was not compatible with the struc
ture of the compound being an isobutylamide of
eicosanoic acid. The UV (Am• x) at 259 and 296 nm

obtained for component 2 is also indicative of the
presence of a Z-configuration [10].

Isolation procedures involving solvent extrac
tion, column chromatography, TLC and prepara
tive TLC have so far been employed in phytochem
ical work on P. guineense. Most of the studies un
dertaken which were aimed at the isolation of in
secticidal principles from Piper species have concen
trated on extracts from the fruit. The fact that the
isolation of guineensinamide, kalecide and pellito
rine from P. guineense has hitherto not been report
ed (pipercide was only reported as a contaminant of
guineensine) may partly be due to the relatively low
content of these compounds in the plant materials
examined. The use of HPLC enabled such compo
nents to be isolated in the present work. It must be
noted, however, that Addae-Mensah et al. [11] did
not report the presence of pellitorine in the light
petroleum extracts of the root, though the present
work shows it is present in the root extract in sub
stantial quantities. Considering the extensive phy
tochemical work done on P. guineense, the absence
of any reports on the isolation of pellitorine, kale
cide and guineensinamide is significant since unlike
previous work on this plant, the present work in
volved bioactivity-directed isolation of the com
pounds. The two pairs of homologues isolated and
the presence of several successive peaks in all the
HPLC chromatograms may suggest the presence of
several homologous series of compounds. TLC
HPLC has therefore facilitated the isolation of a
number of amides which have hitherto not been re
ported in P. guineense, hence may be the most suit
able method for isolating components, particularly
the minor yet insecticidally active components from
P. guineense and related species.
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ABSTRACT

Polarizations of solutes undergoing electrophoresis occur at the interfaces of aqueous two-phase systems. The first mathematical
model of this situation is presented, and is shown to predict results qualitatively similar to our experimental work. The numerical
simulation of electrophoresis is based on an earlier single-phase model, extended with additional equations and .boundary conditions
needed in the two-phase case. Results from the simulation of some simple model systems are presented and discussed.

(1)

INTRODUCTION

We have previously shown that the electrophore
sis of solutes across the'interface in aqueous two
phase systems could be strongly influenced by the
partitioning of the solutes in the systems [1]. Un
expected polarization was noted as proteins or
certain dyes were transported across the interface
from preferred to non-preferred phase. The polari
zation was directional, in that movement from
non-preferred to preferred phase appeared unaf
fected by the phase boundary. The problem is of
considerable importance. Similar phenomena were
reported by Maxwell in 1892 [2] for organic-organic
interfaces. Nernst and Riesenfeld [3] noted the
occurrence of polarizations at organic-aqueous in
terfaces in 1902. We believe our investigations to be
the first report on these polarizations in aqueous
aqueous phase systems. This sort of behavior at
interfaces can be used as the basis for novel separa
tions. It can also help clarify other examples of
interphase transport in aqueous systems, such as

transport across cell membranes or within an elec
trochromatography column. Modeling was under
taken because of this practical importance, and also
since these results were not accounted for by any
current theory of electrophoresis. Using simple
systems, our model demonstrates some of the essen
tial characteristics of the experimental results.

The framework of our theory for electrophoretic
transport is provided by Bier and co-workers [4--8],
which we expand to account for the special case of a
two-phase system. The model for electrophoresis in
single phase systems is based on a set of unsteady
state mass balances for each species i composing the
complete system. The system is assumed isothermal
with transport in one dimension only. A generation
term R i (moljm3

. s) enables the interconversion
between neutral and charged species of a given
molecule,

OCi oFi
-= --+Rot ox '
where Ci is the concentration of i (moljm3

) and tis
time (s). F i represents the flux of i in mo1jm2

. s given
by

Correspondence to: Milan Bier, Center for Separation Science,
Building 20, Room 157, University of Arizona, Tucson, AZ,
85721, USA.

oiP RT OCi
F = -c·z·Q·- - -Q.-, . " 'ax e'ox (2)

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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where kr and k r are forward and reverse reaction rate
constants, respectively, in appropriate units. They
describe an illustrative reaction such as, for example

Flux by both electrophoresis and diffusion is allow
ed, all other mechanisms are neglected. The left hand
term in the flux equation describes electrophoretic
motion, with Zi representing the charge on i, Q i a
mobility factor in m 2 jV' s, and 8<1Jj8x the gradient in
applied potential (V jm). The right hand term in this
equation characterizes diffusion. R is the gas con
stant in V' CoulombsjK . mol, T the absolute tem
perature in K and e the molar charge of 96 500
Coulomb/mol.

The generation term R i is assumed to follow mass
action kinetics, represented by equations of the form

(3)

(4)

proper choice of initial and boundary conditions for
the PDEs [4].

MODEL FOR ELECTROPHORESIS IN TWO-PHASE SYS
TEMS

Our model for two-phase electrophoresis begins
with similar equations written for each phase of the
two-phase system. Two additional boundary condi
tions are required at the interface in order to
complete the description of this system. The work of
Davies [9] and the text of Crank [10] involving
diffusion only across the interface of two-phase
systems suggested two different possibilities.

One assumption is instantaneous equilibrium
across the phase boundary. If the two-phase system
is considered infinite in extent with the interface at
x = 0, phase a encompasses x < 0 and phase b
extends from x > O. Then

where K is the equilibrium partition coefficient of
solute i.

The second alternative for this boundary condi
tion is to assume that there is significant resistance to
transport. Then, a mass transfer expression best
defines the flux at the interface

where IX is the mass transfer coefficient (m/s).
For either possibility, the second boundary condi

tion at the interface states that all mass flowing out
of phase a must flow into phase b. The fluxes across
the phase boundary must match

In addition to the set of partial differential
equations (PDEs) resulting from describing the
transport of each species i, a system of algebraic
relationships must be simultaneously solved in order
to fully describe the problem. Certain elementary
species are conserved. For example, the rate at which
water disappears from the system must be matched
by the rate at which hydroxyl ion appears. Linear
combinations of other species yield similar relation
ships. These may be summed to yield

(5)

The rate of charge generation within the system
must be zero everywhere except at the electrodes.
Therefore, the divergence of the sum of the fluxes of
charged species is zero,

C'b
K = -'-' for x = 0

Ci,a

F i = CX(KCi,a - Ci,b) for x = 0

Fi,a = Fi,b for x = 0

(8)

(9)

(10)

Also, we assume that electroneutrality prevails on
the scale of interest,

It is generally necessary to solve the equations
numerically, because of the complex nature of the
system. All the classically known modes of electro
phoresis could be described with this model, by

(6)

(7)

To complete either description of the two-phase
system, the remaining boundary and initial condi
tions must be stated

Ci,a = Ci, - 00 for x =-00 (11)

Ci,b = Ci, + 00 for x = +00 (12)

Ci,a = Ci, - 00 for t=O (13)

Ci,b = Ci,+oo for t = 0 (14)

The new boundary conditions at the interface
must be substituted into the finite difference approx-
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(15)

(16)

(17)

(21)

RESULTS

Alternatively, one may assume there is mass
transfer resistance at the interface, not instantane
ous equilibrium. To model this case, the mass
transfer expression, eqn. 9, is substituted for eqn. 2
for flux 25 at the interface. Eqn. 2 is retained to
calculate all other fluxes.

The solution of the models for two-phase systems
now follows easily from the single-phase model. All
equations are put into non-dimensional form. The
dimensionless form of eqn. 6 for conservation of
charge is integrated to yield

where Fi is now a dimensionless flux and e is the
dimensionless current. An initial component distri
bution is input into the simulation package. Equilib
rium expressions derived from equations of the type
shown by eqn. 3 are combined with the requirement
for electroneutrality, eqn. 7. From this, pH and
concentrations for ionizable species are obtained.
Conductivity can then be calculated, which when
combined with the applied current, yields the gra
dient in the potential between pairs of grid points.
Fluxes for species are figured from eqn. 2 or 9, as
appropriate. Eqn. I, 19, or 20 is finally solved, as
needed, to obtain concentrations at the new step
forward in time. The Runga-Kutta-Fehlberg meth
od was used for integration in the examples which
follow. The process is then essentialiy repeated, until
the simulation time is finished. Complete details
regarding the solution are available in the previously
cited references [4-8].

CZ5 - C25 = _(F2S - F24)
Lit Llx

CZ6 - C26 = _(F26 - F2S )
Lit Llx

By use of the boundary condition given by eqn. 10,
the common flux 25 is eliminated between these
equations. The equilibrium expression across the
interface, eqn. 8, is then used to substitute for the
new concentration at grid point 26:

where the subscript i now refers to position in the
grid. The prime (') indicates a quantity being cal
culated at the next time point in the simulation from
current time point data.

To model the case of equilibrium across the
interface, eqn. 15 must be written for grid points 25
and 26:

Llx I . Llx I

-(C25 - C25) + F24 = -(KC25 - C26) + F26 (18)
Lit Lit

imations for the PDEs at the appropriate spacial
grid points. For example, consider an illustrative
50-point grid. Concentrations are estimated at the
grid points from fluxes, which are calculated be
tween grid points. The interface is located at the
center of the grid, between points 25 and 26. The flux
associated with transport across the interface is
defined as flux 25.

All concentrations in the model, except those on
either side of the interface (25 and 26) are calculated
by the normal finite difference approximation

ci - Ci (Fi - Fi-l)--=-
LI t Llx

(20)

(19)

This can be solved for the new concentration at
point 25

I C25 + C26 Llt(F24 - F26)C - + - -=--'----------'::..::.
25 - I + K Llx I + K

The equilibrium equation is then used once more to
obtain

These last two equations replace eqn. 15 at grid
points 25 and 26 for simulations where instantane
ous equilibrium is assumed across the interface.
Calculation for concentration values at all other
spacial grid points are made with eqn. 15.

The results presented here are from models in
which the following simplifying assumptions are
made. Only one component, the one of interest, is
considered to be partitioned at the interface. All the
other components in the simulation behave as
though electrophoresis is taking place in a bulk
phase. Furthermore, unless specified otherwise,
each component has the same electrophoretic mobil
ity in either phase. Although this is not generally true
in reality, it simplifies the interpretation of results
since a change in mobility at the interface in and of
itself will cause other polarization effects. We have
previously demonstrated experimentally that for the



116 M. L. Levine et 01. / J. Chromatogr. 607 (1992) 113-118

TABLE I

PARAMETERS FOR SIMULATIONS

For mass transfer model simulations

Run assuming constant voltage drop across separation space

Supporting buffer
0.01 M cacodylate ion, pK =6.21, Q = 2.31'10- 8 m2JV·s.
0.0086 M Tris ion, pK = 8.30, Q = 2.41 . 10- 8 m2JV . s.
pH = 7.0

Concentration profiles are shown 1 min after electrophoresis
begins from equilibrium conditions.

Simulation space = 0.005 m divided into 200 grid points

Initial ~urrent density = 20 A/m2

For equilibrium model simulations
Run assuming constant current

Supporting Buffer
0.01 M acetate ion, pK = 4.76, Q = 4.12 . 10- 8 m2JV . s.
0.0063 M ammonium ion, pK = 9.25, Q = 6.39' 10- 8

m2JV·s.
pH = 5.0

Hemoglobin, diffusion coefficient = 6.8' 10- 1 cm2/s

special case of equal· electrophoretic velocity in
either phase, polarizations still occur at the interface
of two-phase systems [I].

The two models, with either instantaneous equi
librium or mass transfer resistance at the interface,
have been run for a number of cases. To verify that
each was working correctly, the limiting cases for
bulk transport by diffusion only with a single solute
was tested. Both inodels were found to be in
excellent agreement with the analytical solutions
published by Crank [10]. Also, as a further check of
the reliability of numerical solution, the amount of
solute which accumulates at the interface with
electrophoresis in the complete model compares well
with the amount calculated for the case of an
impermeable wall at the interface.

.The simulations used either hemoglobin or a
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Fig. I. Concentration profile after I min ofelectrophoresis, with
equilibrium for two different partition coefficients. For K = 0.41
(--), c, _ = C. 1=0 = 0.20 mol/m3

; c/., = C, b .=0 =
0.082 mol/m3

. For K ';:; 0.082 (- - - ), c/•., = C',b,' = 0 ,,;, '0.0 I64
mol/ril3 . The partitioned species is a strong base, with Q = 1.0 .
10- 8 m2JV . s.
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N
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strong base as the partitioned component ofinterest.
The base simplifies the interpretation of results. The
values for the partition coefficient and the mass
transfer coefficient were those given by Shanbhag
[II], for hemoglobin in a system similar, but not
identical, to the two-phase system examined experi
mentally. The partitioned solute was present as a
minor component of the system, over 3000 times
more dilute than the next most dilute component.
This reduces the interaction between the compo
nents. The remainder of the system was a buffer, to
minimize the effect of pH. The system initially
begins at its equilibrium distribution and the figures
show a concentration profile calculated after the
electric field has been applied for 1 min. Pertinent
data for the simulations are summarized in Table I.

Fig. 1 reports the results of a simulation with
instantaneous equilibrium at the interface. Two
differet values of the equilibrium partition coeffi
cient K are examined. In both cases, phase a is the
preferred phase, so that electrophoresis is from
preferred into non-preferred phase. Material in both
these simulations tends to concentrate on the left
side of the interface. As the partitioning between the
phases becomes greater (the partition coefficient
decreases from a value of 1), the observed polariza
tion increases.

Fig. 2 also demonstrates the results ofsimulations

Charge
68.5
43.5
25.5
10.25

-10.25
-20.5
-30.75
-50.0
-63.5

pH
3.0
3.5
4.5
6.0
8.0
9.0

10.0
11.0
11.5



M. L. Levine et al. / J. Chromatogr. 607 (1992) 113-118 117

50 ,-------------------,

o

~
40

" El
';::;-

)0
30El

~

=
.~...

20III - I......=Q)
(J

= 100 -----u
~.,
0....
~ 0

-0.05 0.00 0.05

(10
2

) Distance f;om Interface (m)

Fig. 3, Concentration profile after I min of electrophoresis for
equilibrium model; effect of a mobility difference. With the same
mobility in either phase (--), Q = 1 . 10- 8 m2/V . s. For
differing mobility (- - -), Q = I . 10- 8 m2/V . s in phase a; 2 .
10- 8 m2/V' s in phase b. For both simulations, K = 0.41;
ci,_", = ci,a,,=O = 0.20mol/m3

;ci ,a:> ,;" Ci,b,t~O = 0.082mol/m3.
Partitioned species is a strong base.
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Fig. 2. Concentration profile after I min of electrophoresis, for
the equilibrium model for three cases of directional transport.
Transport from preferred to non-preferred phase (--), K =

0.41; c. _ = c. ,~o = 0.20 mol/m3; c. = C. b '=0 = 0.082
mol/m3·. Transp~rt from non-preferred'" to p~eferred phase
( - - -), K = 2.439; c, _ = c, t= 0 = 0.082 mol/m\ c. =
Ci.b,t=O = 0.20 mol/m3."N~ither 'phase preferred (-----), K": I;
c. _ = c. '-0 = c. = c'bt'-o = 0.20 mol/m3. Partitioned
species is ~,ast~ong b~s~, as i~ Fig. I.

'"o-

with equilibrium at the interface, For the simulation
where K is 0.41, the solute is being transported from
preferred to non-preferred phase, and concentration
occurs at the interface. If K is changed to 2.439
(1/0.41), the solute is electrophoresed from non
preferred to preferred phase. In this case, this model
predicts a small dilution to occur at the interface.
Finally, if K is set equal to I, neither phase is
preferred, and the solute is evenly distributed be
tween the phases at equilibrium. The model predicts
that the interface has no observable effect on the
transport of the solute under these conditions and
no polarization is calculated for the interface.

Fig. 3 examin~s a more complex situation, where
the partitioned species has two times the mobility in
phase b compared with phase a. This is compared
with a similar simulation, with the same mobility in
both phases. Equilibrium is assumed at the interface,
with K = 0.41. The amount of polarization at the
interface decreases with increased mobility in phase
b.

Behavior of the protein hemoglobin is examined
in Fig. 4, in a simulation with equilibrium assumed
at the interface. A comparison run is made with a
strong base. For both simulations, K is set at 0.41.

The protein is also predicted to concentrate at the
interface, when electrophoresis is from preferred to
non-preferred phase. The irregularity to the left of
the concentrated zone is due to the difficulty in
numerically simulating the sharp gradient in concen
tration in that neighborhood.

In Fig. 5, concentration profiles from simulations
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Fig. 4. Concentration profile after I min of electrophoresis for
equilibrium model; effect of the nature of the partitioned solute.
Strong base (-'-), Q = I' 10- 8 m2/V' s; hemoglobin
(- - -). For both simulations, K = 0.41; ci,-a:> = ci,a,t~O =
0.20 mol/m3; ci,a:> = Ci,b,,=O = 0,082 mol/m3.
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Fig. 5. Concentration profile after 1 min of electrophoresis for
mass transfer model for two different mass transfer coefficients.
For low mass transfer case (--), IX = 2.29' 10- 7 mIs, for
high mass transfer case (- - -), IX = 2.29 . 10- 6 m/s. For both
cases, K = 0.41; c. _00 = c" t~O = 0.20 mol/m3; c. 00 =
Ci.b.t~O = 0.082 mol/~3. Partiti~ried species is a strong base'; as in
Fig. 1.

which use a mass transfer resistance model at the
interface are shown. Two sets of values for these
coefficients are compared, a low interfacial mass
transfer rate and a high rate. As expected, the case
with a lower mass transfer rate demonstrates a
greater concentration of the strong base at the
interface for equivalent electric fields applied for the
same amount of time.

DISCUSSION

Both models presented here qualitatively demon
strate the most startling effect of our electrophoresis
experiments in two-phase systems, the polarization
at the interface when electrophoresis is from pre
ferred to non-preferred phase.

The equilibrium model predicts dilution at the
interface when transport is from non-preferred to
preferred phase. It also calculates no observable
polarizations when K = 1. Both of these results
were observed experimentally, as reported in our
earlier work. The polarization increases as the
distribution of the solute between the phases at
equilibrium becomes more dissimilar.

Similar results can also be obtained from the
resistance model. However, few experimental values
are available for mass transfer coefficients at these
interfaces, and our attempts at measuring them
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proved unsuccessful. We have concentrated on the
equilibrium model, as it provides a simpler explana
tion of the phenomenon.

The versatility of the model is demonstrated by
the simulation which contains protein and the
simulation with the change in solute mobility at the
interface. Weak electrolytes, peptides, and other
amphoteric substances may also be studied. It also
allows modeling of a number of other situations,
such as partitioning of the buffer salts in addition to
the solute partitioning. The behavior of all these
systems is made more complex as the concentrations
of solute and buffer become comparable and the
system is rendered more interactive. Further numer
ical simulations are underway to explore these
situations.

Comparisons of these numerical solutions to our
experimental work are limited because of the diffi
culties in measuring concentration as a function of
position in two-phase systems. As noted above, both
models are qualitatively in agreement with the
experiments in some respects. However, the width of
the polarized zone is calculated to be narrower than
that observed in our experiments.
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ABSTRACT

The factors which contribute to the noise and signal in indirect absorption detection in capillary zone electrophoresis are studied.
Two independentnoise sources, the visualization agent and the detector, are distinguished. The noise from the visualization agent can
be affected by the applied voltage, the surface modification ofcapillaries and the concentration of the visualization agent. A new factor
named the "noise coefficient" is found which represents the contribution to the noise from the visualization agent. The physical
interpretation of the noise coefficient is the ratio of the concentration fluctuation to the concentration of the visualization agent. A new
equation that correlates detection limits with molar absorptivity and concentration of the visualization agent, noise coefficient and
instrument noise is proposed, and the functions of those factors are discussed.

INTRODUCTION

Capillary zone electrophoresis (CZE) is a separa
tion technique characterized by high efficiency and
small sample volume, and great progress has been
made in instrumentation and applications in the
last several years. In principle, CZE is very suitable
for the analysis of small ionic compounds such as
aliphatic carboxylic acids, amino acids and inor
ganic acids. However, many of these classes ofcom
pounds lack chromophores at useful wavelengths,
or have such low molar absorptivities as to preclude
sensitivity by absorption detection. Conductivity
detectors [1-7] and amperometric detectors [7-9]
have been developed for CZE analysis of these com
pounds. The performance of conductivity and am
perometric detectors are generally excellent, with
detection limits of 10- 6_10- 7 M for carboxylic
acids or amino acids. However, these detectors are
more difficult to fabricate than absorption detec
tors, and are not yet commercially available.

Correspondence to: Dr. R. A. Hartwick, Department of Chem
if-try, State University of New York at Binghamton, Bingham
ton, NY 13902, USA.

An alternative strategy to detect UV-transparent
compounds in CZE is that of indirect fluorescence
of indirect absorption detection. To achieve such
indirect detection, an ion with either fluorescence or
UV absorption properties, which is called the vi
sualization agent, is added to the mobile phase in
order to create a high background signal. The ana
lyte ions that have the same sign of charge as the
visualization agent but have no fluorescence or ab
sorption are observed from the reduction of the
background signal. Indirect fluorescence detection
was first introduced to CZE by Kuhr and Yeung
[10], and has been applied to the analysis of amino
acids, nucleotides, inorganic anions and sugars [lO
B]. Impressive detection limits can be achieved,
with concentration limits of 2· 10- 7 M for H zP04'
being reported [12].

Indirect absorption detection in CZE was first re
ported by Hjerten et al. [14]. Foret et al. [15] pre
sented more details about indirect absorption detec
tion in CZE. They observed the effect of ion mobil
ity on the peak shape and found that higher sensi
tivity could be obtained by selecting visualization
agents which have high molar absorptivity and ef
fective mobilities similar to those of sample ions.

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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More recently, indirect UV detection has success
fully been applied to the detection of 30 anions sep
arated by CZE [16], demonstrating great advantag
es over ion chromatography in terms of speed and
peak capacity.

In this paper, the factors which contribute to the
noise and signal in indirect absorption detection
were studied, and a factor named the "noise coeffi
cient" was defined as one of important parameters
to estimate detection limit and to select operating
conditions.

EXPERIMENTAL

Instrumentation
A Spectra Phoresis 1000 with SP4400 integrator

(Spectra-Physics, Reno, NY, USA) was used. The
fused-silica capillary (Polymicro Technologies,
Phoenix, AZ, USA) was 75 J-Lm I.D. x 360 J-Lm O.D.
with an effective length of 35.0 cm and a total length
42.5 cm. The column temperature was 25.0°C. The
detector wavelength was set according to the maxi
mum absorption position of each visualization
agent. Sample was injected by 1.0-s hydrodynamic
injection. A laboratory-constructed CZE apparatus
was employed to conduct the noise measurement
with a Pyrex rectangular capillary (0.05 x 0.5 mm,
Wilmad Glass, Buena, NJ, USA). The rectangular
capillary was glued to a modified cell on a Spectra
100 detector (Spectra-Physics), and an aperture of
about 1.2 x 0.4 mm was created. In order to avoid
the effect of light, this apparatus was operated in a
dark room.

The PEG 8M-IO-modified capillary was pro
duced in our laboratory according to the temp
erature protocols recommended by Innophase
(Portland, CT, USA).

Procedures
Capillaries were initially washed with 1 MNaOH

for 10 min, except the PEG-modified column, then
washed with water. In most of cases, the capillaries
were equilibrated with buffer overnight. The detec
tor noise (peak-to-peak) was measured with capil
laries filled with buffer (i.e., the visualization agent
solution) and without voltage. The total noise was
measured from a 2-3 min segment of a stable base
line while a certain voltage was applied.

Stock solutions of 50 mM 4-nitrophenol (NPH),
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10 mM 1,3,5-benzenetricarboxylic acid (BTA) and
2 mM I-naphthylacetic acid (NAA) were prepared
by dissolving the chemicals in boiling pure water (17
MQ). After cooling, the final volume was adjusted
and the solution was filtered through a 0.45-J-Lm
membrane. Lower concentration solutions were ob
tained by dilution. pH 4 buffers were made by add
ing NaOH solution or Tris solution, pH 8 buffers by
adding Tris solution-Tris solid.

Propionic acid and hexanoic acid solutions (1.1 .
10- 2 M each) were prepared and adjusted to pH 4.1
or 8.0 by Tris solution in order to keep the sample
pH close to the buffer pH, then diluted to the desir
ed concentration with distilled water. Just before
injection, the sample solutions were further diluted
with buffer at a 1: 1 ratio, and the indicated concen
tration was that after dilution with buffer.

Chemicals
BTA, NPH, NAA and hexanoic acid were ob

tained from Aldrich (Milwaukeek, WI, USA), PEG
8M-1O from Innophase, Tris from Bio-Rad Labs.
(Richmond, CA, USA) and all other chemicals
from Fisher (Fair Lawn, NJ, USA).

RESULTS AND DISCUSSION

Noise from visualization agent
For indirect fluorescence and indirect absorption

detection, the major factors determining the detec
tion limits have been reported to be the concentra
tion of the visualization agent, Cv , the dynamic re
serve, Dr (i.e., the ratio of the background absor
bance to the noise), and the displacement ratio, R
(i.e., the number of visualization agent molecules
transferred by one analyte molecule) [17-20]. The
detectable concentration, Cdeb can be estimated
from eqn. 1 [17]:

Cdet = Cv/(RDr) (1)

According to eqn. 1, lowering Cv and increasing
Dr will reduce the detection limit. However, there
are two questionable points in eqn. 1. First, it has
been found that the Dr value somehow depends on
Cv [17,19]. Therefore, one may not reduce detection
limits according to eqn. 1 by lowering Cv , because
Dr is reduced simultaneously. Secondly, in eqn. 1,
the function of molar absorptivity of the visualiza
tion agent is not clear, although some authors
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TABLE I

RELATIONSHIP OF NOISE TO VISUALIZATION AGENT
CONCENTRATION IN A ROUND CAPILLARY

Conditions: 75 Jlm I.D. fused-silica capillary; BTA-NaOH buff
er, pH 4.22; 355 Vjcm.

Cv Background Slope (Jv Kn

(mM) (a.u.) (a.u.jmM)" (x 10- 5) (x 10- 15)

0.40 0.072 0.162 0.47 7.2
1.00 0.162 0.135 1.2 8.9
2.00 0.275 0.095 1.6 8.4
4.00 0.403 0.038 J.5 9.8

" Tangent of the regression curve at each concentration.

[19,20] recommend the use of visualization agent
with high molar absorptivity.

In this research, it is found that the noise in in
direct absorption detection includes at least two
sources: the visualization agent and the detector
(electronic, source, etc.). From the viewpoint of ab
sorption measurements [21], noise is the unwanted
fluctuations in the desired signal, and the noise
magnitudes are typically expressed as either root
mean-square (rms) or peak-to-peak (p-p) values.
Since the square values of independent fillS noises
are additive, for indirect absorption detection in
CZE, we have

(2)

where ITtot is the total rms noise, lTv the fillS noise
from the visualization agent and lTd the rms noise
from the detector. In experiments, the peak-to-peak
noise is more easily to be measured, with the rms
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noise being approximately one fifth of the p-p noise
[21]. Therefore,

(5ITtot)2 =' (5ITv)2 + (5ITd)~ (3)

or

(4)

where N tot is the total p-p noise, N v the p-p noise
from the visualization agent and N d the p-p noise
from the detector.

The noise measurements indicate that, when
keeping the voltage constant, the lTv value varies
with the visualization agent, as it is seen from Ta
bles I and II. However, between concentration and
noise, there is a factor, Kn , which remains approxi
mately constant, and a new relationship can be es
tablished as follows:

(5)

where K n is named the noise coefficient, and Sp is
the slope of concentration versus absorbance. With
in the linear range, Sp is equal to tb, where s is molar
absorptivity and b is the equivalent optical path
length of capillary. In Table I (round capillary), the
Kn values of BTA fall between 7.2 . 10- 5 and 9.8·
10 - 5, which are approximately a constant within
the measurement error. It is also noticed that the
calibration curve using the round capillary is not
linear (non-constant slopes in Table I), which may
interfere the measurement. In order to eliminate
any possible effect due to the deviations from Beer's
law, the noise measurement was performed using a
rectangular capillary; which gave an excellent
straight line in the concentration versus absorbance
plot, and the Kn values of NPH fall between 3.2 .

TABLE II

RELATIONSHIP OF NOISE TO VISUALIZATION AGENT CONCENTRATION IN A RECTANGULAR CAPILLARY

Conditions: 0.05 x 0.5 mm Pyrex rectangular capillary; NPH-Tris buffer, pH 8.29; 200 V/cm.

Cv Background Ntol Nd (Jv Kn .

(mM) (a.u.)" (10- 4 a.u.) (10- 4 a.u.) (10- 4 a.u.) (x 10- 4)

1.0 0.074 3.6 3.6
3.0 0.224 7.2 5.2 1.0 4.4
6.0 0.448 12 9.2 1.5 3.3

15.0 1.136 43 39 3.6 3.2

" Constant slope (0.0075 a.u.jmM) from the regression equation.
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Based on the results mentioned above, it is rea
sonable to assume that (Jv is created by the concen
tration fluctuation of the visualization agent, Ll C,
although it is hard to ten how such a fluctuation is
generated. Thus,

(6)

(7)

500400300200

B

4'-----'--------''--------'-----'
100

12
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'0
Z

Electric Field Strength(Vjcm)

Fig. I. Relationship of the noise coefficient to the electric field
strength. Conditions: 75 J1m J.D. x 360 J1m O.D. fused-silica
capillary; 2.0 mM BTA-NaOH buffer, pH 4.22; detector wave
length 210 nm; rise time 0.5 s. The bar represents the range of
three measurements in different days.

Eqn. 7 suggests the physical meaning of the noise
coefficient: the ratio of concentration fluctuation to
concentration of the visualization agent. Different
visualization agents may have different Kn values.
K n is independent of the concentration of the visual
ization agent, but is dependent on the applied volt
age and surface chemistry of capillaries.

(Jv = LlCvSp

Combining eqns. 5 and 6, we have

Kn = LlCv/C,

10-4 and 4.4· 10-4 (Table II). These data indicate
that in each case Kn is approximately a constant.

A very important phenomenon observed in the
noise measurement is that the N tot values are obvi
ously affected by the applied voltage, both in rect
angular and round capillaries. Assuming the Nd re
mains constant during voltage changes, the (Jv, then
the Kn values, according to eqns. 4 and 5, respec
tively, will be affected by the applied voltage. One of
the changes of Kn values is presented in Fig. 1. The
changes of N\ot values with the electric field strength
indicate that the noise contribution from the visual
ization agent is not caused by the absorbance mea
surement such as the source fluctuation, but pre
sumably caused by the concentration fluctuation.

In order to determine what factors are responsib
le for the additional noise, the noise was measured
under different pH values and different columns,
and the results are tabulated in Table III. It is found
that using BTA-Tris buffer, the noise contribution
from the visualization agent is almost undetectable
in the PEG-bonded capillary. The dramatic reduc
tion in noise when using a PEG capillary was un
expected, and the results suggest that interactions
such as adsorption between the visualization agent
and the capillary wall could be responsible for the
noise. If adsorption is one of the reasons leading to
extra noise in a bare silica capillary, a higher pH
value would lead to lower noise, due to enhanced
repulsion between the BTA and the silica surface in
basic buffers. This inference has been verified exper
imentally. The data in Table III demonstrated that
when the pH is increased from 4.25 to 8.25, the (Jv
value is decreased from 1.3 . 10- 5 to 0.57 . 10- 5

a.u., and the Kn value is simultaneously reduced
from 4.6 . 10- 5 to 2.0· 10- 5 .

TABLE III

EFFECT OF pH AND SURFACE MODIFICATION ON THE NOISE COEFFICIENT

Columna Conditions (J,

(10- 5 a.u.)

Bare
PEG-bonded
Bare

2 mM BTA-Tris, pH 4.25; 306 V/cm
2 mM BTA-Tris, pH 4.21; 306 V/cm
2.mM BTA-Tris, pH 8.25; 306 V/cm

1.3
<0.2

0.57

4.6
<0.7

2.0

a All are 75 J1m I.D. fused-silica capillaries.
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Detection limit
The detection limit depends on the signal-to

noise (S/N) ratio. Ideally, the signal in indirect ab
sorption detection is

where LlA is the reduction of background absor
bance, R is the displacement ratio (the number of
visualization agent molecules transferred by one
analyte molecule), Bs and Bv are the molar absorptiv
ity of the sample and the visualization agent, re
spectively, b is the equivalent optical path length of
the capillary and Cs is the sample concentration.
When the molar absorptivity of the analyte is much
smaller than that of the visualization agent, RBv 

Bs ~ RBv, thus

ba

3

2

more, instead, increasing Bv will improve detection
limits.

From these extreme conditions, a reasonable in
ference is that combinations of high Bv and low Cv

will give a lower detection limit, and such an experi
mental result has been observed by Foret et al. [15].
However, the requirements of buffer capacity, buff
er conductivity and adequate background absor
bance which is corresponding to a lower detection
error and falls in the linear range of the detector
must be considered when one selects the values of Bv

and Cv •

The function of Kn is obvious in eqn. 11, that is,
the lower the better. Since the mechanism of the
concentration fluctuation is not clear at present, ex
perimental selection of visualization agents and sur
face modification have to be done in order to obtain
lower detection limits.

Fig. 2 illustrates the effect of Bv on detection. The
electropherograms were obtained from one injec
tion but monitored at two wavelengths. The back
ground absorbance ratio, which is equal to the By

ratio, is 5.21, and higher peaks are generated by the
higher Bv value. The peak-height ratios are 4.92-

(8)

(9)

(12)

Combining eqns. 4, 5 and 9 (within the linear range,
Sp = Bvb), we have

_ [LlA2JO.5 = [ (RBvbCs)2 JO
.5

S/N - N~ot (5 KnCvBvb)2 + N~ (10)

The detection limit, Clim, is usually measured at an
S/N of 3, thus

C. = C = 3 [(5 KnCvBvb)2 + N~JO.5 (11)
hm 5 (RBvb)2

In practice, Bvb may be replaced by the real slope,
thus

C. = 3 [ (5 KnCvBvb)2 + N~JO.5
11m (RS

p
)2

2 min 2 min
I----f f-i

Fig. 2. Effect of the molar absorptivity of the visualization agent
on detection. (a) Detector wavelength 210 nm; (b) detector wave
length 240 nm. Conditions: 75 /lm J.D. x 360 /lm a.D. fused
silica capillary; 0.5 mM BTA-Tris ,buffer, pH 8.20. Peaks: 1 =

water; 2 = 5.5' 10- 5 M hexanoic acid; 3 = 5.5' 10- 5 M pro
pionic acid.

Eqn. 11 indicates that Bv contributes both signal
and noise; simply selecting visualization agents with
higher Bv may not necessarily lead to lower detection
limits. There are two extreme conditions in eqn. II.

(a) (5KnCvBvb)2 » Nl eqn. II becomes

Clim ~ )5 KnCv/R (13)

The detection limit cannot be improved by increas
ing Bv , but lowering Cv will reduce the detection lim
it. It is noticed that eqn. 13 is very similar to eqn. 1.
In other words, eqn. 1 could be treated as a specific
expression of eqn. 12.

(b) (5KnCvBvb)2 « N~: eqn. 11 becomes
C1im ~ 3 Nd/RBvb (14)

Lowering Vv does not reduce detection limits any

ill-~

2 3
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4.93, quite close to the background absorbance ra
tio. Since the noise at 210 nm is a little higher than
that at 240 nm, the calculated detection limit (SIN
= 3) for propionic acid at 210 nm is only a 3.3-fold
improvement compared to that at 240 nm.

Linearity of detection
The indirect absorption detection in CZE was es

timated to have a narrow dynamic linear range [15],
because the concentration of the analyte must be
much lower than that of the buffer in order to re
duce the disturbance of the local electric field. How
ever, it has been found that the dynamic linear
range depends on what parameter is measured.
From Fig. 3 it is seen that the linearity in terms of
peak height is poor, but the linearity in terms of
peak area is very good (except the outlier at 1.1 .
10- 6 M) and the dynamic linear range extends at
least two orders of magnitude from 3.3.10- 6 to 3.3
. 10- 4 M (buffer concentration is only 1mM) with a
linear regression coefficient (r 2

) of 0.99996, even
though the asymmetric factor of the peaks changes
from 1.2 to 12.8. It should be mentioned that, al
though the quantitation is available at high sample
concentration, the peak becomes broad and the re
solving power is sacrificed. At 1.1 . 10 - 6 M, noise
obviously interferes with area integration, thus de
teriorating linearity.

CONCLUSIONS

In this paper, the factors which contribute to the
noise and signal in indirect absorption detection in

10' 10-1

D
~ ~oD 0

10" t;) 10-'

" /g~
,;

" -.'::.
0 :;:;u

" '"
~~/ '"~ =:

'" 1o' 10·' '"'" /0/ "" ~

~ P-<
P-<

b/D

p'
10' 10·'

10-' 10-" 10-' 10-'

Sample Concentration(M)

Fig. 3. Linearity of detection. Conditions: 1.0 mM NAA-Tris
buffer, pH 8.09. Sample: propionic acid; 1.0-s hydrodynamic in
jection.
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CZE are studied. Two independent noise sources
are distinguished, i.e., the visualization agent and
the detector. Although the mechanism of the noise
from the visualization agent is not clear at present,
the experimental results indicate that the noise has
both chemical and physical natures, because the
noise can be affected by the surface modification of
a capillary and the applied voltage, as well as the
concentration of the visualization agent. A new fac
tor, named the noise coefficient, is found which rep
resents the contribution to the noise from the vi
sualization agent, and the coefficient is interpreted
as the ratio of the concentration fluctuation to the
concentration of the visualization agent. The fac
tors that contribute to the noise and the signal are
summarized in eqn. 11, and the functions of the
molar absorptivity and the concentration of the vi·
sualization agent, the noise coefficient and the de
tector noise are discussed.
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ABSTRACT

A simplified chiral recognition mechanism involving face-to-edge n-n interaction is advanced to account for chromatographic data
previously rationalized by invoking two competing, opposite sense chiral recognition mechanisms.

INTRODUCTION

Accumulation of evidence from a variety of
sources often leads to general acceptance of a reac
tion mechanism. Mechanistic hypotheses have
played an invaluable role in advancing the under
standing of chemical processes, induding processes
involving chiral recognition. It is widely understood
that mechanistic hypotheses can be disproven, but
never proven.

To be .generally accepted, a mechanism must be
in accord with all relevant experimental data and
should comply with the Occam's razor maxim. This
maxim, attributed to William of Occam. a four
teenth-century English philosopher, cautions

Correspondence to: Dr. W. H. Pirkle, School of Chemical
Sciences. University of Illinois, Urbana, IL 61801, USA.

f> Present address: Regis Chemical Company, Morton Grove,
IL, USA.

against excessive and unjustifiably elaborate as
sumptions. In the present paper, we simplify a ratio
nalization presented earlier to explain chromato
graphic data obtained from a homologous series of
racemates on several related chiral stationary phas
es (CSPs).

DISCUSSION

In several papers published in the mid 1980s
[1-3], we described a curious relationship between
enantioselectivity, the length of the alkyl substi
tuent in a type 1 analyte, the length of the tether
connecting the chiral selector to the support, and
the orientation of the selector with respect to the
tether. This relationship is illustrated in Fig. 1.

To rationalize the unusual a versus n curves ob
tained from normal-phase chromatography (a is the
separation factor for enantiomers and n is the num
ber of methylene units in the alkyl substituent), two

0021-9673{92{$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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Fig. I. Enantioselectivities observed for type 1 analytes on·CSPs 1 (0),2 (e), 3 (D) and 4 (.).

chiral recognition processes were proposed. A "di
pole stacking" process was suggested to selectively
retain one enantiomer while a "hydrogen bonding"
process selectively retains the other. Both processes
involve "face-to-face" approaches of the analytes
and the CSP owing to n-n interactions between the
n-basic naphthyl groups in the CSPs and the n-acid
ic 3,5-dinitrobenzoyl groups in the analytes. Both
processes invoked steric interaction between the al
kyl substituents of the analytes and the tethers and/

or silica as the alkyl substituents were intercalated
between adjacent strands of bonded phase. These
steric interactions were suggested to become more
severe as the alkyl substituents became longer or the
tethers became shorter. These steric interactions
were suggested to be nonidentical for the
enantiomers and to depend upon the orientation of
the selector with respect to the tethers. Both
processes were predicated upon the presumption
that the aromatic substituent (phenyl, p-anisyl,
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a-naphthyl, {J-naphthyl) in the analytes behaved as
if it were effectively larger than the alkyl group and
that this size difference (and the consequent differ
ential steric interactions with the CSP) was the
source of the chiral recognition.

A confluence of events and observations leads us
to reconsider the earlier data in terms of face-to
edge bonding interactions between aromatic sys
tems. By invoking such an interaction, the earlier
observations can be rationalized more simply and,
in our view, more plausibly.

There is ample precedent for attractive face to
edge interaction between aromatic rings. Such ar
rangements are found in the crystal structures of
proteins [4], peptides [5] and small molecules [6],
and have been the subject of theoretical calculations
[7]. Moreover, in other chiral recognition studies,
we are encountering chromatographic and nuclear
magnetic resonance spectroscopic data which can
be rationalized in terms of such interactions. Con
templation of an attractive interaction between the
face of the aryl substituent of the analyte and the
edge ofthe naphthyl group ofCSPs 1--4 leads to the
conclusion that a single chiral recognition process
will suffice to rationalize the data.

Fig. 2 shows the simplified postulate in which the
previously invoked face-to-face n-n interaction and
the hydrogen bond between the analyte's dinitro
benzamide N-H and the carbonyl oxygen of the
CSP are retained. As before, both selector and ana
lyte are shown in presumed low energy conforma
tions in which the methine hydrogens on the ster-

key

• methine hydrogen oriented toward the viewer
® amide hydrogen oriented away from the viewer
e carbonyl oxygen oriented toward the viewer

Fig. 2. Schematic representation of the two diastereomeric ad
sorbates proposed to account for chiral recognition of type 1
analytes on CSPs 1-4. The homochiral (R:R) adsorbate allows
for simultaneous hydrogen bonding, face-to-face n-n interac
tion, and face-to-edge n-n interaction.

W. H. Pirkle et al. I J. Chromatogr. 607 (1992) 126-130

eogenic centers are approximately eclipsed with the
carbonyl oxygens and approximately in the plane of
the naphthyl and dinitrobenzoyl rings, respectively.
These are held to be relatively low energy confor
mations which are significantly populated prior to
complexation. In the case of the homochiral (i.e. the
R:R or S:S) complex, n-n and hydrogen bonding
interactions lead to a structure where the face of the
analyte's aryl substituent is presented to the edge of
the CSPs naphthyl ring, a bonding interaction ensu
ing. This arrangement also positions the methine
hydrogen of the CSP such that it may simultaneous
ly undergo weak hydrogen bonding to the n cloud
of the aryl ring of the analyte. In addition, the ana
lyte's alkyl substituent is directed more or less par
allel to the CSP's acyl substituent. In acyl-tethered
CSPs 1 and 2, this orientation of the alkyl group is
viewed as an intercalative orientation where the re
sultant steric difficulties reduce retention (relative to
the non-intercalating antipode) as the alkyl substi
tuent is lengthened or the tether is shortened. Since
the analyte enantiomer involved in the homochiral
complex is normally the more retained, the reduc
tion in enantioselectivity noted as the alkyl substi
tuent is lengthened or the tether is shortened is ex
plained, as is the eventual inversion of elution order
on CSP 1.

In the corresponding heterochiral complex, the
aryl substituent of the analyte is directed toward the
acyl group of the CSP. The alkyl substituent of the
analyte is oriented more or less alongside the alkyl
group of the CSP where, in CSPs 3 and 4, this con
stitutes an intercalative arrangement. Since the het
erochiral analyte enantiomer is the least retained,
increasing the length of the alkyl group or short
ening the length of the alkyl tether in CSPs 3 and 4
increases enantioselectivity by decreasing the reten
tion of the least retained enantiomer relative to its
non-intercalating antipode. The effect is most pro
found on the short-tethered CSP 3.

A computer-generated space-filling molecular
model representation of an exploded view of the
two diastereomeric adsorbates which more clearly
illustrates the face-edge n-n interaction is illustrat
ed in Fig. 3 (the interested reader is also encouraged
to constuct space-filling models). For clarity in this
depiction, the 3,5-dinitrobenzamide derivative of
a-phenylethylamine is used to represent a generic
type I analyte (bottom structure) and the acetamide
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(S) (R)
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Fig. 3. Exploded view of computer-generated space-filling molecular model representations of the two diastereomeric adsorbates
pictured in Fig. 2. The dashed line indicates a hydrogen bond between the upwardly oriented amide hydrogen of the analyte and the
downwardly oriented carbonyl oxygen of the CSP. As the distance along this line is decreased by sliding the two structures together
within the x-y plane, the proposed face-to-edge n-n interaction of the homochiral (R:R) adsorbate can be visualized.

derivative of (R)-a-naphthylethylamine is used to
represent the stationary phase (top structure). A hy
drogen bonding interaction between the upwardly
oriented DNB amide hydrogen and the downward
ly oriented amide carbonyl oxygen of the CSP is
indicated by a dashed line. In the postulated ad
sorbates, the analyte and CSP are closer together
than depicted so as to allow the face-to-face geom
etry necessary if the homochiral (R:R) adsorbate is
to simultaneously undergo hydrogen bonding, face
to-face n;-n; interaction, and face-to-edge n;-n; inter
action.

Some aspects of the original rationalization re
main unchanged, the principal refinement stem
ming from a growing appreciation that aromatic
substituents can serve as sites for a variety of bond
ing as well as steric interactions. By recognizing the
occurance of face-to-edge n;-n; interaction, compet
ing "opposite sense" dipole stacking and hydrogen
bonding chiral recognition processes need not be
invoked to rationalize the a vs n plots shown in Fig.

1. While multiple adsorption processes are thought
to be common (if not universal), the simplest ade
quate rationalization is, according to Occam, to be
preferred. Obviously, those mechanistic model
which conform most closely to reality are of the
greatest value in the design of improved chiral sta
tionary phases.
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ABSTRACT

Studies were conducted to evaluate the quantitative reproducibility and long-term system stability for a reversed-phase microcolumn
liquid chromatographic system. The relative standard deviation found was 0.38% for a major component and 0.7-1.6% for minor
impurities using external standard calibration and automated sample injection. System longevity was studied over an eight-month
operating period using repetitive injections of synthetic samples in an automated fashion. Excellent column stability was observed with
minimal increase in operating pressure or observable loss in resolution. The results obtained suggest that microcolumn liquid chroma
tography is well-suited for routine applications.

INTRODUCTION

Miniaturization of a packed column liquid chro
matography (LC) system using fused-silica columns
was initially investigated almost a decade ago [1-5]
with the recognized benefits of reduced consump
tion of mobile and stationary phases, increased
mass sensitivity with concentration sensitive detec
tors, high separation efficiencies and posibility of
new detection techniques [6,7]. More recently, the
low volumetric dispersion given by such microcol
umns has been exploited by interfacing in a multidi
mensional approach with capillary gas chromatog
raphy [8-11], conventional liquid chromatography
[12,13], and capillary supercritical fluid chromatog
raphy [14]. Although studies in column preparation
and system use have continued, the use of microco-

Correspondence to: Dr. H. J. Cortes, The Dow Chemical Compa
ny, 1897B Building, Midland, MJ 48667, USA.

lumn LC has not yet found widespread routine uti
lization, mainly due to perceived difficulties ofoper
ation, instrument availability, and to the relative
lack of published information concerning quantita
tive reproducibility and long-term system stability,
which are of great importance to analysts involved
in the solution of da'y-to-day problems. Recent re
views have summarized the practical details, theory
and applications of microcolumn LC [15,16]. In or
der for the benefits of the technique to be fully ex
ploited and for the technique to be more widely
practiced, a microcolumn LC system should yield
quantitative results which are equivalent to those
obtained using conventional systems. Unfortunate
ly, few quantitative studies using microcolumn LC
have been reported [17].

In this paper, studies conducted in the evaluation
of an automated microcolumn LC (Micro LC) sys
tem in terms of quantitative reproducibility and
long-term system stability are described.
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EXPERIMENTAL

Fig. I. Diagram of the automated microcolumn LC system.

The system used consisted of an Isco LC 500 (Is
co, Lincoln, NE, USA) syringe pump operated at
constant flow-rate, which was connected to a Model
A2N14W injection valve (Valco Instruments,
Houston, TX, USA) equipped with a 100-nl inter
nal rotor. The injection valve was either operated
manually, or was automated using an air-driven
Digital Valve Interface (Valco). In either case, the
valve was allowed to remain in the inject position
for two seconds prior to returning the load position.

An ABI 757 variable-wavelength detector (Ap
plied Biosystems, Santa Clara, CA, USA) with a
longitudinal flow cell [18] of 8-mm path length and
70-/lm diameter (LC Packings, San Francisco, CA,
USA) was operated at 214 and 254 nm.

Columns were made from fused silica (Polymicro
Technologies, Phoenix, AZ, USA), 15 cm x 250
J1m J.D. equipped with a porous ceramic bed sup
port [19] and were packed at 400 atm with Spheri
sorb ODS, 5-J1m particle diameter (Phase Separa
tions, Haupagge, NJ, USA) as a slurry (5:1; in ace
tonitrile. The eluent used was acetonitri1e-0.05 M
KHzP04 (30:70) at a flow-rate of 4.5 J1l/min. An
NEC portable 30386SX computer (NEC Informa
tion Systems, Boxborough, MA, USA) was used to
control pump filling, sample introduction, collect
raw data, integrate the chromatogram and store

Reproducibility studies were conducted using
synthetic samples containing a major component
and a series of minor impurities, as this represents a
typical analysis conducted in the assay of chemical
products.

Due to the geometry of the valco injection valve
sample loops typically used for microcolumn LC
[20] and because the components of interest were
not soluble in a weaker solvent than the mobile
phase in order to allow peak focussing [21] tailing

RESULTS AND DISCUSSION

and plot the results, utilizing user-written software.
An Eldex Model A high-pressure metering pump

(Anspec, Ann Arbor, MI, USA) equipped with a
0.5-J1m in-line filter (Alltech, Milwaukee, WI, USA)
was used to continuously circulate sample through
the injection valve. A diagram of the Micro LC sys
tem set-up is included in Fig. 1. A program was
written for the computer to allow automated refill
ing of the pump, which has a 50-ml capacity. The
slide switch at the back of the pump was set to ex
ternal, and the interfacing to the Isco pump was
accomplished through 5-V TTL level signals to the
37 pin D-sub connector. The manual 3-way valve of
the pump was replaced with an air actuated 6-port
valve (Valco). During pump filling, the outlet port
of the pump and the line to the 4-port injection
valve were blocked. After the pump piston reached
the bottom of its stroke, the 6-port valve was rotat
ed and the pump was switched to the constant pres
sure mode in order to rapidly repressurize the sys
tem. After allowing one minute to reach the desired
column pressure, the pump was switched to the con
stant flow mode.

The sample used for the quantitative study con
sisted of 2,4-dichlorophenoxyacetic acid (2,4-D) as
a major component and various related com
pounds, o-chlorophenoxyacetic acid (OCPAA), p
chlorophenoxyacetic acid (PCPAA), 2,6-dichloro
phenoxyacetic acid (2,6-D), p-chlorophenol (PCP),
2,4,6-trichlorophenoxyacetic acid (2,4,6-T) and 2,4
dichlorophenol (2,4-DCP) (Pfaltz & Bauer, Water
bury, CT, USA and Aldrich Chemicals, Milwaukee,
WI, USA). Compounds were dissolved in acetoni
trile-water (50:50). Long-term system stability was
studied using a solution containing acetophenone,
phenol and methyl benzoate (Aldrich).

NEC COMPUTER

sample BOllieISCOPUMP
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Fig. 3. Plot of response versus concentration obtained for 2,4
dichlorophenoxyacetic acid.
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Fig. 2. Chromatograms of 2,4-D and related impurities. (A) In
jection valve left in the inject position for the duration of the
analysis. (B) Injection valve returned to the load position after
2 s. Column: 15 cm x 250 pm I.D. fused silica packed with
Spherisorb ODS, particle diameter (dp = 5 pm; eluent: aceto
nitrile-o.05 M KH 2P04 (30:70); flow: 4.5 pi/min; Injection loop
size: 100 nl; detector: ABI 757, longitudinal flow cell of 8 mm
path length; wavelength: 214 nm. Peaks: 1 = o-Chlorophenox
yacetic acid, 2 = p-chlorophenoxyacetic acid, 3 = 2,6-dichlo
rophenoxyacetic acid, 4 = p-chlorophenol, 5 = 2,4-dichloro
phenoxyacetic acid, 6 = 2,4,6-trichlorophenoxyacetic acid and
7 = 2,4-dichlorophenol.

o 10
Time (min)

o 10
Time (min) was observed in the resulting peak profiles when,

during sample introduction, the valve was turned to
the inject position and left there for the duration of
the analysis, as illustrated in Fig. 2A. Returning the
valve to the load position after a few seconds elim
inated this problem as illustrated in Fig. 2B.

Detector linearity was evaluated by injection of
varying concentrations of2,4-D at 214 and 254 nm.
In both cases deviations from linearity were ob
served at concentrations above 0.5-0.8 mgjml (Fig.
3). Initial reproducibility experiments were con
ducted using a manual injection procedure (manual

TABLE I

REPRODUCIBILITY FOR THE ANALYSIS OF 2,4-DICHLOROPHENOXY ACETIC ACID USING MICROCOLUMN
LIQUID CHROMATOGRAPHY (MICRO LC)

Compound Manual injection (n = 11) Automated injection (n = 11)..

X' (%) T (%) R.S.D. (%) X' (%) T (%) R.S.D. (%)

o-Chlorophenoxyacetic acid 1.43 0.03 2.0 2.45 0.02 0.73
p-Chlorophenoxyacetic acid 1.04 0.05 4.8 2.78 0.04 1.5
2,6-Dichlorophenoxy acetic acid 1.63 0.10 6.1 2.45 0.02 0.74
p-Chlorophenol 1.36 0.05 3.7 2.55 0.04 1.6
2,4-Dichlorophenoxyacetic acid 92.4 1.11 1.2 86.7 0.33 0.38
2,4,6-Trichlorophenoxyacetic acid 1.27 0.01 3.9 2.48 0.02 0.82
2,4-Dichlorophenol 1.52 0.05 3.3 2.28 0.03 0.40

a X = Mean value.
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valve switching to the load position after injection),
however the reproducibility obtained using this ap
proach was considered unacceptable when com
pared to typical reproducibility values obtained us
ing conventional LC systems (Table I). Automation
of the injection process as described in the experi
mental section yielded much improved results, as
illustrated in Table 1. The reproducibility values
[relative standard deviation (R.S.D.) of 0.38% for
the major component] are comparable to results ob
tained using conventional LC systems.

The long-term system stability was evaluated us
ing a solution containing acetophenone, phenol imd
methyl benzoate, and the system was automated to
inject every 20 min. The Eldex pump was used to
continuously circulate the sample solution through
the 4-port injection valve. Filtering of the sample
stream was considered important to insure that
pressure buildup in the column due to particulate
material did not occur. The system was operated
continuously for eight months, using computer con
trolled refill of the pump cylinder. The same column
was used throughout the study, and injections were
performed at a rate of twenty per day during the
first three weeks of the study. Thereafter, the in
jection rate was 3-5 per day for the remainder of the
eight-month period. Retention time reproducibility
over the eight-month period was I % without any
temperature control of the column or pump. Peak
area response (R.S.D.) ranged from 0.7% to 1.2%.
No significant pressure increase or column per
formance deterioration was observed.

Microcolumn LC has been shown to yield quan
titative reproducibility which is considered as good
as that obtained using conventional size liquid
chromatographic systems. Automation of the injec
tion process significantly improved reproducibility
results. The stability and reliability observed over

H. J. Cortes et al. / J. Chromatogr. 607 (1992) 131-134

an eight-month operating period suggest that mi
crocolumn LC is very suitable for routine applica
tions.
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ABSTRACT

Micellar mobile phases facilitate the simultaneous separation of inorganic cations and organic neutral species. With an anionic
micellar mobile phase transition metal ions and organic neutral species can be separated, whereas with a non-ionic micellar mobile
phase containing a trace anionic surfactant separation of alkali and alkaline earth metal ions can be separated -the elution of alkali or
alkaline earth metal ions can be monitored with a conductivity detector, if the trace anionic surfactant incorporated in a mobile phase is
used in its acidic form.

INTRODUCTION

A number of advantages ofmicellar mobile phas
es over the usual aqueous-organic mobile phases
have been pointed out, e.g., non-flammability, non
toxicity, stable baselines and a short reconditioning
time for repeated analyses in gradient elution and
facilitation of the evaluation of partition coeffi
cients to micellar and stationary phases [1-10]. In
addition the easy modelling and prediction of the
retention behaviours of ions is an advantage of in
organic micellar chromatography [11], and simulta
neous separations of transition metal ions and phe
nols with anionic micelles have been presented [12].

Although micellar mobile phases facilitate the si
multaneous separation of ions and neutral species,
there are 'some problems with detection. With tran
sition metal ions and aromatic organic compounds,
selective detection is easy; the former are detectable

Correspondence to: Dr. T. Okada, Faculty of Liberal Arts, Shi
zuoka University, Shizuoka 422, Japan,

by applying postcolumn reaction with, e.g., pyridyl
azoresorcinol, and the latter by UV absorption.
However, it is difficult to detect alkali or alkaline
earth metal ions in solutions containing an anionic
micelle. To overcome this problem, the use ofmixed
micellar mobile phases composed of a non-ionic
surfactant as a principal component and a trace
anionic surfactant has been investjgated; the former
permits the separation of neutral species and the
latter the separation of cations. In this work, simul
taneous cation and reversed-phase chromatography
using micellar mobile phases was studied and the
usefulness of micellar chromatography for such a
purpose was reconfirmed.

EXPERIMENTAL

A Tosoh chromatographic system was used, con
sisting of a CCPD computer-controlled pump, a
Rheodyne injection valve, a CO-8000 column oven
set at 25°C, a UV-8000 UV detector and a CM-8000
conductivity detector. The separation column was
Inertsil ODS (Gaskro Kogyo) of 150 mm x 4 mm

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B,V. All rights reserved
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J.D., packed with octadecylsilylated silica gel of 5
/lm particle size. All solutions were prepared with
distilled, deionized water. Anionic surfactants were
recrystalized from methanol. Other reagents were
of analytical-reagent grade and were used as re
ceived.

The amounts of surfactants adsorbed in the col
umn were determined with a breakthrough method.

RESULTS AND DISCUSSION

T. Okada / J. Chromatogr. 607 (1992) 135-138

a

e

be
d

2 3

Fig.!. Simultaneous separation of (top) transition metal ions
and (bottom) aromatic neutral species. Mobile phase, 0.1 M so
dium dodecyl sulphate-Q.05 M tartaric acid (pH 3.6). Detection,
UV at 254 nm for aromatic neutral species and visible at 540 nm
for transition metal ions following postcolumn reaction with py
ridylazoresorcinol. Peaks: a = CuH ; b = Zn2 +; c = NiH; d =
CoH ; e = MnH ; I = p-hydroxybenzyl alcohol; 2 = resorcinol;
3 = p-hydroxybenzaldehyde; 4 = benzyl alcohol; 5 = phenol;
6 = p-nitrophenol; 7 = 2-phenylethanol; 8 = p-cresol; 9 = ace
tophenone; 10 = 3-phenyl-I-propanol; 11 = p'ethylphenol;
12 = I-naphthol; 13 =p-tert-butyiphenoi.

alone, the ionic strength of the solution is too high
for conductivity detection to be used for monitoring
ions. This problem can be solved as follows.

Non-ionic micellar mobile phases have been suc
cessfully used in reversed-phase chromatography,
although the poor separation efficiency has been
pointed out and its use is not as common as that of
ionic micelles [3,4]. Borgerding and Hinze [3] out
lined some premises concerning poor separation ef
ficiency when using a non-ionic micellar mobile
phase. Non-ionic surfactant molecules adsorbed on
the stationary phase cause an increase in the effec
tive film thickness of the stationary phase, produce
a more polar stationary phase and disturb the effec
tive mass diffusion of analytes in the stationary
phase. In this study, though no enhancement of the
separation efficiency was observed, the use of Brij

Simultaneous separation and detection of organic
neutral species and transition metal ions

As reported previously [11,12], organic neutral
species and transition metal ions can be separated
with an anionic micellar mobile phase containing
appropriate complexing agents such as tartaric
acid. In this instance, transition metal ions are de
tectable by applying a postcolumn reaction using,
e.g., pyridylazo resorcinol; organic neutral species,
most of which are detectable by UV spectrometry,
do not interfere with the detection of transition
metal ions, and vice versa. Optimization of the sep
aration is therefore performed in a simple manner
[12]. The elution of organic neutral species obeys
the usual retention model developed by Armstrong
[1,2], and that of transition metal ions can be de
scribed by an equation involving complex forma
tion and mass action by a counter cation as shown
previously [11]. Fig. 1 shows an example of the si
multaneous separation of transition metal ions and
some aromatic organic compounds with a sodium
dodecyl sulphate (SDS) micellar mobile phase con
taining tartaric acid.

Simultaneous separation and detection of organic
neutral species and alkali and alkaline earth metal
ions

The elution of alkali and alkaline earth metal
ions cannot be monitored with a postcolumn reac
tion and another detection method should therefore
be considered. Although these ions are usually de
tected by conductivity in ion chromatography
[13,14], conductivity detection has the limitation
that the ionic strength of the mobile phase should
be low. To separate organic neutral species such as
phenols within an acceptable time, 0.05-0.1 M sur
factant solutions should be used as mobile phases.
If the mobile phase contains an ionic surfactant

o

7

20
min'

40
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The non-ionic compounds tested and the parti
tion coefficients are listed in Table I. Partition coef
ficients between water and Brij 35 micelles were de
termined on the basis of Armstrong's model. As
trace ionic surfactants do not affect the retention of
non-ionic compounds, the separation of these neu
tral species is first optimized using the partition
coefficients listed in Table I. The results are shown
in Fig. 3, which indicates that 0.043 M Brij 35 gives
the best resolution. Also, the analysis time, which is
determined by the elution of tert-butylphenol in this
instance, is acceptably short. Therefore, the concen
tration of Brij 35 was fixed at 0.04 M for the follow
ing investigation.

1:-------o-:-=---"------.JOo Q05
Brij35 / M

Fig. 3. Simulated changes in minimum separation ratios (solid
line) and retention times ofp-teri-butylphenol (broken line) with
the concentration of Brij 35. .

TABLE I

PARTITION COEFFICIENTS OF ANALYTES BETWEEN
WATER AND BRIJ 35 MICELLAR PHASE (KMW) AND BE
TWEEN WATER AND THE STATIONARY PHASE (Ksw)

Partition coefficients were determined on the basis of the follow
ing equation.

l/(V, - Vo) = [(KMW - 1)Vm + -11/ Ksw Vs

where V" Vo (= 1.56 ml) and Vs (= 1.25 ml) are retention vol
ume, void volume and volume of the stationary phase, v is the
partial molal volume of the micelle (= 1120 ml/mol for Brij 35
micelles) and Cm is the concentration of micelles.

Analyte KMW Ksw
Phenol 56.6 46
p-Cresol 145 160
p-Ethylphenol 323 380
p-tert-Butylphenol 1100 1850
p-Hydroxybenzaldehyde 52.6 32
Resorcinol 59.2 31
Benzyl alcohol 9.48 6.3
2-Phenylethanol 13.3 10

1.1

/,
HDS,'o,

,/"~
/

,0

Fig. 2. Adsorption isotherms ofHDS and HHS from 0.05 M Brij
35 solution to the stationary phase.
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35 brought about a significant advantage for the
present purpose.

It is obvious that non-ionic micelles do not influ
ence the conductivity detection of ions. Although
there remain some questions about the separation
performance as stated above, the use of non-ionic
micelles containing a trace anionic surfactant per
mits the conductivity detection of Group IA and
2A metal ions and the UV detection of neutral spe
cies after their simultaneous separation. Fig. 2
shows the adsorption of dodecylsulphuric acid
(HDS) and hexadecylsulphuric acid (HHS) in the
presence of Brij 35 as a major mobile phase compo
nent. The amounts of adsorbed HDS increase lin
early with increase in concentration, whereas the
adsorption of HHS becomes constant when the
concentration reaches ca. 0.5 mM. An adsorption
equilibrium of an ionic surfactant is usually estab
lished between the monomeric surfactant and the
adsorbed surfactant, and micelles do not participate
in the equilibrium. The break point of the adsorp
tion isotherm curve of HHS is therefore due to the
formation of the micelle, whereas HDS does not
give any break point, suggesting that HDS forms no
micelles over this concentration range. Although
these anionic surfactants may form mixed micelles
with Brij 35, conductivity measurements did not
give a clear break point owing to the mixed micelle
formation. It is predictable from Fig. 2 that HDS is
a better additive than HHS because the low adsorp
tion ofHHS causes weak retention and poor resolu
tion.
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TABLE II

CHANGES IN RETENTION TIMES OF SELECTED CAT
IONS WITH THE CONCENTRATION OF HDS IN 0.04 M
BRIJ 35 MOBILE PHASE

where <p is a phase ratio, KIE is the ion-exchange
equilibrium constant of Mn+ + nH+(s) ¢ Mn+(s)
+ nH+ at the stationary phase surface and s de
notes the stationary phase. As shown in Fig. 1, the

Table II shows changes in the retention of Na +,
K +, Mg2 +, and Ba2+ with the concentration of
HDS in 0.04 M Brij 35. The retention times are
almost constant, and do not vary with the concen
tration ofHDS. This phenomenon can be explained
as follows. The capacity factor of a metal ion can be
described by

k' <p [Mn+]s/[Mn+]

<P KIE[H+]sn/[Hn+]n
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Fig. 4. Simultaneous separation and detection of (top) metal ions
and (bottom) aromatic neutral species. Mobile phase, 0.04 M
Brij 35-0.75 mM HDS. Detection, conductivity (10 JlS/cm full
scale) for metal ions and UV at 254 nm for organic neutral spe
cies. Peaks: a = Na+; b = K+; c = Mg2 +; d = Ba2+; e =
Pb2+; s = system peak; and aromatic compounds as in Fig. I.
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ABSTRACT

The nickel(II) and vanadyl(II) petroporphyrins in fuel oil and crude oil samples are separated by normal-phase high-performance
liquid chromatography on an aminopropyl column. Separation mechanisms presented include hydrogen bonding as well as Van der
Waals interactions between the petroporphyrin and the amino group on the column surface. The method is simple and efficient for the
fingerprinting of petroporphyrins in crude oils and oil products.

INTRODUCTION

Vanadyl [VO(I1)] and nickel(I1) petroporphyrins
(PPs) were identified in fossil fuels as products de
rived from chlorophyll [1,2]. Since then, they have
been used as biomarkers in the study of the origin
and the formation of petroleum and as an impor
tant parameter for oil exploration [3]. However, the
PPs have not been used as extensively as other bio
markers, probably because of the complexity of
their chemical structure, the large number of closely
similar isomers, and the lack of simple and accurate
analytical techniques [3-5].

The interest for the PPs has increased in the last
10 years because the oil refinery industry is dealing
with increasingly heavier crude oils. Vanadium and

Correspondence to: Dr. H. Xu, National Research Institute, 867
Lakeshore Boulevard, Burlington L7R 4A6, Canada.

nickel are the most abundant metals found in crude
oils [1-4], often in the form of petroporphyrins or
other organic chelates. These metals can block the
activity of the catalyst in the hydrogenation process
by precipitation as metal sulphides [6,7]. Therefore,
metal speciation in crude oils is important for the
selection of refining methods and for the assessment
of the quality of crude oils. In environmental stud
ies, PPs are potentially useful as biomarkers for de
termining the origin of spills.

The PPs are a group of macrocyclic aromatic
compounds consisting of a porphin ring, to which a
metal ion is bound. There are eight alkyl substi
tuents on the porphin ring (Fig. 1). The most abun
dant series found in crude oils are etioporphyrins
(ETIOs) and deoxophylloerythroetioporphyrins
(DPEPs) with the total carbon number from 29 to
39 [8]. Differences of the alkyl substituents and their
steric structure lead to a large number of homo
logues and isomers which are characteristic of each
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Fig. I. Generalized chemical structure of petroporphyrins (R
stands for an alkyl group with I to 8 carbon numbers). ETIO-I:
R 1 •3 .S,7 = CH 3, R 2.4 •6 •8 = C2Hs; ETIO-III: R,.3.S.8 = CH 3,

R2 •4 •6 ,7 = C2H s; octaethylporphyrin: Rl _ 8 = C2Hs; DPEPs:
the porphyrins bearing an isocyclic ring (8).

petroleum deposit. Thus, PPs are ideal as finger
print chemicals.

Techniques for the analysis ofPPs can be divided
into two categories: indirect (after removal of the

chelated metal) and direct. Amongst the indirect
analytical techniques, the most efficient separation
reported is by normal-phase high-performance
liquid chromatography (HPLC). The analytical
procedures involve isolation of the PPs by liquid
chromatography, demetallation by acid, and finally
separation of the demetallated:. porphyrins by
HPLC [9-13]. This analytical procedure is time con
suming and, moreover, the demetallation reaction
may degrade the alkyl substituents on the porphin
ring. However, the most significant drawback, is
that the indirect analytical techniques cannot pro
vide information on the original forms ofmetal che
lates. Therefore, recent studies have focused on the
development of direct analytical techniques. Several
researchers have used size-exclusion chromatogra
phy (SEC) to separate the PPs [6,7], but the sep
aration is limited by the poor resolution of the SEC.
By using reversed-phase octadecylsilane columns or
normal-phase silica columns, separation of the
standard mixtures [Ni(II) and VO(II) octaethylpor
phyrins] has been achieved [14-16]. In oil samples,
however, only VO(II)petroporphyrins could be sep-
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Fig. 2. Separation mechanisms of the PPs on the aminopropyl column: (a) Ni(ll) petroporphyrin; (b) VO(II) petroporphyrin.
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Fig. 3. Adsorption spectra of Ni-OEP, Ni-ETIO-I, VO-OEP and
VO-ETIO-I in toluene.
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400, 553 and 573 nm for the analysis of the oil sam
ples. The wavelength of 553 nm and 573 nm was
considered as an a-band for Ni(II) and VO(II) pe
troporphyrins, respectively (Fig. 3). The fluores
cence detector was set at 400 nm for the excitation
and at 620 nm for the emission to detect free base
porphyrins in the oil samples.

A j.lBondapak-NHz column (300 x 3.9 mm) ob
tained from Waters was employed. The j.lBond
apak-NHz column contained aminopropyl groups
chemically bonded to irregular-shaped 10 j.lm po
rous silica.

Hexane, toluene and dichloromethane (DCM)
were employed as mobile solvents. A mixture of
hexane and toluene in the ratio of 55:45 was estab
lished in a linear gradient across the column and
maintained for 10 min. This mixture was then mod
ified to 30:20:50 of hexane, toluene and DCM re
spectively over a period of 15 min, maintained at
this ratio for 20 min, and returned to the initial con
dition over a period of 5 min.

Preparation of standards
The standards employed included VO(II)-etio

porphyrin-I (VO-ETIO-I) and Ni(II)-etioporphy
rin-I (Ni-ETIO-I) (Midcentury Chemicals, Posen,
USA), VO(II)-octaethylporphyrin (VO-OEP) and
Ni(II)-octaethylporphyrin (Ni-OEP) (Porphyrin

EXPERIMENTAL

arated [15,16]. The resolution for Ni(II) petropor
phyrins was very poor [16].

In the present study, separation of PPs was con
ducted by normal-phase HPLC because PPs are
poorly soluble in methanol and acetonitrile. In con
trast to the previous methods using silica columns,
an aminopropyl column was chosen in this study in
order to improve the selectivity for the PPs. Sep
aration of the petroporphyrin homologues and iso
mers on the amino column is based on the differ
ences in the adsorption energy of each. As shown in
Fig. 2, two types of interactions between the por
phyrin and the stationary phase may occur. The
first is hydrogen bonding between the free electron
pair from the nitrogen [in the case of Ni(II) petro
porphyrins, Fig. 2a] or from the oxygen [VO(II) pe
troporphyrins, Fig. 2b] and the hydrogen of the
amino group. The other is Van der Waals interac
tion between the alkyl substituents of the porphyrin
and the propyl group on the stationary phase. Un
ger et al. [17] found a slight reversed-phase effect of
diol bonded phase due to the influence of hydro
phobic interactions between the long alkyl group of
the diol bonded phase and solutes. The selectivity of
the diol bonded phase as well as amino bonded
phase was also improved for both acidic and basic
compounds. Thus, chemical or steric differences in
the alkyl substituents will lead to differences in ad
sorption energy by both hydrogen bonding and
Van der Waals forces. Therefore, the homologues
and isomers can be separated better on an amino
propyl column than on a silica column where only
hydrogen bonding prevails.

This paper presents an improved method for tht,
separation of the PPs directly on the aminopropyl
column by HPLC. The method is applied to fuel oil
and crude oil samples and fingerprints of these sam
ples are compared.

HPLe system and conditions
The HPLC system consists of a quaternary sol

vent delivery pump (600E; Waters, Milford, MA,
USA), a Waters autoinjector (WISP 700), an UV
VIS detector (SP8440; Spectra-Physics), a fluores
cence detector (470; Waters) and a computer work
station. The UV-VIS detector was set at 400 nm for
the analysis of metal porphyrin standards and at
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Fig. 5. HPLC chromatograms ofNi and VO petroporphyrins in
Bunker C oil (Venezuela) on the UV-VIS detector [injection vol
ume: 10 J1l (2.8 mg fuel oil) at 400 nm and 50 J1l (14 mg fuel oil) at
553 and 573 nm; other conditions as in Fig. 4].

Fig. 4. HPLC chromatogram of Ni-OEP, Ni-ETIO-I, VO-OEP
and VO-ETIO-I standards (134 ng each) on the aminopropyl
column under normal-phase conditions (injection volume: 10 J11;
flow-rate: 1.0 ml/min; UV-VIS detector: 400 nm).

rescence detectors in all samples. These peaks are
probably due to the presence of carotenoids or fla
vonoids [18]. After 7 min there were porphyrin
peaks detected by the UV-VIS detector but not by
the fluorescence detector. Because free base porphy
rins are fluorescent while metallated porphyrins are
not, this result implies that the mature oils contain
mainly the metallated porphyrins.

It is interesting to note that the four crude oils
show three types of PPs fingerprints based on their
geographic locations. The Alberta crude oil from

_ 0.1

1009g ....e 0.08

~
c:( 0.07

Preparation of sample
One fuel oil sample and four crude oil samples

were anaiyzed. They included Bunker C oil from
Venezuela, Alberta sweet mixed blend crude oil
from western Canada, Atkinson crude oil from the
Canadian North West Territories, Terra Nova
crude oil and Avalon crude oil from off-shore ex
ploration in the northern Atlantic. The samples
(about 4 g) were extracted with 5 ml of pyridine
water-toluene (4: 1: 1) for four consecutive repeti
tions. The extract was then dried by evaporation,
the residue dissolved in toluene (2 ml) and stored in
the dark.

Products, Logan, UT, USA). All standards were
dissolved in toluene except for VO-ETIO-I, which
was dissolved in DCM and then diluted with tolu
ene. Absorption spectra of the standards were mea
sured by a spectrophotometer (UV-260, Shimadzu)
and shown on Fig. 3.

RESULTS AND DISCUSSION

The separation of Ni-OEP, Ni-ETIO-I, VO-OEP
and VO-ETIO-I standards on the aminopropyl col
umn by HPLC is shown on Fig. 4. The four stan
dards were well separated with the retention time at
5.70, 7.17, 21.78 and 22.93 min for Ni-OEP, Ni
ETIO-I, VO-OEP and VO-ETIO-I, respectively.

The PPs in the Bunker C fuel oil sample from
Venezuela were also well separated. The chromato
grams of the fuel oil sample on the UV-VIS detec
tor at the wavelength of 400, 553 and 573 nm, re
spectively, are shown on Fig. 5. Three Ni(II) petro
porphyrin and four VO(II) petroporphyrin peaks
were detected at the retention time from 8 to 11 and
23 to 27 min. There are no commercially available
standards for many of these compounds.

The separations ofVO(II) petroporphyrins in the
four crude oil samples are shown on Fig. 6. Peaks at
the retention time between 9 to 12 min are not at
tributable to Ni(II) petroporphyrins because of
their lack of absorbance at 553 nm, a specific ad
sorption wavelength for Ni(II) porphyrins (Fig. 3).
This indicates that the content of Ni(II) porphyrins
is much less than VO(II) porphyrins in these Cana
dian crude oils.

In the first 7 min, there were also large unre
solved peaks detected by both UV-VIS and fluo-
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Fig. 6. HPLC chromatograms ofVO petroporphyrins in the crude oil samples on the UV-VIS detector (400 nm) (injection volume: 20
Jll, which is equal to 81, 153,237 and 230 mg Alberta, Atkinson, Avalon and Terra.Nova crude oils, respectively; other conditions as in
Fig. 4).

western Canada contains seven peaks of PPs with a
dominant peak at 25.72 min and the Atkinson
crude oil from the Northwest Territories contains
seven peaks with a dominant peak at 21.23 min.
The Avalon and Terra Nova crude oils, offshore
oils from the Canadian east coast, have a similar
type of PPs fingerprints. The content of PPs de
creases in the order of Alberta> Atkinson> Ava
lon ~ Terra Nova.

The resolution of both VO(II) and Ni(II) petro
porrphyrins in the present study is much better than
that observed in previous studies using either silica
columns or octadecylsilane columns [15,16]. This is
expected because as discussed in the introduction,
the aminopropyl column provides better selectivity

for the PP isomers which often only differ in a few
alkyl substituents.

CONCLUSION

The PPs can be directly separated on an amino
propyl column by HPLC. The possible mechanisms
involved are interactions due to hydrogen bonding
and the Van der Waals forces between the PPs and
the aminopropyl group.

This method is valuable for fingerprinting PPs in
crude oils and fuel oils, which is useful in oil explo
ration, assessment of oil quality for refining, and in
environmental impact studies. The method is more
straightforward and efficient than the previously
published methods.
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Measurement of infinite dilution diffusion coefficients of
8-caprolactam in nylon 6 at elevated temperatures by
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ABSTRACT

the diffusion coefficients of 8-caprolactam in nylon 6 were measured by inverse gas chromatography on a capillary column at
temperatures between 250 and 280°C. The values obtained ranged between 2.10- 8 and 4· 10- 8 , in good agreement with the reported
values obtained by a static technique. The activity coefficients at infinite dilution of 8-caprolactam in nylon 6 were also determined and
compared with values obtained previously using packed columns. The two data sets differed by less than 7%.

INTRODUCTION

The knowledge of diffusion and activity coeffi
cients ofsmall molecules in melt polymers is useful in
ord~r to analyse fundamental processing steps, such
as devolatilization, bulk polymerization and plastic
ization of polymers.

Inverse gas chromatography (GC) has been rec
ognized [1,2] as a useful tool for the determination of
the infinite dilution activity coefficient (QCO) of a
solvent in a polymer. Thist~ique is simpler, more
economical and less time consuming than the static
method, and requires only small amounts of poly
mer andsol~ent.

Inv-erse GC has also been proposed [3-6] for
studying the diffusion of a solute within a polymer.

Correspondence to: Dr. L. Bonifaci, Enichem Polimeri, Mantua
Research Centre, Via G. Taliercio 14, 46100 Mantua, Italy.

Owing to the slow diffusion of the sample in the
stationary phase, the chromatographic peak turns
out broadened and distorted. Under suitable ex
perimental conditions, the shape of the elution curve
can be related to the diffusion coefficient of the
probe at infinite dilution in the polymer (Dp).

Most of these studies have been performed using
packed columns. However, there is considerable
uncertainty about the accuracy of diffusion data
obtained by inverse GC, owing to the difficulty in
describing correctly the stationary phase geometry
in the column [7]. According to Pawlisch et al. [8],
this difficulty can be overcome by using capillary
columns with a uniform distribution of polymeric
stationary phase on the wall of the tube. This
technique allows the simultaneous determination of
the diffusion and activity coefficients.

In a previous work [9] we· studied the thermo
dynamic properties of nylon 6-s01vent systems by
inverse GC on packed column and we determined

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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(1)

the infinite dilution activity coefficient of e-capro
lactam (CPL) and the specific retention volume ofits
cyclic dimer in nylon 6 at temperatures ranging from
250 to 290°C.

The main purpose of this work was to determine
the diffusion coefficients ofe-caprolactam at infinite
dilution in nylon 6 at elevated temperatures using
inverse GC on a capillary column, according to
Pawlisch et al.'s method [8]. Moreover, we aimed to
compare the chromatographic data and the activity
coefficients obtained using capillary columns with
those obtained with packed columns.

Very few experimental data of the activity and
diffusion coefficients for nylon 6 systems are avail
able. Newman and Prausnitz [10] measured QCO for
some solvents but at temperatures well below those
considered here and using a stationary phase with
very different characteristics. Nagasubramanian
and Reimschuessel [11] measured the diffusion of
CPL in melted nylon 6 using a non-chromatograph
ic method.

EXPERIMENTAL

Equipment
The analyses were performed using a Carlo Erba

HRGC Mega series gas chromatograph, equipped
with a flame ionization detector and a split-splitless
injector. The splitting ratio was 100:3.

Helium was used as the carrier gas and the
flow-rates were measured by a soap-bubble flow
meter at the column outlet. They ranged from 0.3 to
1 mllmin for CPL and from 1.1 to 2 mllmin for the
cyclic dimer. The influence of the flow-rate was
examined, performing tests at three different flow
rates at each temperature.

The samples were dissolved in ethanol and in
jected using a I-fll Hamilton syringe. Three con
secutive injections were made for each set of mea
surements.

For data acquisition, the Baseline program (Milli
pore) was used for monitoring the detector output.
The raw data were corrected for the baseline offset
and then the mean retention time (fll), the second
central moment (fli) and the area of the elution peak
were calculated by numerical integration.

The whole system was tested by performing
experiments on several capillary columns coated
with polystyrene in order to obtain data correspond
ing to those obtained by Pawlisch et al. [8].

Materials
Nylon 6 (Nivionplast) and CPL were supplied by

Enichem (Porto Marghera, Italy). The number
average molecular weight and the melting point of
the polymer were 18 000 and 220°C, respectively.

An oligomers mixture was obtained by extraction
of nylon 6 with water. In order to obtain a standard
sample of dimer, fractional sublimation according
to Heikens [12] was carried out. The chosen dimer
fraction had a purity of 96.7%, as measured by
high-performance liquid chromatography [13].

Glass capillary tubing was supplied by Carlo Erba
(Milan Italy) with LD. = 0.32 and O.D. = 1 mm.

Column preparation
The column was prepared using an 8-m long glass

capillary tube. The nylon 6 film was applied on the
wall by a static coating technique that allows
deposition of films with uniform and known thick
ness [14].

The polymer solution in 2,2,2-trifluoethanol
(Janssen) was forced into the tube using a nitrogen
back-pressure and the filled column was then sealed
at one end with a silicone-rubber-glass plug. This
was a critical step of the experimental procedure as it
is crucial that no air bubbles are trapped in the
column, especially at the sealed end.

The tube was then placed in a water-bath and
connected to vacuum via the open end until the
complete evaporation of the solvent was obtained
(about 48 h). The column was conditioned in the
chromatographic oven, raising the temperature at
0.5°C/min until a satisfactory baseline was obtained.

The final coating film on the wall was uniform and
even. Its thickness (2.037 flm at 250°C) was evalu
ated from the concentration of the coating solution
[14]:

Rc,=-
2pp

where, = film thickness (flm), R = column inner
radius (mm), c = coating solution concentration
(gil) and PP = polymer density (g/ml)

Data analysis
Inverse gas chromatography on capillary columns

was proposed by Pawlisch et al. [8] in order to obtain
simultaneously infinite dilution activity and diffu
sion coefficients of a sample in a polymer. A solvent
injected into a capillary column arrives at the
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(4)

detector after a time (or with a retention volume)
that depends on the interaction between the solvent
and the polymer, and therefore on the activity
coefficient Qoo. Ifexperimental parameters are prop
erly selected, the shape and the broadening of the
elution peak depend on the diffusion coefficient of
the probe in the stationary phase.

The model used by Pawlisch et aI., in order to
relate chromatographic data with thermodynamic
and transport properties, was described in detail
elsewhere in the ori);inal paper [8]; here we examine
only its fundamental equations for the determina
tion of QOO from the first statistical moment, Jll
(mean retention time), and D p from the second
statistical moment, Jli, of the elution curve.

The mean retention time, Jll, is related to the
partition coefficient, K, by the equation

~);Ai 1 + 2,K
Jll = LA

i
= R . t c (2)

[where Ai = slice area of the peak at the time ti , t c =
residence time of the gas carrier = L/V, where Lis
the column length and V the mean carrier gas
velocity, and K = partition coefficient. The knowl
edge of the partition coefficient allows the evalua
tion of thermodynamic parameters, such as Henry
constant, Flory-Huggins interaction parameter and
activity coefficient at infinite dilution in a polymer.

It is common practice to express the chromato
graphic results as a function of specific retention
volume (~) rather than partition coefficient:

(3)

where T is the column temperature.
The relationship which correlates the specific

retention volume with the activity coefficient is

00 _ 1 G73.2Rg ) _ p?(Bll - V1)
In Q - n 0,,0M R T

1 y Ii 1 g

where R g is the universal gas constant, M 1 the
molecular weight, p? the vapour pressure, B ll the
second virial coefficient and V1 the molar volume,
all referring to the sample.

The shape and broadening, and therefore the
second central moment of the elution curve (vari
ance of the concentration distribution), can be

related to the diffusion coefficient of the probe in the
polymeric phase:
• ~)ti - Jll)2Ai _

Jl2 = LA
i

-

[
4,3K 2Dgt c . (1 + 2,. !5.)2Jt2 (5)

3RtcDp + L 2 R c

where L = column length and Dg = diffusion
coefficient of the sample in the gas phase.

For polymeric stationary phases, the diffusion
coefficient in the stationary phase (Dp ) can be 8-10
orders of magnitude smaller than D g• In this case the
term containing D g in eqn. 5 is negligible and it is
possible to calculate D p by a single elution curve [15].
Otherwise, D p can be obtained from the slope of the
straight line obtained plotting JliM versus l/t~,

carrying out several tests at different flow-rates.

RESULTS AND DISCUSSION

The peculiarities of the nylon 6-CPL system have
been underlined in our previous study, carried out
using packed columns. Nylon 6 degrades [16] at
elevated temperatures, and the resulting weight loss
produces unreliable values of the retention volume.
Therefore, tests at elevated temperatures should be
performed as quickly as possible, and at the end of
experiments the weight of the stationary phase in the
column should be checked.

In the particular case of a capillary column it
should be taken into account that the coated film
can deteriorate at high temperatures. On the other
hand, the chromatographic tests have to be per
formed at least 30°C above the melting temperature,
in order to avoid the presence of a crystalline
fraction in the stationary phase.

In this study, optimum experimental conditions
(in particular the flow-rate for dimer elution) were
rapidly found with the aid of partition coefficient
values previously measured by means of packed
columns. In fact, if partition coefficient is known the
elution time can be predicted at a particular flow
rate.

Table I shows the values of the diffusion coeffi
cient obtained at temperatures from 250 to 280°C
(average values calculated from measurements at
three different flow-rates).

According to the theory [17], the diffusion coeffi
cient increases with increase in temperature, but the
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TABLE I

DIFFUSION COEFFICIENT OF e-CAPROLACTAM IN
NYLON 6 AT VARIOUS TEMPERATURES

Temperature Dp Standard deviation
("C) (cm 2/s) (cm2/s)

250 2.5' 10- 8 6.9'10- 9

260 J.7' 10- 8 4.2' 10- 9

270 3.3' 10- 8 1.5'10- 8

280 3.8' 10- 8 9.1 . 10- 9

rate of increase is smooth, because the temperatures
of measurement are well above the Tg of the polymer
(40°C [18]). The data obtained appear to be reliable
within the experimental errors (30%).

To our knowledge, only one study concerning the
diffusion ofCPL in nylon 6 has been published [II].
There, D p was measured at 265°C without using a
chromatographic method, and the reported average
value was 8 . 10- 8 cm2/sec, with limiting values of
I . 10- 8 and 15 . 10- 8 cm 2/sec, therefore in good
agreement with out data. .

Table II shows the specific retention data; as
expected, 11 varies with temperature. The data were
plotted on a retention diagram (i.e., In 11 versus 11).
It is known that such plots are linear, except in the
proximity of a phase transition of the polymer,
where a discontinuity can exist owing to a change in

4.8
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Fig. 1. Retention plot for €-caprolactam in nylon 6.

the retention mechanism. In this study, a linear plot
was obtained (Fig. I), indicating that the retention
volume was determined by bulk retention over the
whole range of experimental temperatures.

A comparison between the values of 11 and QOO

obtained on packed and capillary columns is also
shown in Table II. Except for those obtained at
250°C, the values differ by less than 5%. By common
opinion an acceptable error in the IGC technique is
between 2 and 5% [19], so the two sets ofdata can be
considered to be consistent. The agreement suggest
also that the stationary phase of the capillary
column has not undergone a significant weight loss.

Finally, by using the data obtained at tempera
tures ranging from 260 to 280°C (Table II), the
thermodynamic parameters of the system were
calculated [20], as summarized in Table III, which
also gives the thermodynamic data for CPL.

TABLE II

SPECIFIC RETENTION VOLUMES AND WEIGHT FRACTION ACTIVITY COEFFICIENTS AT INFINITE DILUTION OF
€-CAPROLACTAM AND DlMER IN NYLON 6 AT VARIOUS TEMPERATURES MEASURED ON PACKED AND
CAPILLARY COLUMNS

Temperature e-Caprolactam
("C)

~ (ml/g) Q"'

Packed Capillary Packed Capillary
column column column column

250 127.1 117.84 2.68 2.89
260 98.6 95.21 2.76 2.86
270 77.5 73.86 2.84 2.98
280 61.3 58.91 2.94 3.06

Dimer: JI~ (ml/g)

Packed Capillary
column column

4571 4555
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TABLE III

PARTIAL MOLAR HEATS OF MIXING AND HEATS OF SOLUTION OF CPL IN NYLON 6 AND HEATS OF
VAPORIZATION AND SOLUBILITY PARAMETER AT 270°C OF CPL

Parameter Packed Capillary
column column

alnQ""
All"" = R.-- (kcal/mol) -2.00 ± 0.2 -1.76 ± 0.Q7

1 a(1lT)

aln VO
AH = -R·--g (kcal/mol) -13.36 ± 0.35 -13.96 ± 0.03

s a(1lT)

AHv = All';' - AHs (kcal/mol) 11.36 ± 0.55 12.2 ± 0.1

_ (AHv - R~t (cal/cm2)t 8.7 ± 0.2 9.02 ± 0.04"270 -
V,
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ABSTRACT

A procedure using capillary gas chromatography with an internal standard has been developed for the determination of the main
biologically active phenolics of propolis (bee glue): the flavonoid aglycones pinocembrin and galangin, and caffeic acid and its p-phenyl
ethyl ester.

INTRODUCTION

Phenolics are widespread components of all parts
of higher plants and are used in medicine, the food·
industry, chemosystematics, etc. [1,2]. In plants they
are found as .complex mixtures, containing numer
ous representatives of different structural groups.
Paper, column and thin-layer chromatography
(TLC) and spectrophotometric methods have been
used for separation and identification of phenolic
compounds, but these methods are time consuming
or limited in separation power [3]. High perform
ance liquid chromatography (HPLC) gives better
results [4,5], but the best separation has been
achieved by capillary gas chromatography (cGC).
Recent investigations showed the potential of cGC
for the qualitative analysis of phenolic mixtures

Correspondence to: Professor Simeon Popov, Institute of Organ
ic Chemistry with Centre of Phytochemistry, Bulgarian Acade
my of Sciences, Acad. G. Bonchev str., bl. 9, 1113 Sofia, Bulga
ria.

[3,6]. Some problems are created by flavonoids,
which are liable to break down under the conditions
used [5] and they produce smaller signals per unit
mass then other phenolics [6]. This is the reason
why so far cGC has not been applied to the determi
nation of flavonoids.

In order to develop a method for the standardiza
tion of propolis (bee glue) we had to solve this prob
lem. Propolis is a resinous hive product, collected
by bees, and known to possess valuable biological
activity [7]. It is widely used in folk medicine and
has recently found application in clinics [7]. It is
very promising for application in drugs and cosmet
ics but there is a problem with its standardization
[8]. Propolis is a very complex mixture, containing
more than 160 components [9], mainly phenolics,
their relative concentrations depending on the ori~

gin ofthe sample. Most ofthese phenolics belong to
three structural groups: flavonoid aglycones, phe
nolic acids and their esters. The determination of
propolis flavonoids had been performed by HPLC
[4,5] but there is no method for the simultaneous
determination of all three groups of propolis phe-

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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Extraction ofpropolis
Propolis (1 g) was cut into small pieces and ex

tracted with 20 ml of solvent (see Table II) over
night at room temperature. The extracts were evap
orated to dryness.

~COOR

HO_f0
HO 3R=H

4 R=CH2CH2Ph

Fig. 1. Main phenolic components of propolis. Ph = Phenyl.

nolics, which is needed for development of new
drugs and cosmetics.

Owing to the complex composition of propolis,
its quantitative analysis of all components is vir
tually impossible. For this reason, we decided to
determine only the few main representatives from
each group of propolis phenolics which possess bi
ological activity characteristic for propolis. Our re
cent investigations showed [10] that the main flavo
noid aglycones appeared to be pinocembrin (1) and
galangin (2), while the main aromatic aciJ in propo
lis is caffeic acid (3) and its j1-phenylethyl ester (4) is
one of the main representatives of the group of aro
matic acid esters (Fig. 1). These compounds have
shown antibacterial activity [7,11], which is charac
teristic for propolis preparations. The structure and
biological activity of these compounds allowed us
to use them as typical representatives of the main
groups of propolis phenolics. Mild chromatograph
ic conditions, preventing thermal destruction as far
as possible, must be used.

EXPERIMENTAL

Thin-layer chromatography
The propolis extracts were chromatographed on

DC-Alufolien Kieselgel 60 F254 plates with chloro
form--ethyl acetate (7:3) or n-hexane-ethyl acetate
(7:3) as mobile phase and detection by UV irradia
tion and treatment with sulphuric acid and heating,
in order to control the extraction process.

Silylation
The silylation of the standard mixtures and the

model mixture was performed with bis(trimethylsil
yl)trifluoroacetamide (BSTFA) at 65°C for 30 min
in a screw-capped vial. About 1.5 mg of propolis
extract was silylated with 95 ,Ill of BSTFA. The
large excess of BSTFA ensured reproducible re
sults. The resulting derivatives were stable for at
least 24 h.

Gas chromatography
A 9 m x 0.25 mm J.D. fused-silica capillary col

umn with SE-54 as stationary phase was used. The
linear velocity of the carrier gas (nitrogen) was 9 cm
s- 1 and the splitting ratio was 1: 100. The injector
temperature was 300°C. The column temperature
was programmed from 80 to 280°C at 20°C min -1 ,

then from 280 to 300°C at rc min -1, with a lO-min
hold at 300°C. A flame ionization detector was used
at 320°C. The sample volume injected was l,ul.

Compound Concentration (mg ml- I )

TABLE I

CONCENTRATIONS OF STANDARD SOLUTIONS USED
FOR MEASURING THE CALIBRATION GRAPHS

Solution I Solution 2 Solution 3 Solution 4

The flavonoids pinocembrin (1) and galangin (2)
were obtained from propolis and purified by several
passages through polyamide and silica gel columns,
followed by recrystallization, and their purity was
confirmed by TLC, melting point determination
and mass, UVand 1H NMR spectrometry [10]; the
substances were compared with authentic samples.
j1-Phenylethyl caffeate (4) was synthesized as de
scribed elsewhere [12]. Caffeic acid (3) was pur
chased from Merck. The propolis used was a com
mercial Bulgarian sample.

1
2
3
4

8.33
5.50
1.66
3.16

3.81
1.36
0.43
0.76

2.61
1.03
0.26
0.63

1.01
0.32
0.10
0.21
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TABLE II

EXTRACTION OF PROPOLIS WITH DIFFERENT SOLVENTS

V. Bankova el al. I J. Chromalogr. 607 (1992) 150-153

No.

1
2
3
4

Solvent

70% ethanol
90% ethanol·'
Hexane, followed by acetone
Acetone

Extract
(% of native propolis)

58
64
64 (acetone extract)
81

Note

Minimum waxes

Quantitative analysis
Quantitative analysis was performed by the in

ternal standard method, using n-pentacosane (n
C2sH s2). For each of the components analysed a
calibration graph was constructed. Four standard
mixtures were prepared, containing pinocembrin

TABLE III

PARAMETERS OF CALIBRATION GRAPHS

b = Slope of the calibration graph (response factor of the detec
tor to the sample component relative to the internal standard);
S.D. = standard deviation of b; 0 = mean error of b; (olb) . 100
= relative error (%) of b; r = correlation coefficient.

Compound b S.D. (olb) . 100 r
(%)

Pinocembrin (1) 0.58 0.02 0.04 6.8 0.99
Galangin (2) 0.59 0.02 0.04 6.7 0:99
Caffeic acid (3) 0.91 0.02 0.04 4.3 0.99
Caffeate (4) 0.67 0.02 0.04 6.0 0.99

TABLE IV

(1), galangin (2) caffeic acid (3) and p-phenylethyl
caffeate (4) in proportions of about 10:4:1:2. These
proportions were chosen to be similar to those in
propolis. The concentrations of the standard mix
tures are given in Table I. The concentration of the
internal standard in each standard mixture was 1.2
mg ml- i .

Analysis of extract from propolis
A 1.50-mg amount of dry propolis extract (ob

tained with 70% ethanol) was dissolved in 95 J.ll of
BSTFA and heated at 65°C for 30 min in a screw
capped vial. After cooling, 4 J.ll of internal standard
solution were added and the sample was injected
three times into the gas chromatograph.

RESULTS AND DISCUSSION

The main components of propolis are phenolics
and waxes [9] and GC analysis of the former cannot
be performed in the presence of waxes. For this rea
son, we tried some solvents for the extraction of

PRECISION AND ACCURACY OF THE DETERMINATION OF COMPOUNDS 1-4

A (%) = ([compound!.ctu.l - [compoundL.lcul.ted) . 100/[compoundl.ctu."V (%) = (Six) . 100; S = calculated value, x = standard
deviation (n = 8).

Compound Concentration (mg/ml- 1) Precision, Accuracy,
V(%) A (%)

Model mixture Calculated value
+ S.D.

1 "5.5 5.7 ± 0.2 3.5 3.7

2 2.20 2.17 ± 0.2 9.2 1.4

3 0.64 0.66 ± 0.02 3.0 3.0

4 1.20 1.18 ± 0.05 4.2 1.7
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51 2

Thermal destruction could be reduced if the sep
aration was performed in a .shorter time. This can
be achieved by using shorter but highly effective
non-polar capillary columns. The high efficiency is
necessary because of the complex composition of
propolis. The model mixture of 1-4 was chromato
graphed for 18 min, and the components were de
termined by the internal standard method with n
C2sH s2, a calibration graph being constructed for
each of the components. The parameters of the cali
bration graphs are given in Table III.

The precision and accuracy of the proposed
method are indicated in Table IV. It is evident that
in all instances the relative error is less than 4%,
which is a very good result for the analysis of nat
ural products. This is due to the prior enrichment of
the phenolic mixtures and to the high efficiency of
the short quartz capillary column. This is an in
dication that the procedure developed is suitable for
the analysis of phenolic mixtures, including propo
lis.

The GC analysis of the propolis extract was re
peated three times (Fig. 2), and the concentrations
of the components in the BSTFA solution were 1 =
2.33 ± 0.02,2 = 1.39 ± 0.03,3 = 0.21 ± 0.02 and
4 = 0.19 ± 0.01 mg ml- 1

. With the proposed
method the limits of detection are of 1 = 0.5. 2 =
0.2, 3 = 0.05 and 4 = 0.1 J1.g at SIN ~ 3.
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propolis in order to prepare an extract with less
waxes. The results obtained are summarized in Ta
ble II. TLC and GC showed that extraction with
70% ethanol gave the best results, which is in agree
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[6].
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ABSTRACT

Volatile components extracted from two different commercial orange essences by continuous liquid-liquid extraction were analyzed
by glass capiflary gas chromatography. From the evaluation of identified volatile components, one of the essences seemed to be a true
orange essence, whereas the other seemed to be a refined citrus peel oil. We also showed that the continuous liquid-liquid extraction
provided an easy, useful and very convenient procedure for the preparation of samples.

INTRODUCTION

The recovery of flavour compounds from fruits
and their products prior to gas chromatographic
(GC) separation is one of most important aspects of
flavour chemistry, even though the development of
glass capillary GC and GC-mass spectrometry
(MS) has also contributed significantly to recent ad
vances in flavour analytical chemistry. The concen
tration and nature of the flavour compounds detect
ed often depend on the sample preparation meth
ods, and three general procedures have been used:
analysis of the headspace above the sample, steam
distillation of the sample, and extraction (either
cold or at room temperature) of the sample with a

Correspondence to: Dr. H. Ohta, Chugoku National Agricultural
Experimental Station, Ministry of Agriculture, Forestry and
Fisheries, Fukuyama City, Hiroshima 721, Japan.

low-boiling organic solvent followed by evapora
tion of the solvent. Of these three methods, solvent
extraction procedures have been widely used in ci
trus flavour analysis [1-5]. Solvent extraction proce
dures, however, are often tedious and time consum
ing using a separating funnel.

Orange essence recovered during industrial con
centration processes is often added to a number of
citrus fruit products to impart fresh flavour. Re
cently, flavour loss of citrus juices and drinks
packed in flexible pouches has become a serious
problem [6-8], and in this study we applied a con
tinuous liquid-liquid solvent extractor for analys
ing flavour compounds in the orange essence.

This paper deals with the identification of volatile
components extracted from two different commer
cial orange essences by a continuous liquid-liquid
extraction, using wall-coated open-tubular
(WCOT) glass capillary GC and GC-MS.

0021-9673(92($05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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EXPERIM ENTAL

Materials
Two commercial orange essences, (A) W-9735

and (B) P-0522, were purchased from Takasago
Perfume (Tokyo, Japan).W-9735 was produced
from volatiles recovered during the concentration
of orange juice and P-0522 was prepared from peel
oil recovered from the extraction of orange fruits
[9].

Flavour recovery from orange essence solution
Distilled water (250 g) was added to 250 gof or

ange essence. The essence solution obtained was
continuously extracted for 8 h with 360 ml of n
pentane-diethyl ether (2: I) at room temperature us
ing a liquid-liquid extractor as shown in Fig. I. The
flask which contained the solvent was heated to and
maintained at 45°C. The combined solvent extract
was dehydrated with sodium sulphate and then the
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extract was concentrated in vacuo (28°C, 10
mmHg). The yields of extract concentrates were
1.535 and 8.483 g for essences A and B, respectively.

Apparatus
Analytical GC was carried out on a Shimadzu

Model 8A gas chromatograph with flame ionization
detection (FID). A WCOT glass capillary column
(50 m x 0.25 mm J.D.) coated with Carbowax 20M
was used. The temperature of both the injection
port and detector were maintained at 250°C. The
column oven temperature was maintained at 65°C
for 4 min and then programmed from 65 to 195°C
at 2°C/min. Helium was used as the carrier gas at a
flow-rate of 0.93 ml/min with a splitting ratio of
108:1. The sample size was 0.2111. Peak areas were
integrated by means of a Shimadzu Chromato-pack
C-R3A integrator.

GC-MS was performed on a Hitachi Model
M-80A mass spectrometer combined with a Hitachi
Model 063 gas chromatograph, under similar con
ditions to the GC analysis. Other operating param
eters were as follows: carrier gas, helium; ionizing
voltage, 20 eV; ion source temperaturt:, 200°C.

RESULTS AND DISCUSSION

Fig. l. Schematic diagram of the continuous liquid-liquid ex
tractor.

Sample
(Essence sol ution)

Sol vent
(a-Pentane ; ethy I ether)

Water ba th (45t)

The yields (w/w) of extract concentrates were
0.61 % for essence A and 3.39% essence B.

Gas chromatograms of the extract concentrates
A and B from two orange essences using FID are
given in Figs. 2 and 3, respectively. The presence of
peaks of m/z 127 for A and m/z 121 for B was dem
onstrated; 50 components for A and 44 for B were
identified as known compounds by comparing and
matching the mass spectra and GC retention times
or from the mass spectra only (Table I).

The peak-area percentages, exduding peaks for
the solvents and ethanol, were calculated; ethanol is
used in preparing commercial fruit essence [9].

Concerning the identified terpene content, there
was a great difference between essences A and B. As
expected, the largest fraction of the:~xtractconcen
trate B consisted of terpene carbohydrates; princi
pally d-limonene and 1,8-cineole (89.71 %), myrcene
(1.81 %) and a-pinene (0.64%) were present in the
greatest quantities. Methyl butyrate, ethyl 2"meth
ylbutyrate, dihydrolinalool, isopulegol and nonanol
were lacking with essence B compared with essence
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Fig. 2. Gas chromatogram recorded with FID of an extract concentrate of orange essence W-9735 (A). Sample size, 0.2111. A WCOT
glass capillary column (50 m x 0.25 mm 1.D.) coated with Carbowax 20M was used. The column oven temperature was kept at 65°C for
4 min and then programmed from 65 to 1950C at 2°Cjmin. Other operating conditions were as given under I;:xperimental and peak
identities are given in Table 1.
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TABLE I

VOLATILE COMPOUNDS IDENTIFIED IN THE ORANGE ESSENCES W-9735 (A) and P-0522 (B)

Peak Compound Peak area (%) Evidence
No."
(Fig. 2) A B GC GC-MS

I· n-Pentane (solvent) + +
2 Diethyl ether (solvent) + +
5 Ethyl acetate 0.02 Trb + +
7 Ethanol + +
8 Methyl butyrate 0.26 + +

10 O(-Pinene 0.32 0.64 + +
11 Ethyl butyrate 0.03 0.04 + +
13 Ethyl 2-methylbutyrate 0.57 + +
16 p-Pinene 0.02 + +
17 Sabinene 0.27 0.38 + +
18 D-3-Carene 0.05 0.09 + +
19 Myrcene 1.23 1.81 + +
20 Heptanal 0.02 om + +
21" d-Limonene + 1,8 cineole 58.05 89.71 + +
22' Ocimene + ethyl caproate 0.03 0.02 + +
24 0(-Terpinene 0.02 0.03 + +
26 4-Cymene 0.01 0.02 + +
27 Terpinolene 0.01 0.03 + +
30 Octanal 3.56 0.67 + +
36 Nonanal 0.37 0.13 + +
41 Limonene-I,2-oxide 0.18 0.07 +
42 Linalool-3,6-oxide 0.09 0.02 +
44 Citronellal 0.75 0.18 + +
47 Decanal 2.10 0.91 + +
49 Dihydrolinalool 0.43 + +
51 Linalool 21.80 2.08 + +
52 Octanol 0.67 0.08 + +
53 Isopulegol 0.Q7 + +
57 Terpinen-4-o1 0.05 0.06 + +
59 Undecanal 0.Q7 0.05 + +
67 Nonanol 0.03 + +
68 3-Pinen-2-01 0.12 0.07 + +
69 Neral 1.38 0.25 + +
72 O(-Terpineol 1.77 0.28 + +
74 Dodecanal 0.16 0.29 + +
75 0(-Terpinyl acetate 0.22 0.13 + +
76 Geranial 2.29 0.47 + +
81 p-Citronellol 0.12 0.03 + +
82 Perillaldehyde 0.30 0.12 + '+
86 Nerol 0.15 0.03 + +
90 cis-Carveol 0.15 0.08 +
92 Geraniol 0.10 0.02 + +
94 trans-Carveol 0.07 0.04 +

102 Laurimil 0.04 0.03 + +
104 Dodecanol 0.11 0.02 + +
105 p-Menta-I,8-dien-9-ol 0.13 0.06 +

" Peak numbers on the left-hand side give the elution order on the 50-m Carbowax 20M column in Fig. 2.
b Tr, <0.01 %; -, not detectable.
C In the case of two overlapped peaks in Fig. 2, the peak numbers are marked with primes. The overlapped peaks were separated by GC

(column temperature 60'C).
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A. In contrast, some terpene alcohols (including li
nalool, nerol and citronellol) and aldehydes (includ
ing octanal, decanal, neral and geranial) were rela
tively abundant in essence A. Especially the linalool
ratio relative to d-limonene and 1,8-cineole of es
sence A (37.6%) is sixteen times greater than that of
essence B (2.3%).

Of the compounds in Table I, the oxygen-con
taining components, including carbonyls (octanal,
decanal and neral, etc.) and alcohols (linalool, citro
nellol and nerol, etc.), are recognized as the major
contributors to the fresh and pleasant flavour of
orange essences, because of their low threshold and
their olfactory characteristics [5,10,11].

The yield of extract concentrate B was approxi
mately five times higher than that of extract A, ow
ing to its higher content of terpene hydrocarbons
(Table I). On the other hand, essence A was eval
uated as a higher quality flavouring ingredient for
orange product processors, as it contained a rela
tively larger proportion of the oxygen-containing
compounds. These results suggested that essence A
was a true orange essence whereas the GC profile of
concentrate B was very similar to that of a refined
citrus peel oil [9,12].

Although the convenient headspace analysis pro
cedure for sample preparation has been widely ap
plied recently by flavour chemists using Tenax res
ins, etc., solvent extraction is also necessary for the
identification of high-boiling flavour compounds,
although tedious and time consuming using a sep
arating funnel. In this study to evaluate chemically
the flavour compounds from commercial citrus es
sence, we have demonstrated that a continuous
liquid-liquid extractor provides an easy, useful and
very convenient procedure for preparing samples.

H. Ohta et al. / J. Chromatogr. 607 (1992) 154-158
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ABSTRACT

A specific device for densitometry of Empore TLC sheets is described and it"is compared with two other devices using one or two glass
plates as support. This comparison lie on a reading by densitometry at 225, 275 and 520 nm in reflectance and transmittance on silica gel
and CiS sheets. The results of an application to the determination of aspartame are presented.

INTRODUCTION

The flexibility and easy cutting of Empore thin
layer chromatographic (TLC) sheets (Analytichem
International, Harbor City, CA, USA) offer attrac
tive features [1,2]. However, the distortion of the
sheet during scanning densitometry is a drawback
and leads to a risk of a decrease in the performance
obtained in previous steps, This is the reason why
scanning optimization has been carefully studied on
new sheets: experiments have already been reported
by Poole and co-workers using a support on glass
plates [3] or a sheet of aluminium foil [4]. Hence,
densitometry using a glass plate support on which a

Correspondence to: Dr. E. Postaire, Central Pharmacy of Paris
Hospitals, Laboratory of Analytical Development, 7 Rue du Fer
:i Moulin, 75005 Paris, France.

sheet is placed, or a "sandwich" configuration con
fining tpe sheet between two plates, has been carried
out in comparison with the use of a new fixation
system of the sheet. It is a rigid fixation, which is
placed around the plate and allows it to be held
firmly on its four sides. This system is composed of
two elements: a pedestal fixed on a plane support
and a double frame which can be opened and the
superposed parts of which are fixed with a hinge
and clips as a slide. Experiments were carried out in
reflexion and transmittance, by scanning spectra
and densitometry at 225-275 and 520 nm, with sil
ica gel and CIS sheets with a fluorescence indicator.
Application to the study of background noise on
aspartame (tripeptided) was investigated,

The first results make the impossibility of using a
"glass sandwich" obvious on account of the signif
icant absorbance of the support due to the use of

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.Y. All rights reserved
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two glass plates. The results obtained with the new
rigid device seem to be interesting because scanning
densitometry in reflectance is made on a stretched,
flat plate, and scanning densitometry in transmit
tance is not interfered with by the obstruction of a
possible element as in scanning with a glass support.
Moreover, this device is helpful in the manipulation
and storage of plates.

9CM

tSCM

EXPERIMENTAL Fig. I. Support for Empore TLC sheet (10 x 10 em).

RESULTS AND DISCUSSION

Description of the specific device for densitometry of
sheets

The device is a rigid fixation made of plastic ma
terial, which is placed around the plate and allows it
to be held firmly on its four sides. This system is
composed of two elements: a pedestral fixed on a
plane support (Fig. 1) and a double frame (Fig. 2)
which can be opened and the superposed parts of
which are fixed with a hinge and clips as a slide. In
this case, no support is needed for scanning.

The densitometric measurements of the EM
PORE TLC sheets were carried out under condi
tions identical with those used for the commercially
available glass-supported sorbent layers, in three
steps: (A) the shee.t was placed on a glass plate sup
port; (B) the sheet was placed between two glass
plates ("Sandwich" configuration); and (C) the
sheet was fixed with the new specific device.

Spectra of the same sheet (without spots) in steps
A, Band C were recorded and adsorbances were
measured at 225, 275 and 520 nm. All the spectra

Hinge
Fig. 2. Frame for Empore TLC sheet (10 x 10 em).

10 CM

Frame 2Frame 1

1 eM

'~~(~D i0 ~ I
1

Instrumentation
The densitometric evaluations of plates after de

rivatization (for measurement of aspartame) and of
plates without spots (for measurement of indirect
interference of the support) were carried out with
CD 60 TLC scanner from Desaga (Heidelberg, Ger
many), each with three steps. Spots of a 25 mg per
100 mI solution of aspartame dissolved in water
ethanol (10:90, v/v) were applied using I-Ill Micro
caps.

Densitometry
The plates were scanned at 225, 275 and 520 nm

in transmittance and reflectance for plates without
spots and 225, 490 and 520 nm for plates after de
rivatization with ninhydrin. The monochromator
band width was 10 nm and slit dimension of 0.1 x 1
mm was used. Aspartame was streaked on a re
versed-phase (CiS) sheet and ninhydrin reagent for
derivatization was applied [5] using overpressured
derivatization [6] to avoid errors arising from spray
ing or dipping the sheets [7]. After OPD the sheets
were heated at 100°C in a drying oven for 30 min.
Aspartame appeared as a red spot. After cooling to
room. temperature the chromatograms were eval
uated by densitometry (A = 275,490 and 520 nm;
slit dimensions 0.2 x 3 mm; eight points per mea
surement; in the reflectance with deuterium and
tungsten lamps).

Chemical and reagents
Empore silica gel and reversed-phase TLC sheets

with fluorescence indicator were obtained from
Analytichem International. Ethanol, acetic acid,
ninhydrin, 2,4,6-collidine and copper nitrate of ana
lytical-reagent grade were supplied by E. Merck
(Darmstadt, Germany). The aspartame used was
the commercialy available product.
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TABLE I

ABSORBANCES AT 225,275 AND 520 nm OF EMPORE SHEETS (REVERSED PHASE AND SILICA GEL) IN REFLEC
TANCE AND TRANSMITTANCE USING STEPS A, Band C

Absorbances expressed in milliabsorbance units, mean results of five measurements.

Mode Step Reflectance Transmittance

225 275 520 225 275 520
nm nm nm nm nm nm

Reversed phase C 160 550 5250 6300 5000
A 225 580 5100 6250 5100
B 2700 4400 650 4800 6300 5000

Silica gel C 20 645 5750 6200 4700
A 10 645 5800 6150 4750
B 3100 4500 700 6300 8000 4750

• No absorbance.

TABLE II
STUDY OF NOISE OF 225, 275 AND 520 nm OF EMPORE SHEETS (REVERSED PHASE AND SILICA GEL) IN'REFLEC
TANCE AND TRANSMITTANCE, BAND C VERSUS A

Values represent the % increase or decrease in absorbance in of steps Band C versus step A, mean results of five measurements.

Mode Step

Reversed phase C/A
BfA

Silica gel C/A
BfA

Reflectance Transmittance

225 275 520 225 275 520
nm nm nm nm nm nm

-0.9 -0.5 +0.1 -3.1 -10.6 -1.1
+11 + 15.4 + 11,2 + 11.2 +14.0 +0.3
+0.7 +0.7 +0.7 -12.6 -2.2 -3.8

+10 + 14.8 + 10.8 +3.3 -0.3 +0.2

'TABLE III

SIGNAL-TO-NOISE RATIO OF NINHYDRIN-DERIVA
TIZED ASPARTAME AT 275,490 AND 520 nm IN STEPS A,
BANDC

Mean results of eight measurements.

Step Signal-to-noise ratio

275 nm 490 nm 520 nm

C 2.9 5.1 3.7
A 2.5 3.05 3.46
B 2.42 1.0 2.0

are identical with respect to qualitative data (aspect,
shape, ...); only quantitative values of the absor
bance differ with the steps used (Table I). The re
sults show a high noise level in reflectance with the
sandwich configuration (B). In transmittance, A, B
and C seem to be identical. Chromatograms were
recorded at 225, 275 and 520 nm to compare the
noise using steps A, Band C. Results are expressed
as the percentage of increasing (+) or decreasing
( -) noise versus step A as a reference (Table II).
Results show the lowest noise usiog the new specific
device (C) and the greatest noise with the sandwich
configuration (B). It is likely that these differences
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are essentially characteristic of the glass plate sup
port. To confirm these data, a signal-to-noise ratio
study was performed in the reflectance on aspar
tame after ninhydrin derivatization [5]. The results
are given in Table III. The signal-to-noise ratios
were found to be essentially identical except at 490
nm, the classical wavelength for evaluating ninhy
drin-derivatized aspartame by densitometry [5]. In
this case results clearly favour step C.
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ABSTRACT

The chromatographic behaviour of some substituted phenolic compounds on silica gel layers impregnated with AI(IIl) and Cu(Il)
was studied. Addition of metal ions gives very good separations of some structural isomers. In order to establish whether any
improvment in the separation could be achieved by varying the concentration of impregnant, three different concentrations of CuSO4 •

5H20 and AlCl 3 . 6H 20 (I, 2 and 4%, w/w) were used. A very good separation of hydroquinone and resorcinol on silica gel layers
impregnated with CuS04 was achieved. Aminophenols can be successfully separated using silica gel layers modified by CuS04 addition.
The optimum resolution of meta and para isomers was achieved on silica gel containing 0.51 % Cu(II) ions (2% CuS04 . 5H20).

INTRODUCTION

Thin-layer chromatography (TLC) is commonly
used for the identification of phenolic compounds.
The separation of substituted phenols using various
chromatographic systems has been reported. Silica
gel [1-4] is the material preferred by most workers,
but examinations showed that structural isomers
cannot be succesfully separated, although a certain
separation by variation of the solvent system can be
achieved. Therefore, difficulties in obtaining ade
quate resolution of closely related structural iso
mers have led to the application of modified sor
bents;

Correspondence to: Dr. M. Kastelan-Macan, Faculty of Chem
ical Engineering and Technology, Institute of Analytical Chem
istry, Marulicev trg 20, 41000 Zagreb, Croatia.

Improved resolution has been achieved by im
pregnating silica gel with some inorganic or organic
substances. Thielmann [5] obtained good results in
the resolution of a mixture of naphthols and some
polyphenols using silica gel layers impregnated with
amonium molybdate. Hadzija and co-workers [6,7]
studied the chromatographic behaviour of phenolic
acids and aldehydes on precoated silica gel plates
impregnated with iron(III) nitrate and while some
other researchers [8-11] suggested the use of differ
ent impregnants such as silver nitrate, sodium ni
trite, aniline chloride and oxalic, tartaric and citric
acid. The improved resolution and changed mobil
ity on the modified silica gel plates is a result of
complex interactions between phenolic compounds
and impregnants.

In this work we studied the chromatographic be
haviour of some structural isomers of phenolic

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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compounds on silica gel thin layers modified with
copper and aluminium.

TABLE I

SOLVENT SYSTEMS USED

Solvent
system

Components

Chloroform
Chloroform-acetone
Chloroform--ethyl acetate
Chloroform--ethyl acetate
Toluene---<;hloroform-acetone
Toluene---<;hloroform-acetone
Hexane-acetone
Hexane-acetone
Benzene
Benzene-acetone

Ratio of
compo
nents
(vjv)

65:35
95: 5
95:10
40:25:15
40:25:25
80:20
80:40

70:30

6HzO, by means of a Camag applicator on to 20 x
20 cm glass plates. The layer thickness was 300 pm.
The plates were dried in air and activated for 1 h at
lOSOC.

Stock standard solutions containing 1 mgjml of
phenol, 0 -, m- and p-cresol, 0-, m- and p-nitrophe
nol, 0- and p-chlorophenol, 0-, m- and p-aminophe
nol, salicylic acid, hydroquinone, resorcinol and py
rogallol in acetone were prepared. Samples of 5 pI
were applied to the activated plates with a Camag
micropipette.

The chromatograms were developed with the sol
vent systems listed in Table I in saturated chambers
to a distance of 12 cm.

Phenolic compounds were detected by spraying
with a 5% (wjv) aqueous solution ofFeCl 3 + K 3Fe
(CN)6 to obtain blue spots on a white background
or by UV irradiation at 254 nm.

RESULTS AND DISCUSSION

EXPERIMENTAL

Chromatographic plates were prepared by
spreading a slurry of silica gel GFZ54 (Merck) and
an aqueous solution of CUS04 . 5HzO or AICl3 .

The chromatographic separation of sixteen sub
stituted phenols was carried out on silica gel layers
modified with various concentrations of CUS04 and
AICI 3 . RF-values of the compounds examined on
impregnated plates were compared with those ob-

TABLE II

RF VALUES ON SILICA GEL LAYERS

Compounds RF values
examined

SI S2 S3 S4 S5 S6

Phenol 0.24 0.63 0.73 0.38 0.22 0.91
o-Cresol 0.42 0.74 0.80 0.49 0.33 0.91
m-Cresol 0.27 0.63 0.73 0.39 0.23 0.90
p-Cresol 0.27 0.65 0.72 0.37 0.24 0.90
0-Nitrophenol 0.94 0.94 0.92 0.70 0.82 I
m-Nitrophenol 0.16 0.57 0.65 0.25 0.11 0.85
p-Nitrophenol 0.14 0.52 0.61 0.22 0.09 0.82
o-Chlorophenol 0.68 0.83 0.75 0.41 0.51 0.93
p-Chlorophenol 0.25 0.61 0.70 0.37 0.22 0.90
o-Aminophenol 0.22 0.27 0.45 0.21 0.05 0.68
m-Aminophenol 0 0.15 0.26 0.10 0 0.57
p-Aminophenol 0 0.13 0.23 0.09 0 0.52
Salicylic acid 0 0 0 0 0 0.05
Hydroquinone 0 0.12 0.34 0.08 0 0.58
Resorcinol 0 0.12 0.34 0.09 0 0.62
Pyrogallol 0 0.10 0.17 0.06 0 0.40
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Fig. 1. R F values of aminophenols as a function of Cu(ll) ma'ss
fraction in the layer; solvent system S2' I = m-aminophenol;
2 = p-aminophenol.

on the impregnated and plain silica gel plates (Fig.
2).

This increased adsorption of pyrogallol can be
considered to be a result of a copper(lI) complex,
which is expected to be formed during the chro-

Fig. 2. RF values of polyphenols as a function of Cu(n) mass
fraction in the layer; solvent system S6' I = Hydroquinone; 2 =

resorcinol; 3 = pyrogallol.

tained on plain silica gel plates. The influence of
different solvent systems, chosen on the basis of
published data, was studied.

The introduction offunctional groups into a phe
nol molecule generally raises its adsorption affinity
on the silica gel layers, but the position offunction
al groups, and especially steric effects, have to be
taken into acount. The RF values obtained for phe
nolic compounds using different solvent systems are
listed in Table II. The R F values of m- and p-cresol
show little difference from those of phenol, whereas
a methyl group in the ortho position increases the
R F value. This decreased adsorption of ortho iso
mers is attributed to steric effects, which are partic
ularly marked in the case of o-nitrophenol. Adsorp
tion of phenols on silica gel layers is a result of hy
drogen bonding with silica surface, but in the ortho
substituted compounds the formation of intramo
lecular hydrogen bonds between the hydroxyl
group and the ortho substituent is possible. The
consequence of this chelation is a reduced adsorp
tion affinity of ortho isomers.

Aminophenols are more weakly acidic than phe
nol, owing to the inhibited resonance of the hydrox
yl group with the benzene ring caused by the amino
group. An amino group in the ortho or para posi
tion has a much greater inductive effect than one in
the meta position. The R F values of aminophenols
obtained on silica gel layers show that m- and p
aminophenol cannot be succesfully separated, al
though some resolution by variation of the solvent
system can be achieved. Examining the chromato
graphic separation of aminophenols using modified
layers, it can be concluded that addition of metal
ions to the silica gel during the layer preparation
gives an opportunity for very good separations of
meta- and para-isomers.

In order to establish whether any improvment in
the separation of aminophenols could be made by
varying the concentration of impregnants, three dif
ferent concentrations of CUS04 . 5H20 and AICh .
6H20 (1, 2 and 4%, wJw) were used. The addition
of CUS04 leads to a significant increase in adsorp
tion of p-aminophenol, which is shown by a rapid
decrease in R F values (Fig: 1), whereas adsorption
of m-aminophenol is gradually increased.

On Cu(II)-impregnated plates pyrogallol has
smaller RF values than on plain plates. On the other
hand, the mobility of resorcinol is almost the same
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sorption of hydroquinone. As copper(U) is an ox
idizing agent, the significant increase in RF values
using different solvent systems can be explained as a
consequence of oxidation of hydroquinone to the
p-benzoquinone. The high RF values of hydroquin
one obtained on copper-impregnated plates corre
spond to those obtained by testing a genuine refer
ence sample ofp -benzoquinone on silica gel layers.
On the other hand, hydroquinone cannot be ox
idized by AI(IU) ions. Therefore, the chromato
graphic behaviour of hydroquinone on the Al(III)
impregnated plates is identical with that on plain
silica gel layers.

We also examined the chromatographic beha
viour of salicylic acid on copper- and aluminium
impregnated plates. On the impregnated plates sal
icylic acid has higher RF values than on plain plates
(Figs. 3 and 4).

Adsorption of phenolic compounds is a result of
hydrogen bonding between the oxygen atom of the
phenolic group and hydrogen atoms of the hydrox
yl groups on the silica gel surface. As salicylic acid
forms stable complexes with Cu(U) and AI(UI) ions
[12], in which the metal ions are coordinated be
tween the oxygen atom of the phenolic group and
the oxygen atom of the carboxyl group, which is
present in an ortho position, adsorption of salicylic
acid on metal impregnated plates is reduced.

On examining the behaviour of other phenolic
compounds (cresols, nitrophenols and chlorophe
nols) on Cil(II)- and AI(UI)-impregnated plates, no
improvement in resolution was observed.; the
RFvalues obtained on impregnated plates were sim
ilar to those obtained on plain silica gel plates.

It can be concluded that the formation of phe
nol-metal interaction products, different solubili
ties of the phenol and the interaction product in the
solvent system used and the changed adsorption
properties of impregnated silica gel play prominent
roles in the TLC separation of phenols.
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plates.

An interesting phenomenon is observed on exam
ining hydroquinone. The addition of copper to the
silica gel layer leads to a rapid decrease in the ad-

Fig. 3. RF values of salicylic acid as a function of Cu(II) mass
fraction in the layer. Solvent system: I = S3; 2 = Ss; 3 = SIO'
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Till<e mil<Jl)~a UIl~<e ffuun <tIbnIratn ~<e jJ)atIratan<Jl)III (t<Jl)nUll1mIII~
ULTRON ES-OVM, for enlumtiomeruc drlUlgs..

I Substance Rs Substance Rs· Substance' Rs I
Acetylpheneturide 2.74 Disopyramid 2.04 Nisoldipine 2.36

Alimemazine 6.06 Eperisone 1.15' ~, .' Nitrendipine 1.80

Alprenolol ,1.09" Ethiazide' 1.42 Oxazepan 2.652>

Arotinolol , 1.95 Fenoprofen 0.80 Oxprenolol 1.38

Bay K 8644 5.92' Flurbiprofen 127 Pindolol 2.04

, Benproperine 327 Glutethimide 1.36 2-Phenylpropionic acid 0.80

Benzoin 8.41 . Glycopyrronium 1.73 Pranoprofen 0.63

Biperiden 3.17 Hexobarbital J.70 Prenyl~mine 0.86

Bunitrolol 3.08 IIomochlorcyclizine 3.04 Profenamine 3.31

Bupivacaine 1;26 Hydroxyzine 2.15 Promethazine 1.42

Chlormezanone 6.48 Ibuprofen 1.72 •Propranolol 124

Chlorphenesin 2.23 Ketoprofen 1.37 Terfenadine 2.22

Chlorpheniramine 2.36 Lorazepam 2.552> . Thioridazine .0.72

Chlorprenaline 2.34 Meclizine 3.71 Tolperisone 1.50

Cloperastin 2.85 Mepenzolate 1.40 Trihexyphenidyl 5.16

Dimethindene 4.33 Mephobarbital 1.70 Trimipramine 3.69

1.2-Diphenylethylamine 1.74 Methylphenidate 1.13" '·Verapamil '1.49

NOTE:4.6X150mm column at room temp. except) 6.0X15Omm at room temp. and2> 6.0X15Omm at WOC

From trace analysis for metabolites .to preparative scale

36pg(each 18pg)

30
I

40
I

O.9ng (each O.45ng)

50

I 40 50 60 70 80

Column :,ULTRON ES-oVM 2.0;Xl50mm
Mobile Phase: 20mM-KH,PO. (pH 6.8)/

CH,CN=lOO/35
Flow Rate: O.lml/min
Temperature: 25'C
Pressure: 40kg!cm'
Detection: UV-22Onm/O.5XlO-'AUFS
Sample: Propranolol

Column: ULTRON ES-oVM 20.0; x250mm
Mobile Phase: 20mM-KH,PO. (pH 6.8)/

CH,CN=lOO/30
Flow Rate: lOml/min
Temperature: 25'C
Pressure: 47kg/cm'
Detection: UV-22Onm/6XIO-'AUFS
Sample: Propraholol

SHINWA CHEMICAL INDUSTRIES, LTD
50 Kagekatsu-cho, Fushimi-ku, Kyoto 612, JAPAN,. .

Phone: 80-75-621-2360 Fax: 80-75-602-2660

Please contact in United States ofAmerica and Europe to :

Rockland Technologies, Inc. 538 First State Boulevard, Newpol1, DE 19804, U.S.A.
Phone: 302-633-5880, Fax: 302-633-5893

This product Is licenced by Eisal Co., Ltd.
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