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Abstract

A network model is used to represent the porous structure existing in a column packed with perfusive stationary
phase. By matching model simulations with experimental mercury intrusion data, characteristics of the pore size
distribution (PSD) of perfusive particles can be calculated quantitatively. It was found that the distribution is
bimodal, consisting of an interconnected porous structure of macropores (pore diameters of the order of 1000 A)
and micropores (pore diameters of the order of 100 A). Two different types of perfusive packings (POROS I and
II) were compared in terms of capacity and throughput capabilities with respect to their PSD. The sensitivity and
validity of the model was corroborated by simulating intrusion experiments on blends of the perfusive packings.
The simulated results compared very well with the experimental data. The network model was used to elucidate
pertinent parameters using perfusive packings such as surface area accessibility of various proteins and size
exclusion chromatography of polystyrene molecules. The agreement between experimental data and model
predictions are excellent in both studies.
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1. Introduction

The current intense focus on perfusion chro
matography for protein purification is due to its
high separation speed. It has long been recog
nized that conventional high-performance liquid
chromatography (HPLC) packed columns suffer
from a number of limitations. The most im
portant of these is the restriction to low f1ow-

* Corresponding author. Address for correspondence: Room
20A-207, MIT, 18 Vassar Street, Cambridge, MA 02139,
USA.

rates, which stems from the intrinsically low
intraparticle diffusive mass transport.

In an effort to enhance the kinetics of the
separation process, Afeyan et al. [1] have de
veloped perfusion chromatography which takes
advantage of packing materials with large
through-pores (pore diameters of the order of
1000 A). Under suitable conditions, a sufficiently
high level of pressure-driven convective flow
exists in these pores to augment the intraparticle
mass transfer by convective transport. To cir
cumvent the problem of low adsorption capacity
due to low surface area, the large through-pores
in the particles are intercalated with smaller
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Based on this relationship, the accessibility of a
protein molecule in a cylindrical pore can be
assessed in the network model to simulate the
adsorption capacity of the perfusive particles for
different proteins. For the lattice network, the
total accessible area for adsorption can be ob
tained from:

(4)

since the pore length is the same as the pore
diameter in the network.

Using the same algorithm as that used in
simulating mercury intrusion, with the critical
diameter representing the diameter of the pro
tein, the process of protein adsorption can be
simulated on the network model. Here, each
time a pore is accessed, the total accessible area
is calculated from Eq. 4 to represent the ad
sorption capacity.

5. Size-exclusion chromatography simulation

Size-exclusion chromatography (SEC) has
been mainly employed as an analytical procedure
for separating macromolecules according to dif
ferences in size. While simulating protein ad
sorption on the network model predicts ex
perimental data based on the surface area of the
packing beads, simulating SEC will elucidate
experimental results based on the volumetric
porosity of the particles. Different models have
been proposed to evaluate the partition coeffi
cient, K, of flexible-coil macromolecules be
tween the bulk solution and cylindrical pores
[33,35,36]. By using a Monte Carlo simulation
technique, Davidson et al. [36] provided a simple
and most complete relationship which relates the
partition coefficient to the radius of gyration of a
flexible-coil macromolecule:

In K = In Ko + (llR)(0.49 + 1.09Ao + 1.79A~)

(5)

where K is the partItIOn coefficient, Ko =
00 2 (2 2) /R' h .4~i~1(1/O'i) exp -O'i Ao , Ao = r g IS t e ratIO

of radius of gyration of macromolecule to pore

radius, O'i are the roots of the Bessel function of
the first kind and of order zero, I is the segment
length of the macromolecule, given by: rg =

IV(n 2
- 1)/(6n), where n is the number of seg

ments.
For the lattice network, the partition coeffi

cient for different polystyrene molecules can
therefore be obtained as:

R=oo

K(rg ) = L F(R)K(R)
R=rm

where F(R) is the accessible volume fraction of
pores in the network taken up in radii R.

Hence, using the same algorithm as that used
in simulating mercury intrusion, with the critical
diameter representing the diameter of gyration
of the polystyrene molecule, size-exclusion chro
matography can be simulated on the network
model.

6. Materials and method

6.1. Mercury porosimetry

Mercury intrusion experiments were con
ducted using a Micromeritics PoreSizer 9320
porosimeter (Micromeritics, GA, USA). Mea
surements were made over the pressure range

.from 1 to 30 000 psia. The samples used were
paRaS R1M and R2M supplied by PerSeptive
Biosystems (Cambridge, MA, USA). In this
paper, these two media will be referred to as
paRaS I and paRaS II, respectively. These
are 20-p, m particles used for reversed-phase
chromatography. For each experiment, 0.1 g of
the sample was used. The mercury advancing
contact angle used was 1400 and the surface
tension of mercury was taken to be 485 dynes/
cm.

6.2. Protein adsorption capacity

Static experiments were carried out by mixing
20 mg of the chromatographic particles with
different concentrations of protein solutions (0.5,
1.0,2.0 and 4.0 mg/ml) to obtain the adsorption
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7. Results and discussion

the CRAY Y-MP supercomputer, which takes
approximately 300 s to perform each simulation
of the mercury porosimetry experiment. Parame
ters of the PSD and PI were first obtained for
paRaS I from the simulations. Since the par
ticle size distributions for paRaS I and II are
essentially the same (SEM and image analyses
data), the same distribution function describing
the interstitial pores in paRaS I should apply to
paRaS II. Moreover, the PI of the porous
structure comprising paRaS I can be taken to
be the same as the PI of the porous structure
comprising paRaS II, since the two packings
are manufactured similarly. In the case of
paRaS II, therefore, there are four less param
eters in the PSD function to be inferred from the
mercury porosimetry simulations.

Figs. 5a and 5b show a comparison of the
intruded volume of mercury as a function of
pressure for the simulations and experimental
data for paRaS I and II, respectively. Since the
network model is used to represent a finitely
small section of the column, several independent
realizations of the system have to be generated.
The simulated intrusion curve obtained from a
single realization will be "jagged" in character
and is unique to the particular set of random
numbers used in generating the model. A reali
zation is defined as the different networks gener
ated using different selections of random num
bers to account for statistical variations. The
number of realizations needed usually depends
on the size of the sample and on the desired
accuracy. For large samples, a few realizations
often provide accurate estimates of the quantities
of interest. Since we are modelling a very small
sample of the column, 50 realizations were
carried out, so that one standard deviation from
the stochastically averaged simulated curve is
less than 10%. In the figures, the average simu
lated curve is shown and error bars represent
one standard deviation from the mean values.

By adjusting the PSD and PI used in generat
ing the network, the experimental and simula
tion data were matched to an F factor of less
than 1.00 for both paRaS I and II. This F
factor corresponds to an average fractional error
of less than 10% for the 92 experimental data

(8)
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where Ve is the elution volume of polystyrene
solute, E, total porosity in the column
(interstitial + intraparticle pores), and Ec the col
umn porosity.

7.1. Mercury intrusion of POROS I and
POROS II

It is necessary to determine the transitlon
between interstitial and intraparticle pore sizes in
the simulation of mercury intrusion for the
network model. This is because the interstitial
pores provide the mercury interface necessary
for mercury penetration into the network.

The transition from interstitial to intraparticle
pore size is determined from a comparison of the
intrusion curves of paRaS I and paRaS II
(Fig. 4). From Fig. 4, it can be seen that the
departure of the intraparticle pores between the
two media occurs at approximately 1.0 /-Lm.
Hence, 1.0 /-Lm is taken to be the cutoff between
interstitial and intraparticle pores.

The computer simulations were performed on

10 1 0.1

Diameter (llm)

Fig. 4. Relationship between pore diameter to cumulative
intrusion volume for POROS I and II obtained by mercury
porosimetry. Dotted line indicates cutoff point between
interstitial and intraparticle pores.
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Fig 5. Comparison between simulated and experimental
intrusion curves: (a) POROS I, (b) POROS II. Simulation
data represent the average of 50 realizations and error bars
indicate 1 standard deviation from the mean. (0) Ex
perimental data, (line) simulation data.

points. The only exception in agreement be
tween the simulated and experimental data is a
very short segment at the early stage of the
experimental intrusion curve, which represents
the filling of the void space in the sample holder
during the porosimetry experiment. This part of
the curve is therefore not representative of pore
space existing in the HPLC column.

A summary of the parameters for the PSD
used in the simulations is tabulated in Table 3.
From the simulations, it was found that the
porous structure of the perfusive particles,
paRaS I and II, indeed consists of an inter
connected porous structure of two groups of
widely differing pore sizes; a group of large
pores (of the order of thousands of angstroms in
sizes), through which convection is believed to
take place, and a group of small pores (of the
order of hundreds of angstroms in pore sizes),
where diffusion occurs. These results are con
sistent with the approximate measurements of
the pore sizes by Afeyan et al. [1] inferred from
scanning electron microscopy. They have re
ported macropore sizes of about 6000-8000 A
interconnected by diffusive pores of about 500
A. Moreover, a comparison between paRaS I
and II shows that paRaS· II has an abundance
of smaller pores, in both the macropore and
micropore sizes (evident in the relative propor
tion of micropores to macropores), compared to
paRaS I, which effects a higher amount of

100 1000 10'
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Table 3
Summary of parameters of pore size distribution for POROS I and II

POROS I POROS II

Pi J.ti U i Pi J.ti U i

Macropore 1.0 5000 A 2100 A 2.8 3500 A 2000 A
Micropore 0.35 250 A 450 A 0.98 160 A 280 A
Interstitial 0.21 5.6J.tm 1.82 J.tm 0.21 5.6J.tm 1.82 J.tm

PI 2.5 2.5

The parameters used here are the same as those defined in Eq. 1, where Pi is relative proportion of pores of class i, J.ti mean
diameter of pores of class i and u i standard deviation of diameter of pores of class i.
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Fig. 3. Chromatographic resolution of racemate 3a on (a)
MC-E, and (b) MC-P CSPs. HPLC column (250 x 4 mm
1.0.); mobile phase, hexane-2-propanol (9:1, v/v); flow
rate, 0.7 ml/min.

sufficient to permit determination of the elution
order by polarimetric detection. The polarimet
ric signal clearly indicates that 5 compounds in
this series (2b, 2c, 2d, 2h, and 2i) were eluted in
reverse order on the respective CSPs. This
difference in the behavior of the two CSPs does

procedure on the chromatographic properties of
MMBC, we first prepared two CSPs, using
methylene chloride as a solvent. The evaporation
and precipitation methods gave two different
CSPs, MC-E and MC-P, respectively. Upon
examination of the chromatographic results of
the 1-7 series of racemates on both CSPs (Table
2), we found that the optical resolving power of
the MMBC CSPs depended to a great extent on
the' deposition method. Precipitation actually
produces a more efficient CSP than evaporation.
High enantioselectivities were generally obtained
with MC-P CSP, whereas MC-E CSP exhibited
practically no optical discrimination for the ma
jority of the tested solutes. One example is
shown in Fig. 3; compound 3a is not resolved on
MC-E (Fig. 3a), while it is well resolved on
MC-P (Fig. 3b).

Even more surprising is the inversion of the
elution order observed for the enantiomers of
some racemates from MC-E to MC-P. Indeed,
although the MC-E phase failed to efficiently
resolve any compounds in the 2a-i series, slight
enrichment of the first and last fractions was

a

o 2 4 6 8 min

b

o 2 4 6 8 min

Table 2
Chromatographic results on MMBC CSPs solidified from methylene chloride, nitrobenzene, and methylene chloride-nitro-
benzene solvating agents

Racemate Column

MC-E MC-P Me-NB33 MC-NB50 MC-NB85 NB

k' a k' a k' a k' a k' a k' a1 I I I I I

1 0.67(-) 1.00 0.69(-) 1.13 0.87(-) 1.15 0.81(~ ) 1.17 0.56(-) 1.21 0.58(-) 1.00
2a 1.13(-) 1.00 0.75(-) 1.88 1.13(-) 1.53 1.26(-) 1.34 1.16(-) 1.61 0.84( +) 1.00
2b 3.73( +) 1.00 3.04(-) 1.28 4.15(-) 1.14 4.19(-) 1.00 2.55( +) 1.00 2.83( +) 1.30
2c 0.82( +) 1.00 0.67(-) 1.22 0.95(-) 1.00 0.91(+) 1.06 0.57( +) 1.20 0.53( +) 1.32
2d 0.93( +) 1.00 0.85(-) 1.00 1.07( +) 1.00 0.94(+) 1.21 0.59( +) 1.39 0.56( +) 1.37
2e 0.95(-) 1.00 0.70(-) 1.63 1.O1(-) 1.29 1.15(-) 1.13 0.83(-) 1.00 0.72( +) 1.00
2f 1.15(-) 1.00 0.75(-) 2.00 1.07(-) 1.56 1.31(-) 1.36 1.03(-) 1.00 0.83( +) 1.00
2g 1.62(-) 1.00 1.35(-) 1.52 1.80(-) 1.26 2.14(-) 1.07 1.42(-) 1.00 1.39(+) 1.00
2h 3.16(-) 1.00 2.46( + ) 1.14 3.64( +) 1.00 4.05(-) 1.07 2.47(-) 1.00 1.78(-) 1.78
2i 2.57( +) 1.00 2.40(-) 1.36 3.05(-) 1.24 3.78(-) 1.00 2.34( +) 1.00 1.93( +) 1.40
3a 0.57( +) 1.00 0.44( + ) 1.77 0.58(+) 1.62 0.58( +) 1.56 0.42( +) 1.00 0.47( +) 1.00
3b 1.21( +) 1.30 0.96(+) 1.68 1.34(+) 1.63 1.38( +) 1.62 0.95(+) 1.72 0.91(+) 1.44
4 1.77(-) 1.54 1.97(-) 1.59 2.33(-) 1.59 2.22(-) 1.59 1.15(-) 1.51 1.16(-) 1.43
5 2.29(-) 1.24 2.31(-) 1.29 2.78(-) 1.28 2.08(-) 1.28 3.24 1.00 1.60(-) 1.23
6 0.98( +) 1.78 0.93(+) 2.97 1.18( +) 2.70 1.15( +) 2.45 0.74(+) 2.02 0.69( +) 1.63
7 1.74(-) 1.52 1.37(-) 1.71 1.80(-) 1.81 1.74(-) 1.86 1.28(-) 1.76 1.32(-) 1.74

The sign in parentheses represents optical rotation of the first-eluted enantiomer. For column preparation, see Table 1 and for the
structure of the racemates, see Fig. 2.
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Fig. 7. X-Ray diffractograms of MMBC samples precipitated
from a solution of (a) nitrobenzene and (b) methylene
chloride.

Effects of polar additives
As MMBC apparently adopts different crys

talline or supramolecular structures under the
influence of the solvating agent methylene chlo
ride or nitrobenzene, we were interested in
investigating the effect of further solvating
agents or additives. Granting that the formation
of the supramolecular structure proceeds by a

(Fig. 7). A multiple peak was registered between
5° and 12° for the sample obtained from the
nitrobenzene solution, while only one peak was
obtained for the sample prepared from the
methylene chloride solution. This differentiation
becomes even more pronounced after annealing
of the samples. Such a difference can be attribu
ted to the existence of distinct crystalline forms
of MMBC. Raman spectroscopic investigations
were also performed but they did not afford any
useful data permitting a clear distinction of the
structures.

Interestingly, among the wide range of tested
racemates, only the series of benzoyl esters of
phenylethanol 2a-i shows this inversion of elu
tion order. Even the structurally analogous com
pounds 3a and 3b do not exhibit this unexpected
behavior.

preorientation of the polymeric chains induced
by the solvating agent, strongly interacting com
pounds should significantly influence the type of
crystal structure obtained. To test this hypoth
esis, we used a cosolvent, such as tetrahydro
furan (THF), or some additives capable of
interacting by hydrogen bonding with the car
bonyl groups of MMBC, such as trifluoroacetic
acid (TFA) and phenol. Because of their limited
solubility, these compounds were applied only as
additives in combination with methylene chloride
or nitrobenzene. The preparation conditions of
the various CSPs are summarized in Table 1.
Two MMBC CSPs were prepared by adding
THF or TFA in methylene chloride (MC-THF
and MC-TFA, respectively). The chromato
graphic results obtained on these CSPs are
presented in Table 3.

In fact, these two phases show similarities in
their enantioselectivities and their optical dis
crimination patterns. Taking the MC-P phase as
a reference, inversion of the elution order is
observed for the enantiomers of compounds 2b,
2c, 2d, and 2h on the MC-THF CSP. Besides
these four compounds, 2i was also eluted in
reversed order on the MC-TFA CSP. These
chromatographic results suggest that the pres
ence of THF or TFA in methylene chloride has a
tendency to transform the supramolecular struc
ture of MMBC from type A, deriving from the
preparation in pure methylene chloride (MC-P
CSP), to type B, obtained from pure nitroben
zene (NB CSP). It seems, however, that neither
of these additives can affect this structure strong
ly enough to transform it completely from type
A to type B. In the light of these results, we
decided to investigate the effect of phenol, which
is capable, at the same time, of interacting by
7T-7T interactions and by strong hydrogen bond
ing. Phenol was used in combination with
methylene chloride (1 mole pheno1l8 mole
methylene chloride) for covering macroporous
silica gel with MMBC, and the chromatographic
properties obtained with the resulting MC-PHN
CSP are shown in Table 3. Similar to the NB
CSP obtained from the pure nitrobenzene solu
tion, the MC-PHN CSP causes inversion of the
enantiomeric elution order for all nine esters

40
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b
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302010o
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Table 3
Chromatographic results on MMBC CSPs solidified from methylene chloride or nitrobenzene in presence of the additives

Racemate Column

MC-THF MC-TFA MC-PHN NB-PHN

k' a k' a k' a k' a1 1 1 1

1 0.73(-) 1.14 0.54(-) 1.09 0.71(-) 1.21 0.69(-) 1.18
2a 1.12(-) 1.26 0.88(-) 1.23 1.70(+) 1.19 1.50( + ) 1.09
2b 4.03( +) 1.00 2.93( +) 1.09 4.34( +) 1.45 3.80( +) 1.35
2c 0.80(+) 1.13 0.65( +) 1.15 0.90(+) 1.70 0.82( +) 1.60
2d 0.80( +) 1.19 0.67( +) 1.27 0.94(+) 1.72 0.88( +) 1.67
2e 0.96(-) 1.00 0.82(-) 1.00 1.13(+) 1.49 1.00( + ) 1.39
2f 0.96(-) 1.34 0.83(-) 1.30 1.71(+) 1.13 1.68( + ) 1.00
2g 1.51(-) 1.10 1.33(-) 1.00 2.12( +) 1.18 2.30( +) 1.07
2h 2.54(-) 1.12 2.06(-) 1.17 3.38(-) 1.55 3.24(- ) 1.52
2i 3.20(-) 1.00 2.44( +) 1.00 3.76( +) 1.62 3.25( +) 1.52
3a 0.54( +) 1.41 0.42( + ) 1.36 0.71(+) 1.23 0.69( +) 1.00
3b 1.25( +) 1.49 1.00( + ) 1.42 1.63( + ) 1.35 1.50( + ) 1.32
4 2.00(-) 1.52 1.49(-) 1.50 1.71(-) 1.65 1.60(-) 1.65
5 2.42(-) 1.29 1.92(-) 1.28 2.50(- ) 1.24 2.39(-) 1.24
6 1.05( + ) 1.95 0.85( +) 1.75 1.15( + ) 1.57 1.06( + ) 1.60
7 1.76(-) 1.86 1.60(-) 1.88 2.00(-) 1.92 1.87(-) 1.84

The sign in parentheses represents optical rotation of the first-eluted enantiomer. For column preparation, see Table 1 and for the
structure of the racemates, see Fig. 2.

2a-i of 2-phenyl ethanol. However, this last
phase is generally more efficient in resolving
racemic compounds than the NB CSP, as shown
by the higher enantioselectivities obtained with
the MC-PHN CSP for most of the reported
compounds. These results show that the mere
addition or non addition of phenol to the MMBC
solution in methylene chloride before covering,
can afford CSPs exhibiting not only markedly
varying chiral discrimination power, but also
reversed chiral recognition ability for several
racemates.

As nitrobenzene and phenol produce materials
having similar chiral recognition patterns, we
also investigated the chromatographic properties
of the CSP obtained from a solution of MMBC
in nitrobenzene in the presence of phenol (NB
PHN). In fact, the experimental results revealed
no such additive effect of the combination of
nitrobenzene and phenol as might have been
expected. Furthermore, the replacement of
methylene chloride by nitrobenzene is rather
detrimental, since in most cases lower separation

factors were observed on the NB-PHN CSP than
on the MC-PHN CSP.

4. Conclusion

The chiral recogmtlOn ability of MMBC is
greatly affected by variations in the preparation
conditions. With methylene chloride as solvating
agent, covering by precipitation affords a sig
nificantly more efficient CSP in terms of chiral
discrimination ability than coating by evapora
tion.

When nitrobenzene is used as solvating agent
instead of methylene chloride, the CSP obtained
exhibits completely different chromatographic
properties, resulting in inversion of the elution
order for the enantiomers of certain racemates.
The same effect is observed when phenol is
added to the methylene chloride solution before
covering. The changes in the elution order ob
served for various racemates used as probes
evidence the existence of different supramolecu-
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Abstract

A novel carbon material, plastic formed carbon (PFC), was prepared by mixing various amounts of pure graphite
with an organic binder and pyrolysing the mixture to a "glassy carbon" at a modest final temperature of
1000-1400°C. This preparation procedure allows more convenient and precise control of the final graphite
adsorption characteristics. Various PFC materials were constructed and tested both as bulk adsorbents and as
precolumn packings for the direct determination of ACh and Ch in brain tissue homogenates. The PFC precolumns
prepared from 12.5-50% graphite, by mass, were capable of selectively removing interfering species while not
adsorbing any of the desired quaternary amine analytes. The usually large solvent front was also dramatically
reduced with these precolumns. These PFC precolumns are useful for the direct determination of ACh and Ch in
brain tissue homogenates and other biological samples.

1. Introduction

In the determination of acetylcholine (ACh)
and choline (Ch) in brain tissue homogenates
using systems based on reversed-phase ion-pair
liquid chromatography with electrochemical de
tection (LC-ED), it is well known that catechol
amines (CAs), in particular, interfere owing to
the chromatographic overlap of these com
pounds with the targeted quaternary amines
[1,2]. We recently reported that such interfering

* Corresponding author.

species could be effectively eliminated through
the use of precolumns packed with glassy carbon
particles prepared at a final curing temperature
of 3000°C. The precolumn selectively removed
CAs, indoleamines and related metabolites while
not adsorbing any of the quaternary amines
being analysed [3]. Further studies on the mech
anism of such selective adsorption properties
revealed that the adsorption sites of the glassy
carbon were predominantly graphite-like do
mains, the number of which was enhanced by
increasing the final curing temperature to 3000°C
[4]. However, since the formation of the

0021-9673/95/$09.50 © 1995 Elsevier Science BV All rights reserved
SSDI0021-9673(95)00700-8
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graphite-like domains is dependent on the heat
ing process(es), it is difficult to prepare re
producibly glassy carbon particles containing
constant levels of the critical adsorption sites.

Recently, a novel carbon material called plas
tic formed carbon (PFC) has been reported
[5,6J. This material is prepared by mixing various
amounts of pure graphite with an organic binder
and then pyrolysing the mixture to form a
"glassy carbon" at a relatively modest curing
temperature of 1400°C. Formation of additional
graphite-like adsorption sites is not observed as a
result of heating at this relatively low tempera
ture; any graphite-like domains in such a low
temperature process arise exclusively from the
graphite added originally and not from the
heating process. Thus, it is easier to control the
final graphite adsorption site content of the
product by simply controlling the fraction of the
originally added pure graphite. The PFC materi
als were expected to be suitable replacements for
the previously employed glassy carbon as pre
column adsorbents for, in particular, interfering
CAs.

In this investigation, we initially examined the
adsorption properties of the PFC particles to
wards both CAs and three quaternary amines
related to ACh in a batch mode. We then
constructed and examined precolumns packed
with PFC particles prepared from various initial
concentrations of graphite to assess the ap
plicability of such precolumns in the direct LC
ED determination of ACh and Ch.

2. Experimental

2.1. Reagents

The following chemicals were purchased from
Sigma (St. Louis, MO, USA): norepinephrine
(NE) hydrochloride, dopamine (DA) hydro
bromide, 3,4-dihydroxybenzylamine (DHBA)
hydrobromide, acetylcholine (ACh) chloride and
choline (Ch) chloride. Ethylhomocholine (EHC)
was prepared as described previously [7]. Chemi
cals used in the LC-ED eluents were obtained at

the highest available purity from various manu
facturers.

2.2. PFe materials

Plastic formed carbon (PFC) materials initially
containing 0-75% pure graphite, by mass, were
prepared by mixing 0, 12.5, 25, 50 or 75% pure
graphite with a vinyl chloride resin and pyrolys
ing the mixture to form a "glassy carbon" at a
final annealing temperature of 1400°C [5,6].
These materials were transformed into smaller
particles by an impact crusher. Particles in the
100-200-mesh range were collected by sieving
and washed five separate times with a volume of
acetone. A typical scanning electron micrograph
for the 50% graphite PFC particles, which re
veals irregular shapes with typical maximum
dimensions of 74-149 /Lm, is shown in Fig. 1.
For the investigations with the precolumns, ap
proximately 100 mg of the PFC particles were

Fig. 1. Scanning electron micrograph of 50% graphite PFC
particles. The individual particles are irregular in shape and
exhibit characteristic dimensions in the range 74-149 porn.
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Abstract

In micellar liquid chromatography (MLC), the hydrophobicity of a compound is the predominant effect on its
retention and interaction with micelles; however, some contradictory results have been obtained concerning
whether k or log k best correlates with the logarithm of partition coefficients (log P) in the biphasic solvent system
octanol-water. An empirical model which describes the relationship between retention in MLC and log P is
presented. The retention data for series of neutral compounds eluted with different pure and mixed mobile phases
and alkyl-bonded stationary phases were used to test the model. The results indicate that non-linear relationships
between k or log k and log P are to be expected and only in particular circumstances can linear relationships be
obtained. In contrast, in all the series studied, excellent correlations between the logarithm of the retention factor
at zero micellar concentration, k m , and log P, were found (r 2 in the range 0.965-0.987 and F in the range 277-608).
Log km is proposed as the best chromatographic index for the quantification of the hydrophobicity of solutes using
micellar mobile phases.

1. Introduction

The biological activity of many organic com
pounds has been attributed to the hydrophobic
character of molecules. The quantification of the
hydrophobicity of solutes is of great importance
in quantitative structure-activity relationship
(OSAR) studies, drug design and toxicology [1
3]. The hydrophobicity of drugs is most com
monly characterized by their logarithm of the
partition coefficients (log P) in the biphasic
solvent system octanol-water [4, 5]. The conven
tional "shake-flask" method to measure log P
has several inconveniences. Many attempts have
been made to establish a correlation between

• Corresponding author.

log P and several reversed-phase liquid chro
matographic (RPLC) retention data, assuming
that the extent of chromatographic retention
reflects the hydrophobicity of a solute. This
approach is known as quantitative structure-re
tention relationships (OSRRs) [6].

The correlations between the chromatographic
parameters of the compounds and their log P
values are often expressed in logarithmic form.
First, the log k values obtained for a given
column and mobile phase composition were used
[7,8]. However, the accuracy of predictions de
pends on the mobile phase composition. Next,
the retention factor in a pure aqueous eluent
(kw )' in which the only operative solvophobic
effect is the hydrophobic effect, was used. How
ever, k w is difficult to obtain experimentally for

0021-9673/95/$09.50 © 1995 Elsevier Science B.Y. All rights reserved
SSD10021-9673(95)00678-8
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most compounds and usually it must be obtained
by extrapolation using linear [9], quadratic [10]
or solvophobic [11] models. Finally, attempts
have been made to find an alternative chromato
graphic parameter that was less dependent on
the particular column and instrument used [12
15]. There are many discrepancies in the litera
ture about whether log P or log k w best predicts
hydrophobicity. It has been suggested that log k w

may be a better descriptor than log P of the
relevant partitioning process [16].

Micellar liquid chromatography (MLC) is a
mode of conventional reversed-phase liquid
chromatography which uses a surfactant solution
(anionic, cationic or non-ionic) above the critical
micellization concentration (erne) as mobile
phase. The retention of a compound in MLC
depends on the type of interactions with the
micelles and the surfactant-modified stationary
phase [17].

The usefulness of MLC for the determination
of hydrophobicity has been reported by several
workers. Thus, linear relationships between log k
values measured with different purely aqueous
and mixed micellar mobile phases and log P have
been found for different series of solutes [18
20]. On the other hand, Khaledi and Breyer [21]
observed a curvature of log k vs. log P plots at
higher log P values and a better linear relation
ship between k and log P was found. Recently,
Marina and Garcia [22] also reported a curvature
of the log k vs. log P plots and indicated that the
hydrophobicity range of the compounds is an
important factor in the k or log k-Iog P correla
tions. The curvature was explained by the solu
bility limit theory [23].

In our opinion, reliable quantification of
hydrophobicity by MLC still deserves more at
tention. Retention of a solute in MLC depends
not only on the partitioning between water and
the surfactant-modified stationary phase, but
also between water and the micelle. This be
haviour indicates some doubts about the capa
bility of the retention factor to predict the
hydrophobicity of solutes. In this paper, an
empirical model which describes the dependence
between retention in MLC and log P is pro
posed. It was found that log k m is the best index
to perform the chromatographic quantification of

the hydrophobicity of solutes using micellar
mobile phases.

2. Experimental

Chromatographic data were collected from the
literature. The solute-micelle binding constants
(KAM ) and retention factors at zero micellar
concentration (k m ) for 40 neutral compound
surfactant-stationary phase combinations re
ported by Foley [24] were used (series I, II, III
and IV in this paper). The K AM and k m values
for a set of aromatic compounds eluted with
cetyltrimethylammonium bromide (CTAB) and
sodium dodecyl sulfate (SDS) in the presence of
3% of propanol reported by Khaledi and Breyer
[21] were also used (series V and VI in this
paper). In addition, experimental capacity fac
tors of series III and IV at different concen
trations of CTAB and Brij 35 as mobile phases
were used [18]. When no experimental k values
were available (series I, II, V and VI), retention
factors were calculated by using Eq. 1.

The log P values used were obtained from
literature: anthracene 4.6, benzylamine 1.49,
biphenyl 3.97, 1-bromonaphthalene 4.23, chloro
benzene 2.84, 1-methylnaphthalene 3.93, naph
thalene 3.37, pyrene 4.55 and p-xylene 3.13
(from Ref. [12]); acetanilide 1.16, acetophenone
1.58, benzaldehyde 1.48, benzene 2.13, ben
zonitrile 1.56, benzyl alcohol 1.10, bromoben
zene 2.99, methyl benzoate 2.12, methyl phenyl
ether 2.11, nitrobenzene 1.85 and toluene 2.69
(from Ref. [18]); butyrophenone 2.65, hexac
phenone 3.58, propiophenone 2.19 and valero
phenone 3.11 (from Ref. [25]).

Statgraphics 6.1 was used to perform the
statistical analysis of the linear regressions be
tween k, log k, k m , log k m , KAM and log KAM

and log P data for each series.

3. Results and discussion

3.1. RPLC vs. MLC parameters

The use of a micellar solution instead of a
conventional aqueous-organic mixture as mobile
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(1)

3.2. MLC retention-log P relationships

k
m

10Ao+A ,log P

k= l+K
AM

[M] 1+[M]10Bo+BIIOgP (4)

and in the logarithmic form

in the mobile phase (for most surfactants and
stationary phases) and is similar to that of a
purely aqueous eluent system. The use of aque
ous-organic mobile phases alters the structure
and composition of the stationary phase, but the
use of a micel1ar eluent avoids this problem,
conferring on the retention factors obtained in
MLC a better predictive capability for the
quantification of hydrophobicity than in RPLC.

There is also a limitation to the use of MLC
for the quantification of hydrophobicity. When
ionic surfactants are used as mobile phases,
hydrophobic adsorption of monomers could
occur, giving the stationary phase some ion-ex
change capacity with charged solutes [17]. In
some of these cases an adequate selection of the
nature of surfactant and pH of the mobile phase
could eliminate the electrostatic interactions.

(2)

(3)

In MLC, some contradictory results have been
obtained concerning which k or log k best
correlates with log P. MLC is an example of the
use of secondary chemical equilibria in liquid
chromatography, where the retention is influ
enced by two competing equilibria of solute
interactions with micel1es in the mobile phase
(control1ed by KAM ) and their partitioning into
the stationary phase (control1ed by km)' Both
partitioning processes depend on the hydropho
bicity, among the size and shape of the solute.
As consequence, linear relationships between k m

and K AM can be expected. Several workers have
shown correlations between K AM and log P [21,
26-28] and a correlation between k m and log P
for a set of sixteen aromatic compounds was also
shown [21].

Let suppose that k m and K AM are correlated
with the hydrophobicity of the solute:

log k m = A 0 + A 1 log P

10gKAM=Bo+BllogP

then Eq. 1 becomes

phase in the quantification of hydrophobicity
shows several advantages. First, the retention
behaviour of compounds (apolar, polar or ionic)
chromatographed with anionic, cationic and non
ionic surfactants has been accurately modelled.
Thus, the retention of a non ionizable compound
as a function of micellar concentrations can be
deduced from

1 1 KAM-=-+-·[M]
k k m k m

where k is the retention factor, [M] is the total
concentration of surfactant in the mobile phase
minus the cmc, K AM is the solute-micel1e bind
ing constant and k m is the retention factor at
zero micel1ar concentration, that is, the retention
factor at a surfactant monomer concentration
equal to the cmc. This parameter is very similar
to k w obtained in conventional RPLC. As k w

and k m are independent of the composition of
the mobile phase, they reflect polar-non-polar
partitioning and are dependent on the solute's
structure and polar functionalities; however,
they are dependent on the type/manufacturer of
the stationary phase. K AM also has this feature
with the advantage that is independent of the
stationary phase.

According Eq. 1, the values of k m and K AM
can be obtained from the intercept and slope,
respectively, of the plot of 11k vs. [M]. In
contrast, the extrapolated k w values obtained by
using linear plots are significantly different for
different organic modifiers and quadratic or ET
30 solvatochromic extrapolations should be per
formed [16].

Second, the presence of micel1es in equilib
rium with ionic surfactant monomers in the
mobile phase produces silanophilic adsorption of
surfactant monomers on the alkyl-bonded
stationary phase, the stationary phase becoming
more hydrophobic and reducing the concentra
tion of residual silanol groups on the silica
surface. In conventional RPLC, the residual
activity of alkyl-bonded stationary phases can
influence the retention of certain solutes, giving
inadequate prediction of the hydrophobicity of
those compounds.

Third, the stationary phase environment in
MLC is independent of the micelle concentration



276 M.J. Medina-Hernandez, S. Sagrado / J. Chromatogr. A 718 (1995) 273-282

and Garcia [22] indicated that there is a value of
log P on the curve of log k vs. log P where a
"break" occurs, explaining why the
log k-Iog P correlation improves when the most
hydrophobic compounds are eliminated on the
curve. According to Eq. 5, this "break" should
occur when the term KAM[M] = 1, and then log P
for this point can be calculated as

As can be observed from Eq. 8, the linearity
range of log k vs. log P plots increases when the
micellar concentration in the mobile phase de
creases.

In order to demonstrate the validity of the
equations, some studies were performed using
several series of neutral compounds. Tables 1-3
show the retention factors for a set of nine
aromatic compounds eluted with a 0.1 M SDS
mobile phase (at 25°C) and a CIS stationary
phase (Table 1, series I); for a group of mono
substituted benzenes eluted with 0.1 M SDS (at
31°C), 0.016, 0.05 and 0.1 M CTAB (at 25°C)
and 0.016 and 0.05 M Brij 35 (at 25°C) mobile
phases and a CIS stationary phase (Table 2,
series II, III and IV, respectively) and for a
group of aromatic compounds eluted with a 0.12
M CTAB-3% 2-propanol mobile phase (at
25°C) and a Cs stationary phase and with a 0.12
M SDS-3% 2-propanol mobile phase (at 25°C)
and a CIS stationary phase (Table 3, series V and
VI, respectively). The values of log P, k m and
K AM for each compound are also given.

log k = A o + Al log P -log(1 + [M]lOBo+Bllog p)

(5)

As can be observed from Eqs. 4 and 5, a
non-linear relationship between the retention of
a compound (k or log k) and the log P value for
a constant micellar concentration should be
expected. Two extreme situations can be consid
ered. (a) For solutes with low hydrophobicity
(low log P values) or for very low micellar
concentrations in the mobile phase, the term
KAM[M] could be negligible (KAM[M]« 1), and
Eq. (5) becomes log k = log k m = A o + A I log P,
showing a linear relationship between log k and
log P. In contrast, Eq. 4 becomes k =k m =
10Ao+Allog P, showing a non-linear relationship
between k and log P. This behaviour has been
shown experimentally [22]. (b) For highly hydro
phobic solutes (high log P values) or for high
micellar concentrations in the mobile phase, the
term K AM[M] could be significantly higher than 1
and Eqs. 4 and 5 become

k 10Ao+ A1 !ogP
k = KAM[M] = [M]lOBo+Bllog P (6)

log k = A o - Bo + (AI - B t ) log P -log[M] (7)

Eq. 6 provides an apparent linear relationship
between k and log P. On the other hand, Eq. 7
describes a linear relationship between log k and
log P, but with a lower slope than in the former
case. These observations have been reported in
the literature [21,22]. On the other hand, Marina

log P = -(log[M] + Bo)/BI (8)

Table 1
Log P, k rn , K AM and retention factors calculated for a 0.1 M SDS mobile phase at 25°C and a C I8 (Waters) stationary phase, for a
set of aromatic compounds (series I)

Compound Log P k rn KAM k

Anthracene 4.6 9280 5340 18.9
Benzene 2.13 27.0 25.0 8.2
Biphenyl 3.97 2140 1311 17.6
1-Bromonaphthalene 4.23 7860 4760 18.0
I-Methylnaphthalene 3.93 1870 1168 17.3
Naphthalene 3.37 325 239 14.2
Pyrene 4.55 17200 9070 20.6
Toluene 2.69 68.6 49.8 12.3
p-Xylene 3.13 225 140 16.2
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Elution Peak NaOH NaOH

time number 2.SmM lSmM

Rs a Rs a
1 Fue Fue

5.76 2.81 6.90 2.09
Rha Rha
Am 2.05 1.19

2.91 1.38 Am
4 GluN 2.43 1.26

0.50 1.04 GluN
5 Gal 1.06 1.11

1.31 1.13 Gal
6 Glu 1.08 1.11

2.15 1.20 Glu
7 Xyl 1.01 1.12

0.95 1.08 Xyl
8 Man Man

2.27 1.21 1.56 1.20
9 Fru Fru

1.03 l.ll 1.08 1.12
10 Rib Rib

Fig. 5. Separation parameters (R, and a) determined for all
sugars with two selected NaOH (2.5 and 15 mM) con
centrations as mobile phase. Sugar abbreviations given in
Fig. 2.

3.2. Calibration and accuracy

Calibration was carried out by dissolving ten
commercially available monosaccharides in 250
ml Milli-Q water. This standard solution was
diluted to give a calibration range (25-250 ng/
injection or 1-10 mg/ g) with the same order of
concentrations as those found in marine concen
trated hydrolyzates. Calibration graphs and pa
rameters of the resulting regression lines were
obtained with 15 and 2.5 mM NaOH isocratic
elutions (Table 1). The ten tested monosac
charides gave a linear response within the range

studied, characterized by high correlation co
efficients and y-intercepts near zero. Neverthe
less, peak widths increased with elution time, so
that the integration of late-eluting components
such as fructose and ribose was less accurate.
The large peak width of these two monosac
charides explains the reduced resolution. Higher
concentration ranges for the calibration test
would permit to correct this problem. Neverthe
less the excellent fit (R > 0.99 for all sugars)
demonstrated that this technique is suitable for
quantitative determinations.

Reproducibility was tested by performing a
series of six identical isocratic runs (15 and 2.5
mM NaOH) with a ten-component sugar stan
dard solution (Table 2). The relative standard
deviation (R.S.D.) of the retention time for all
monosaccharides was found to be less than 3%.
Moreover, the precision of this method, ex
pressed as R.S.D. of individual monosaccharide
areas, was satisfactory, despite a 27% value for
ribose. For this component, a small variation of
the integration parameters (start and end peak)
induced a large variation of the peak area.

3.3. Application to marine particulate samples

Applications were performed on two kinds of
matrices: marine suspended particles and surfi
cial sediment collected, respectively, at 30 m
depth off Banyuls (42°30' N, 03°27' E) and in the
axis of the Grand-Rhone Canyon (1012 m)

Table 1
Linear regression parameters for calibration of ten main sugars expected in a marine environment

NaOH Monosaccharides Range Slope y-Intercept Regression
(mM) (ng/inj.) ( x 105) ( X 10 4

) coefficient (r)

15 GluN 28-271 2.384 -2.213 0.9986
Ara 25-248 1.992 -1.420 0.9997
Gal 24-234 1.958 -2.522 0.9988
Fuc 26-257 1.704 -1.098 0.9993
Rib 45-438 1.679 -19.980 0.9992
Rha 25-227 1.448 -0.118 0.9990
Fru 47-459 1.060 -3.232 0.9993

2.5 Xyl 29-285 2.355 -7.614 0.9983
Glu 28-285 2.294 -4.034 0.9991
Man 25-248 1.876 -9.207 0.9974
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Table 2
Relative standard deviation (R.S.D.) for sugar retention
times and peak areas after repeated (n = 6) isocratic elutions
(15 and 2.5 mM NaOH)

Fig. 6. HPAEC-PAD chromatograms of hydrolyzed marine
surface sediment (A and B) and hydrolyzed marine sus
pended particulate matter (C and D). Chromatograms A and
C are obtained with a 2.5 mM NaOH isocratic elution and B
and D with 15 mM NaOH. Sampling stations are located on
the Northwestern Mediterranean margin. Encircled numbers
correspond to the integrated peaks. Analytical conditions
given in Fig. 2.

(42°50' N, 04°48' E). Both stations are located
on the Northwestern Mediterranean margin.
Samples were collected with a Sea-Bird (WA,
USA) carrousel water sampler fitted with twelve
8-1 Niskin bottles for seawater recovery (sus
pended particles) and with a multi-tube correr
for surficial sediment.

Three litres of seawater were filtered through
a precombusted (450°C for 12 h) Whatman GF/F
filter. The filter and surficial sediment (about 50
mg) were stored in the dark at - 20°C until
lyophilization and hydrolyzed in 5 ml H 2S04 (1
M) at 90°C for 4 h. After cooling, acid-hydro
lyzed samples were neutralized and sulphates
precipitated by addition of CaC0 3 powder.
Sonicated precipitates gave an opaque solution
clarified by centrifuging at 3000 rpm for 5 min
[27]. Amounts of 25 JLl of the supernatants were
injected directly onto the HPAEC-PAD system.
Peaks were identified by comparing peak elution
times and in doubtful cases by coinjection with
standard monosaccharides.

Chromatograms are shown in Fig. 6. The
presence of larger amounts of anions in the
injected marine samples than in the standard
solutions resulted in reduced retention times. A
severe cleaning step between each injection is
then performed to remove strongly retained
anions. Nine monosaccharides, including fucose,
rhamnose, arabinose, glucosamine, galactose,
glucose, mannose, xylose and ribose have been
identified and correctly separated by using 2.5
and 15 mM NaOH as eluent concentration.
Comparison of chromatograms revealed a higher
diversity of monosaccharides in sediment than in
seawater samples, where fucose, rhamnose and
fructose were not detected. The monosaccharide
composition depends on the kind of sampled
biological material and on its degradation state
[5,6,33]. Concentrations of monosaccharides
ranged between 0.12 (glucosamine) and 0.78 mg/
g (galactose) and between 0.66 (fucose) and
28.13 mg/g (xylose) for the acid hydrolyzates of
the surficial sediment and suspended particulate
matter, respectively. Total monosaccharide con
centration in the suspended particles (58.18 mg/
g) was about ten times higher than in the surficial
sediment (5.41 mg/g). The suspended particu
late matter in the surface layers of the sea is
more fresh, with living organisms; the settling
material reaching the bottom corresponds to
dead organisms which will be subject to bio
logical, chemical and physical degradation pro
cesses [11,34-36].

30 35 40

B0.05

0.05

R.S.D. (%)

Time Area

Fuc 0.9 1.7
Rha 1.3 3.8
Ara 1.1 3.8
GluN 1.8 2.6
Gal 1.4 2.9
Fru 1.1 3.9
Rib 1.2 27

Glu 1.5 1.7
Xyl 1.2 2.1
Man 2.2 4.8

A

o 0

5 10 15 20 25 30 35 40
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0.05

o

0.05

2.5

Eluent Sugars
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Table 2
Study of between-day reproducibility of HPLC method applied to barley

Replicate Date of Total Sample Amount of ,B-Glucan
analysis area mass tl-glucan (%/dm)'

(g) (g)

1 7.2.92 78060 0.5040 0.0188 4.12
2 10.2.92 92957 0.5018 0.0171 3.77
3 12.2.92 71207 0.5077 0.0168 3.66
4 14.2.92 76435 0.5045 0.0164 3.60
5 17.2.92 77737 0.5091 0.0164 3.56
6 2.3.92 83190 0.5077 0.0172 3.75
7 3.3.92 101133 0.5077 0.0177 3.86
8 4.3.92 103811 0.5077 0.0182 3.97
9 12.3.92 102458 0.5057 0.0171 3.75

10 19.3.92 91626 0.5060 0.0171 3.75
11 7.4.92 106317 0.5032 0.0156 3.48
12 9.4.92 110000 0.5050 0.0174 3.80

Mean: 3.76
S.D.: 0.18

'Expressed on a dry-matter basis.

4. Conclusions accurate results and shows a good correlation
with conventional methods.

A reliable method for the determination of
barley j3-glucans consisting of hydrolysis of the
polysaccharide with lichenase and the determi
nation of released oligosaccharides by reversed
phase HPLC was developed. The separation is
performed in 10 min and the procedure yields
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Fig. 3. Validation of HPLC method vs. enzymatic method
(n = 27 samples, r = 0.910, range = 2.67-4.94%).

Fig. 4. Validation of HPLC method vs. FIA-Calcofluor
method (n = 10 samples, r = 0.924, range = 3.73-5.12%).
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Ho-o-o-R

I
H2 C-OH
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o
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+ R-C-OR'

(BE)

Room

(TG+DG+MG+BE) + O=C=N-R-N=C=O Temp.r. Urethane Oil
Solvent

Fig. 1. Reaction scheme for the two-step synthesis of urethane oil.

parameters, but there has not been a practical
analytical procedure for monitoring the forma
tion of precursor and simultaneously determining
the concentrations of the individual species that
are present.

In the present work, we describe an efficient
GPC method for monitoring the precursor
composition obtained by transesterification of
vegetable oil with n-butanol in a two-step
chemoenzymatic synthesis of urethane oil (Fig.
1).

2. Experimental

2.1. Reagents and solvents

Castor and soybean oils were locally pur
chased and their purity was checked by GPC,
prior to use. 2,4-Toluene diisocyanate was ob
tained from Fluka (Buchs, Switzerland). HPLC-

grade tetrahydrofuran and reagent-grade n
butanol were from S.D. Fine-Chern (Bombay,
India) and used as received without any further
purification. Lipozyme 1M 20 (41 IV g -1 ), a
commercially available lipase from the fungus
Mucor miehei, immobilized on a microporous
anion-exchange resin was obtained from Novo
Nordisk (Denmark).

Authentic samples of diglyceride, mono
glyceride and butyl esters were synthesized in
our laboratory, by lipase-catalyzed transesterifi
cation of triglyceride oil with n-butanol. The
reaction mixture was analyzed by GPC in the LC
mode to identify and detect the corresponding
peaks for diglyceride (DG), monoglyceride
(MG) and butyl ester (BE) and triglyceride
(TG, starting material). All the components
were separated by column chromatography using
hexane-chloroform (95:5). The separated com
ponents were again analyzed by GPC in the LC
mode. A distinguished single peak confirmed
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them as single-spot compounds. These compo
nents were further characterized by NMR and
IR spectroscopy.

were constructed and response factors were
determined from the slope.

2.2. Two-step chemoenzymatic synthesis of
urethane oil

In the first step, the precursor (partial esters)
has· been prepared by lipase-catalyzed trans
esterification of triglyceride oil with n-butanol.

In the second step the partial esters were
further reacted with diisocyanate to obtain
urethane oil.

2.3. Instrumentation

The GPC system consisted of a Model 6000A
pump, a Model R403 refractive index (RI)
detector, a Model U6K injector and a 730
datamodule integrator (all from Waters, Milford,
MA, USA). Ultra-Styragel columns of different
pore sizes, viz. two 500 A, two 100 A and one
1000 A columns, were used.

3. Results and discussion

The typical gel permeation chromatogram of a
reaction mixture for step I in the two-step
synthesis of urethane oil is shown in Fig. 2. The
transesterification of TG oil with n-butanol gives
rise to three peaks corresponding to partial
esters, viz. DG, MG and BE respectively. These
three peaks are well separated from each other
and from the starting material (TG).

Consequently, the GPC analysis was also
carried out for monitoring step I on the basis of
the increase in the peak height of partial esters
and the decrease in the peak height due to
consumption of TG (Fig. 3).

The linearity of response for TGs, DGs and
MGs of castor and soybean oil was checked over

Fig. 2. Typical chromatogram of the reaction mixture in the
synthesis of partial esters from triglyceride oil and n-butanol.
Peaks: 1 = triglyceride; 2 = diglyceride; 3 = monoglyceride;
4 = butyl ester.
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18

2

17

2.4. Chromatographic analysis

The chromatographic conditions for monitor
ing step I are as follows: The mobile phase was
HPLC-grade tetrahydrofuran. The flow-rate was
1.5 ml/min and Ultra-Styragel columns (500,
500, 100, 100 A) were used.

The chloroform solution of partial esters
formed in step I was treated with 2,4-toluene
diisocyanate at room temperature to obtain
urethane oil.

The molecular masses were determined by
GPC using HPLC-grade tetrahydrofuran as the
mobile phase. The flow-rate was 1.5 ml/min.
J-LStyragel columns (10 3

, 500, 100 A) and poly
styrene standards of molecular masses 35000,
8500, 4000 and 2900 were used.

The calibration and quantification of the TG,
DG and MG of castor and soybean oil was done
by GPC using the conditions mentioned for step
I monitoring. Calibration mixtures containing
TG, DG and MG in different ratios for each oil
were prepared and analyzed. Calibration graphs
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Fig. 5. Molecular mass distribution curves of soybean oil
based urethane oils synthesized from partial esters (pre
cursor) of different compositions; h = high; m = medium- and
I = low-molecular-mass species.

isolating each constituent of the reaction mix
tures by column chromatography. This clearly
indicates that the consumption of TG, the forma
tion of precursor (partial esters) and their
compositions, could be determined during the
course of the transesterification step itself.

Fig. 3, the set of chromatograms of the kinetic
study for transesterification of TG oil with n
butanol at definite time intervals, shows a gradu
al decrease in the height of the TG peak, with a
corresponding increase in the peak heights of
DG, MG and BE. It was observed (Table 1) that
the MG/DG ratio in the precursor increased
with time, indicating the two-step reaction se
quence, where oil was transesterified to DG first
and then further converted to MG as expected
[6].

Table 2 reports the molecular masses of vari
ous urethane oils synthesized by the reaction
between partial esters of different compositions
formed in step I and 2,4-toluene diisocyanate. It
is evident from Table 2 that the molecular mass
decreases with increase in the MG content in the
precursor composition.

Figs. 4 and 5 show the typical molecular mass
distribution pattern of the final product obtained
from partial esters of different compositions.
GPC chromatograms for castor oil-based
urethane oils contain two peaks, one for high
molecular-mass and the other for low-molecular
mass species. However, soybean oil-based
urethane oils contain three peaks for high-,
medium- and low-molecular-mass species, re
spectively. The time axis being the same, it is a
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stituent of the reaction mixture. The inter-assay
precision of the method was established by
triplicate analyses of synthetic mixtures of differ
ent compositions and the percentage error was
found to be generally less than 2%.

The results of the GPC analysis of actual
reaction mixtures as shown in Table 1 were in
good agreement; the yields were obtained after

Table 1
Results of the analysis of transesterification of various triglyceride oils with n-butanol

No. Type of oil Oil-to-alcohol Reaction time TG DG MG BE
ratio (h) (%)" (%r (%r (%r

1 Castor 1:1 2 41.3 24.5 08.7 25.5
2 1: 1 4 28.7 28.7 11.9 30.7
3 1: 1 8 16.9 33.1 12.7 37.3

1 Soybean 1:3 2 42.3 24.4 08.1 25.2
2 1:3 4 29.2 29.3 12.1 29.4
3 1:3 8 10.1 16.7 23.0 50.2

a Percentages were obtained by GPc.
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Table 2
Results showing molecular masses of various urethane oils synthesised in step II

Type of oil Oil-to-alcohol No. Precursor composition in step I Molecular mass
ratio of urethane oil

TG(%)" DG(%)" MG(%)" BE (%)" after step II

Castor 1:1 A 12.3 33.9 12.9 40.9 2886
1:2 B 09.6 16.2 23.8 50.4 2143
1:3 C 00.0 02.6 42.2 55.2 1827

Soybean 1:3 P 29.2 29.3 12.1 29.4 2057
1:3 Q 10.1 16.7 23.0 50.2 1920
1:3 R 00.0 02.4 42.2 55.4 1477

a Percentages were obtained by GPC.

direct evidence of the correlation between the
composition and molecular mass distribution.

4. Conclusions

The method allows the simultaneous determi
nation of precursor and starting material in the
transesterification step, in the two-step
chemoenzymatic synthesis of urethane oil. The
composition of the precursor and the tri
glyceride-to-alcohol ratio are functions of time
and could be determined at any instance during
the course of the reaction (step I); therefore the
reaction parameters of step II could be opti
mized to yield urethane oils of the desired
molecular mass and molecular mass distribution.

As the method described is accurate and
precise it can, in general, be used for monitoring

various types of urethane oils starting from all
naturally occurring triglycerides or from the
chemically engineered triglycerides like tristearin
and triolein.
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Abstract

Tromethamine is commonly used as a buffering agent, alkalizer, and emulsifying agent in pharmaceutical and
cosmetic preparations and as a counterion for acidic drug substances.

Methods reported in the literature for the determination of tromethamine have typically been non-specific or
required derivatization and are not suitable for quantitative analysis in a dosage form or drug substance matrix. An
ion chromatographic method with conductivity detection was employed to provide rapid and quantitative
determination of tromethamine in these matrices. The method was found to be specific with regard to drug
substance and dosage form components. The method was validated and found to provide suitable linearity,
accuracy and precision for use as a pharmaceutical assay method.

1. Introduction

Global regulatory agencies are more frequent
ly requiring assay and identity methods for all
ingredients in pharmaceutical dosage forms and
for active counterions such as tromethamine.
What is required is a method which is straight
forward enough to be used on a routine basis
and which will provide a high level of precision,
accuracy and specificity.

A survey of literature assays for tromethamine
did not identify any that were satisfactory for our
purpose. Some methods such as the USP mono
graph titrimetric assay and a flow injection
pseudotitration [1] do not provide specificity.
Derivatization with various reagents has been
used to add chromophores for high-performance
liquid chromatography [2,3] or spectrophotom-

* Corresponding author.

etry [4-6] and to increase volatility for gas
chromatography [7,8]. We preferred to use high
performance liquid chromatography, if possible,
since these methods have routinely proven to
provide performance suitable for pharmaceutical
assays and because we had an aqueous matrix.
We also preferred to use direct detection rather
than derivatization because derivatization meth
ods necessarily are less straightforward and pro
vide somewhat diminished performance charac
teristics. Since tromethamine is an ionic species
without an ultraviolet chromophore, we investi
gated and subsequently validated ion-exchange
chromatography with conductometric detection
for this application.

In this work, we employed a commercially
available high-performance liquid chromato
graphic cation-exchange column to separate
tromethamine under acidic conditions followed
by conductivity detection. The method was

0021-9673/95/$09.50 © 1995 Elsevier Science B.Y. All rights reserved
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evaluated for USP system suitability, linearity by
analyzing standard curves and for precision by
analyzing replicates prepared using the drug
lodoxamide tromethamine. The linearity, preci
sion and accuracy of the method was also evalu
ated in Alomide@ ophthalmic solution, a phar
maceutical dosage form of lodoxamide
tromethamine.

2. Experimental

2.1. Chemicals

Tromethamine was a USP (Rockville, MD,
USA) reference standard (RS). Lodoxamide
tromethamine, lodoxamide (free acid) and
Alomide were from Alcon Laboratories (Fort
Worth, TX, USA). The mobile phase was
acidified with ACS reagent grade hydrochloric
acid from J.T. Baker (Phillipsburg, NJ, USA).
The column was a Dionex IonPac CS5 (250 x 4
mm 1.0.) available from Dionex Corporation
(Sunnyvale, CA, USA).

2.2. Equipment

Two chromatographic systems were used for
analysis. The first was a Shimadzu LC-600 liquid
chromatograph with a Shimadzu SIL-9A auto
sampler, a Waters 431 conductivity detector and
a PE Nelson Turbochrome data acquisition sys
tem. The second consisted of a Waters liquid
chromatograph with a Waters WISP autosam
pIer, a Waters 431 conductivity detector and a
Spectra-Physics ChromJet integrator.

2.3. Method

An aliquot of USP RS tromethamine was
diluted in water to obtain a 0.260 mg/ml stan
dard. For lodoxamide tromethamine drug sub
stance samples, approximately 30 mg was accu
rately weighed and diluted to 50.0 ml in water to
give a nominal tromethamine concentration of

0.26 mg/m!. Alomide contains 0.178% lodox
amide tromethamine and samples were diluted in
water to obtain a solution with a 0.26 mg/ml of
tromethamine.

The mobile phase consisted of 10 mM HCI
which was filtered through a 0.45-/-l.m membrane
prior to use. A flow-rate of 1.5 ml/min and an
injection volume of 20 /-l.l were used. The re
tention time for tromethamine was about 5 to 8
min under these conditions. Fig. 1 shows typical
chromatograms.

3. Results and discussion

3.1. System suitability

USP system suitability tests were performed
using three different columns on two different
systems and the relative standard deviations
were 0.4, 0.5 and 0.3%, respectively. The num
ber of theoretical plates were 1800, 1500 and
1900, and the tailing factors were 0.9, 1.2 and 1.1
for the tromethamine peak.

3.2. Linearity

Aqueous tromethamine standard curves over
the range 0.195-0.325 mg/ml (75-125% of the
target sample concentration) were analyzed in
duplicate on two different days. The curves were
found to be linear over this range; R-squared
values were 0.9989 and 0.9998, intercepts were
0.8 and 3.2% relative to the target concentra
tion, and relative standard deviations of response
factors were 0.8 and 0.7%. We consider this
linearity suitable to allow single-point stan
dardization for this range.

3.3. Precision

Sets of eight replicate aqueous tromethamine
standards with a concentration of 0.268 mg/ml
were prepared and assayed on two different
days. The method was suitably precise and the
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Fig. 1. (A) Chromatogram of a 0.268 mg/ml aqueous standard of tromethamine. Conditions: column, Dionex IonPac CS5; mobile
phase, 10 mM HCl; flow rate, 1.5 mllmin; injection volume, 20 JLl; detector, conductivity. (B) Chromatogram of a 0.277 mg/ml
Alomide vehicle standard. (C) Chromatogram of an Alomide vehicle blank.

relative standard deviations were 0.3% and
0.5%.

3.4. Validation in Alomide formulation

A vehicle was prepared which contained all of
the ingredients of Alomide except for
tromethamine at their normal concentrations
(lodoxamide free acid was used in place of
lodoxamide tromethamine). Aliquots of this ve
hicle were then spiked with varying amounts of a
concentrated tromethamine standard to provide

vehicle standards containing the appropriate
concentrations of vehicle and tromethamine. The
concentrations of these vehicle standards ranged
from 0.208 to 0.347 mg/ml of tromethamine. A
vehicle standard curve over this range was ana
lyzed in duplicate and recoveries were calculated
against a 0.260 mg/ml aqueous tromethamine
standard. A set of eight replicates with a
tromethamine concentration of 0.277 mg/ml was
also analyzed. The method was linear and pre
cise for analysis of tromethamine in Alomide.
The curve had an R-squared value of 0.9998,
relative intercept of 0.4% and a relative standard
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deviation of 0.3%. The replicate set had a
relative standard deviation of 0.3% (n = 8).

3.5. Accuracy

The recovery of Alomide vehicle spiked with
tromethamine ranged from 99.7 to 101.5% and
demonstrates suitable accuracy of the method.
The mean recovery for the 14 vehicle standards
from the curve and replicate set was 100.5% with
a relative standard deviation of 0.5%.

3.6. Specificity

The method was found to be selective with
regard to lodoxamide and to the formulation
excipients in Alomide. Sodium ion was found to
elute near the tromethamine peak under the
initial· chromatographic conditions used. How
ever, by decreasing the strength of the mobile
phase, the retention of tromethamine was in
creased from 3-4 min to 5-7 min and this
allowed complete separation from sodium. Water
and Alomide vehicle blanks were analyzed and
showed no interference in the region where
tromethamine would have eluted (Fig. 1).

3.7. Ruggedness

An interlaboratory method transfer was con
ducted between our R&D laboratory and the
Alcon-Fort Worth Quality Assurance laboratory
for analysis of lodoxamide tromethamine. The
differences between mean ·assay results for three
lots were 0.9, 2.4 and 0.0%, respectively.

3.8. Column regeneration

One problem that was encountered with this
method was the gradual loss of column efficiency

during analysis, possibly due to buildup of the
cationic drug on the column. It was found that
the column could normally be regenerated by
washing for 30 min at 1 rill/min with a solution
of 5% acetonitrile in water (concentrations great
er than 5% will damage the column) and then for
60 min at 1 ml/min with 1 M Hel.

4. Conclusion

An ion chromatographic method which is
rapid, specific and does not require derivatiza
tion has been developed for routine assay of
tromethamine in drug substances and dosage
forms.
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2.2. Equipment

Chromatographic experiments were performed
using a Hewlett-Packard (Waldbronn, Germany)
Model 1050 liquid chromatograph with an HP
Model 1046A fluorescence detector. The samples
were derivatized and injected with an HP Series
1050 automatic injector. Separation was per
formed using an ODS Basic cartridge (250 x 4.6
mm I.D., particle size 5 /-Lm) preceded by an
ODS Basic precolumn, both supplied by Tek
nokroma (Barcelona, Spain). Chromatographic
data were collected and recorded on an HP
ChemStation version A.01.01.

SPE experiments were performed using a
Visiprep DL disposable liner solid-phase extrac
tion vacuum manifold with individual flow con
trol valves from Supelco (Bellefonte, PA, USA),
which allowed twelve SPE tubes to be dried at a
time.

2.3. High-performance liquid chromatographic
method

Two solvent reservoirs contammg (A) 1%
tetrahydrofuran and 0.05 M sodium acetate in
water and (B) methanol were used to separate
all the amines with an HPLC elution programme
which began with 55% of methanol in the mobile
phase and finished 25 min later with 80% of the
same solvent. Finally, the column was cleaned
with a isocratic elution at this percentage of

methanol for a further 3 min. The programme
took a further 2 min to return to the initial
conditions and stabilize the corresponding mo
bile phase. Determination was performed at
60°C with a flow-rate of 1 ml min -1 and the
eluted POA derivatives were detected by moni
toring their fluorescence at 330 and 445 nm as
the wavelengths of excitation and emission,
respectively. Under these conditions, all fifteen
amines were eluted in less than 20 min.

2.4. Derivatization

The derivatization reagent was prepared with
45 mg of OPA, 200 /-LI of mercaptoethanol (ME)
and 1 ml of methanol, diluted to a total volume
of 10 ml with a buffer solution of sodium
tetraborate (3.81 g dissolved in 100 ml of dis
tilled water and adjusted to pH 10.5 with 10 M
sodium hydroxide) so as to adjust the derivatiza
tion pH.

The derivatization was fully automated by
means of an injector programme. The injection
system mixed the reagents automatically. The
OPA-ME derivatization reagent and the sample
were drawn sequentially into the injection needle
and the reactants were mixed by drawing them
back and forth in the injection seat. Finally, the
mixture was injected into the column and sepa
rated using gradient elution. The steps in the
derivatization sequence are summarized in Table
1.

Table 1
Injection programme for the derivatization of primary amines with OPA

Step Action Amount Details Substance

10 Draw 2 J.tl Air
20 Draw 5 J.tl From vial 2 OPA-ME (derivatizing agent)
30 Eject 5 J.tl Into seat
40 Draw oJ.tl From viall MeOH for needle wash
50 Draw 2 J.tl From sample
60 Eject 2 J.tl Into seat
70 Draw oJ.tl Viall MeOH for needle wash
80 Draw 5 J.tl Vial 2 OPA-ME (derivatizing agent).
90 Eject 5 J.tl Into seat

100 Mix 12 J.tl Ten cycles
110 Wait 1 min
120 Inject
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Table 4
Comparison of OSA, DeSA and DoSA as ion-pair reagents

Amine OSA DeSA DoSA

Recovery (% ) R.S.D. (%) Recovery (% ) R.S.D. (%) Recovery (% ) R.S.D. (%)

Ethanolamine 22 8 29 6 26 5
Histamine 33 6 49 4 31 7
Methylamine 31 6 73 5 30 7
Ethylamine 29 8 67 4 21 9
Tyramine 55 5 80 4 31 6
Isopropylamine 27 6 80 4 16 10
Propylamine 21 7 80 4 14 9
Tryptamine 67 5 63 5 53 6
Butylamine 60 5 76 5 48 6
Phenethylamine 79 4 73 6 70 5
Putrescine 56 5 83 5 63 5
3-Methylbutylamine 78 4 75 4 71 5
Amylamine 79 6 74 3 71 5
Cadaverine 66 6 65 6 51 4
Hexylamine 61 5 50 7 46 5

Concentration of ion-pair reagent = 100 mM. For other conditions, see text.

eluent was tested again. As no significant differ
ences were obtained between OSA and DeSA
when 1, 2, 3 or 4 ml of methanol were used to
desorb amines from CIS cartridges, we did not

Table 5
Comparison of concentrations of DeSA which showed signifi
cant differences among them

Amine Recovery (% )

100mM 200mM

Ethanolamine 29 31
Histamine 49 78
Methylamine 73 86
Ethylamine 67 75
Tyramine 80 93
Isopropylamine 80 81
Propylamine 80 85
Tryptamine 63 70
Butylamine 76 82
Phenethylamine 73 77
Putrescine 83 90
3-Methylbutylamine 75 79
Amylamine 74 80
Cadaverine 65 76
Hexylamine 50 54

pH 4.5. For other conditions, see text. The R.S.D. was
between 3 and 7% in all the experiments.

consider an increase in the volume of eluent to
obtain the best accuracy. Finally, under the
optimum conditions (200 mM DeSA, pH 4.5),
the volume of sample was increased, but there
were considerable recovery losses, mainly for
more polar compounds.

The method developed allows biogenic amines
to be determined at low levels with detection
limits between 20 and 90 p, g I-I and quantifica
tion limits between 40 and 200 p, g 1-1. As can be
seen, it improves the detection limits of the
amines in wine samples. For this reason, the
highest volume of samples must be treated to
concentrate them to the maximum extent. Obvi
ously, if the volume of sample had been de
creased, the recoveries would have been better,
but the detection limit would not have been
improved with respect to other methods.

Fig. 2 shows the chromatograms resulting from
the analysis of a red wine spiked with 0.1 mg I-I
of biogenic amines. The one shows that ethanol
amine, histamine, tyramine and putrescine can
be detected by direct injection of the spiked
wine. The second shows the result of the opti
mized SPE treatment applied to the same wine.
As can be seen, all of the amines can be detected
and quantified, except for peaks 14 and 15,
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Abstract

A numerical method is described to predict retention times and peak widths of a mixture containing components
with known identities in capillary gas chromatography. The procedure is based on extracting thermodynamic values
(enthalpy and entropy terms) from Kovats retention indices. Next, a numerical procedure is developed that uses
these data to calculate retention times and peak widths on any capillary column containing the same stationary
phase but with a different phase ratio. The estimations are based on a sound theoretical basis. The predictions can
be performed either in the isothermal or temperature-programmed (single- or mUlti-ramp) mode. In the
temperature programs, which cover a broad temperature range, isothermal plateaus are allowed. Errors in the
predictions of retention times are generally less than 4%. Prediction of peak widths under the same conditions can
be performed with errors of about 10%. An attractive feature of the approach is, that once the thermodynamic
values of the solutes of interest are known, future optimizations can be performed without the need to perform
experimental input runs. This indicates that the concept can be used for complete off-line simulations and/or
optimizations of gas chromatographic separations.

1. Introduction

Gas chromatography (GC) is nowadays widely
used for the analysis of a wide variety of samples
containing substances with a broad range of
boiling points and /or polarities. The technique is
performed either isothermal or temperature-pro
grammed. The use of temperature programming
has the advantage of decreasing the analysis

* Corresponding author.

time, while providing improved resolution for
later-eluting compounds.

The optimization (i.e. achieving acceptable
resolution in the shortest possible analysis time)
of temperature-programmed GC separations is
often a tedious and time-consuming task and is
usually performed on a trial and error basis.
Optimization of separations can be very impor
tant, considering the increasing complexity of
samples and/or the high demands which are put
on the sample throughput in contemporary GC
practice.

0021-9673/95/$09.50 © 1995 Elsevier Science B.Y. All rights reserved
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To circumvent labour intensive trial and error
optimizations, many authors have tried to simu
late the chromatographic process for optimiza
tion purposes. Various calculation methods have
been suggested to predict retention times in
linear temperature-programmed GC [1-6], mul
ti-ramp temperature-programmed GC [7,8]
ejther in single-column systems or for serially
linked capillary columns [9,10]. For the purpose
of prediction of separations, however, the peak
widthof the solutes of interest must be known as
well. This problem has received much less atten
tion in literature. When both the retention time
and the peak width are available, the resolution
of adjacent peaks can be calculated. The com
puter-assisted prediction and subsequent optimi
zation of temperature-programmed separations
has been addressed by several authors. Dose
[11,12] proposed a method based upon thermo
dynamic quantities. Bautz et al. [13] have pre
sented a method based upon an approximation
similar to the linear solvent strength model for
gradient HPLC. In addition, other approaches
have been followed to simulate and optimize
temperature-programmed GC separations as a
function of experimental conditions [14-19].

A typical feature of all these simulations is the
need for performing several input runs (either
isothermal or temperature programmed) of the
sample or, in some cases, of other standards as
part of the optimization procedure. The data of
those runs are then used to carry out the final
optimization. Although these optimizations often
yield satisfactory results, a disadvantage of the
methods is the need for performing experimental
runs prior to the true optimization. Apart from
the time-consuming nature of these experiments,
a change in the analytical system (e.g. changing
the column) often requires renewed on-line op
timization. In addition, incorporation of iso
thermal plateaus in the temperature program is
often not allowed or the experimental data cover
only a limited temperature range. Moreover, the
calculation methods are often based on a less
sound theoretical background.

The main aim of this work is to describe a
method to predict (truly off-line) linear tem
perature-programmed retention times and peak

widths of a mixture containing components with
known identities. A method will be described
that allows extracting thermodynamic values
(entropy and enthalpy terms) from published
Kovats retention indices. Next, a numerical
procedure is presented, that uses these thermo
dynamic values to calculate linear (single- or
multi-ramp) temperature-programmed retention
times and peak widths on any capillary GC
column containing the same stationary phase. In
this method ideal gas behaviour and constant
inlet pressure operation are assumed. For peak
width calculations a new numerical approach is
developed. Retrieval of the thermodynamic val
ues from Kovats retention indices is mandatory,
since the peak data cannot be predicted directly
from the retention index itself. Moreover, it will
be shown that, once the thermodynamic values
of the solutes of interest are known, they can be
stored in a database and future optimizations can
be performed without the need to perform any
experimental input run. The only additional
parameter to be measured is the dead time of the
column on which the retention times and peak
widths are to be predicted. This implies that
complete off-line simulation and subsequent op
timization of GC separations is now possible.

2. Theory

2.1. Calculation of enthalpy- and entropy terms
from Kovats retention indices

The retention index, introduced by Kovats in
1958 [20], is undoubtedly the most widely
adapted retention index system available in con
temporary GC practice. Kovats indices for a
large number of compounds are nowadays avail
able (either in private laboratory data, publi
cations or in commercially available libraries
such as the Sadtler Library [21]). Unfortunately,
retention times and peak widths cannot be calcu
lated directly from a solute's retention index. For
this purpose thermodynamic values (entropy and
enthalpy term) must be known. Kovats indices
contain this information in an indirect manner.
In this section it will be demonstrated how the
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(16)

where Nand H are the column plate number
and plate height, respectively. Since the numeri
cal process is performed by using segments of
equal time, this equation must be converted to
length units. For a given segment this can be
realized by applying the following correction:

(14)

(13)

(15)

-2
U

the chromatographic process into intervals of
equal time.

Under isothermal conditions, the chromato
graphic band broadening (in time units), 0';, can
be obtained from:

t2 Ht2 Ht2 (1 + k)22 R R _-"M-'---'-,::--__
O'(=N=T= L

HL(1 + k)2

where O'~ x is the increment in the peak variance
in length units in the xth time segment. Analo
gously, 0'; x is the increment in the peak variance
in time ~nits. Calculation of peak variances
rather then peak standard deviations enables the
application of the rule of additivity of variances.
Combining Eq. 14 with Eqs. 4 and 13 leads to:

where H x is the local plate height. For columns
with a coating efficiency of 100%, H x equals
Hx •th , the minimal theoretically attainable plate
height given by the well-known Golay equation
for open tubular columns:

H = 2Dc ,x + f(kJd~ux + 2kxd:ux
x th Ux Dc,x 3(1 + kJ2DL ,x

where de and d f are the column inner diameter
and stationary phase film thickness, respectively.
Dc x is the binary diffusion coefficient of the
sol~te in the mobile phase in the xth segment.
Throughout this paper diffusion coefficients will
be calculated according to the method developed
by Fuller et al. [26]. For this calculation the
molecular formula of the solute must be known.
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segment again all relevant properties are as
sumed to be constant.

In this respect it is important to realize that
equal time segments must be chosen for the
calculation instead of dividing the column into
segments of equal length. This can be explained
as follows. In Fig. 1 graphs are presented of the
'retention factor of several n-alkanes at different
temperatures. The retention factors can be ob
tained by using Eq. 3. From the figure it can be
seen that at low temperatures the retention
factors of the n-alkanes with high carbon number
are extremely high. At the low initial column
temperature under temperature-programmed
conditions these components are almost com
pletely cold-trapped. For numerical calculations,
the column could, in principle, also be divided
into segments of equal length. Due to the long
residence times of later-eluting components in a
segment, however, the temperature within one
segment will change before the solute moves to
the next segment. This means that the assump
tion of equal conditions within one segment no
longer applies. This, in turn, implies that erro
neous results will be obtained when calculating
retention times or peak widths. Only if the
length of the segments is chosen infinitesimal,
correct results can be expected. This would,
however, lead to unacceptably long calculation
times and probably to gross computer rounding
errors. Hence, the better approach is dividing

Fig. 1. Plot of k versus temperature of several n-alkanes;
(3 = 153. Lines: 1 = n-C 13 ; 2 = n-C l .; 3 = n-CIS; 4 = n-C I6 ;
5 = n-C 17 ; 6 = n-CIS'
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Table 2
Comparison of experimental, tR.e , and calculated, tR.e , retention times (min) for different isothermal analyses of the test mixture
on column A. A(%) = 100(tR.e - tR.JltR.e

Compound 50'C l00'C 150"C 200'C 250"C

(R.e IR.c 11(%) IR,e IR,c 11(%) /R.e (R.c 11(%) lR.e (R.c 11(%) IR,e IR .c 11(%)

p-Chlorotoluene 13.363 13.071 2.23 3.137 3.192 -1.72 1.820 1.803 0.94 1.588 1.562 1.69
sec.-Butylbenzene 21.263 20.723 2.61 3.980 4.082 -2.50 1.983 1.963 1.02 1.635 1.599 2.25
Diphenyl ether 27.799 24.686 12.61 5.445 5.506 -1.11 2.473 2.481 -0.32 1.872 1.851 1.12
I-Hexadecene 12.240 12.379 -1.12 3.459 3.619 -4.42 2.081 2.097 -0.76
l-Chlorotetradecane 16.687 12.861 29.75 4.177 4.032 3.60 2.265 2.289 -1.05
Myristic acid, methyl ester 17.743 16.223 9.37 4.566 4.443 2.77 2.326 2.335 -0.39
Hexachlorobenzene 20.350 15.363 32.46 4.888 4.800 1.83 2.570 2.576 -0.23
Anthracene 22.821 19.574 16.59 5.788 5.697 1.60 2.814 2.832 -0.64
Palmitic acid, methyl ester 7.963 7.717 3.19 2.985 3.009 -0.80
Oleic acid, methyl ester 13.334 12.813 4.07 3.964 4.023 -1.47
Pyrene 13.566 12.934 4.89 4.571 4.623 -1.12

Mean error (%, abs.) 2.42 5.61 11.54 2.78 0.84

1M: 50'C: 1.081 min; l00"C: 1.193 min; 150'C: 1.292 min; 200'C: 1.386 min; 250"C: 1.480 min.

interrelated. When the prediction of the reten
tion time shows a strong deviation, the standard
deviation prediction will as well. Prediction of
too low retention times leads to the prediction of
too low peak standard deviations, vice versa.
This is logical since at shorter residence times,

reduced chromatographic band broadening is
expected and, consequently, predicted.

The results presented in Tables 2 and 3 were
obtained for the column that was utilized for
entropy and enthalpy term determination (col
umn A). Applying the same entropy/enthalpy

Table 3
Comparison of experimental, fTc, and calculated, fTc' peak standard deviations (10- 3 min) for different isothermal analyses of the
test mixture on column A. A(%) = 100(fTe - fTJ/fTc

Compound 50'C l00'C 150"C 200'C 25O"C

(Ie (Ie 11(%) (Ie (Ie 11(%) (Ie (Ie 11(%) (Ie (Ie 11(%) (Ie (Ie 11(%)

p-Chlorotoluene 47.94 48.75 -1.66 10.64 11.07 -3.88 6.84 6.21 10.14 6.96 5.79 20.19
sec.-Butylbenzene 78.11 79.88 -2.22 13.74 14.29 -3.85 7.11 6.53 8.88 6.90 5.57 23.88
Diphenyl ether 9.69 9.14 6.02 18.49 19.90 -7.09 8.99 9.01 -0.22 7.45 7.10 4.93
I-Hexadecene 43.66 45.37 -3.77 11.39 12.62 -9.75 7.19 7.23 -0.55
l-Chlorotetradecane 58.85 47.10 24.95 13.92 14.23 -2.18 7.96 8.07 -1.36
Myristic acid, methyl ester 61.63 59.72 3.20 15.34 15.75 -2.60 7.92 8.20 -3.41
Hexachlorobenzene 71.69 56.72 26.39 17.06 17.93 -4.85 9.44 9.99 -5.51
Anthracene 79.61 72.59 9.67 20.57 21.51 -4.37 10.41 11.13 -6.47
Palmitic acid, methyl ester 26.44 27.89 -5.20 9.66 10.64 -9.21
Oleic acid, methyl ester 46.44 46.91 -1.00 12.84 14.06 -8.68
Pyrene 46.74 49.27 -5.13 16.30 18.32 -11.03

Mean error (%, abs.) 1.94 4.58 11.76 7.22 5.68

1M: 5O"C: 1.081 min; l00"C: 1.193 min; 150"C: 1.292 min; 200"C: 1.386 min; 25O"C: 1.480 min.
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Table 10
Comparison of experimental, ue ' and calculated, u" peak standard deviations (10- 3 min) for different single-ramp linear
temperature programmed analyses of the test mixture on column B. .1.( %) = 100(ue - uJ Iu,

Compound Temp. prog. A Temp. prog. B Temp. prog. C Temp. prog. D

CT, CT, <l(%) CT, CT, <l(%) CTe CT, <l(%) CT, CT, <l(%)

p-Chlorotoluene 11.13 10.41 6.92 8.74 8.11 7.77 7.38 6.88 7.27 6.48 6.11 6.06
sec.-Butylbenzene 13.57 12.66 7.19 9.25 9.05 2.21 8.01 7.35 8.98 6.74 6.38 5.64
Diphenyl ether 19.14 19.22 -0.42 11.47 11.49 -0.17 8.61 8.76 -1.71 7.66 7.40 3.51
1-Hexadecene 20.68 20.10 2.89 11.08 11.64 -4.81 8.41 8.77 -4.10 7.24 7.34 -1.36
1-Chlorotetradecane 11.33 12.36 -8.33 8.76 9.30 -5.81 6.95 7.78 -10.67
Myristic acid, methyl ester 12.42 12.05 3.07 9.39 9.09 3.30 8.15 7.62 6.96
Hexachlorobenzene 21.39 21.76 -1.70 11.08 12.89 -14.04 8.50 9.84 -13.62 7.25 8.32 -12.86
Anthracene 20.19 22.15 -8.85 11.85 13.16 -9.95 9.36 1O.Q7 -7.05 8.24 8.53 -3.40
Palmitic acid, methyl ester 19.24 20.88 -7.85 11.85 12.14 -2.39 8.74 9.18 -4.79 7.35 7.73 -4.92
Oleic acid, methyl ester 21.87 21.75 0.55 14.34 12.53 14.45 10.36 9.42 9.98
Pyrene 20.82 23.36 -10.87 11.94 13.97 -14.53 8.62 10.75 -19.81

Mean error (%, abs.) 5.25 7.43 7.86 6.15

For identifying symbols of temperature programs refer to Table 6. 1M (50°C): 0.996 min.

Table 11
Comparison of experimental, tR." and calculated, tR." retention times (min) for different mUlti-ramp linear temperature programs
of the test mixture on column A . .1.(%) = 100(tR,e - tR")ltR,,

Compound Temp, prog. E Temp. prog, F Temp. prog, G Temp. prog. H

(R,e (R,c <l(%) (R,e (R,c <l(%) {R,e (R,c <l(%) (R,e (R,c <l(%)

p-Chlorotoluene 6.064 6.049 0.25 5.027 4.999 0.56 6.057 6.048 0.15 5.021 4.999 0.44
sec. -Butylbenzene 7.203 7.217 -0.19 6.014 6.022 -0.13 7.195 7.217 -0.30 6.008 6.022 -0.23
Diphenyl ether 12.749 12.626 0.97 12.375 12.233 1.16 12.749 12.626 0.97 12.371 12.233 1.13
1-Hexadecene 14.353 14.339 0.10 15.275 15.293 -0.12 14.616 14.636 -0.14 15,273 15.293 -0.13
1-Chlorotetradecane 14.877 14.541 2,31 16.217 15,532 4.41 15.459 14.932 3.53 16.262 15.532 4.70
Myristic acid, methyl ester 15.122 14.881 1.62 16.661 16.234 2.63 15.899 15.528 2.39 16.781 16.285 3.05
Hexachlorobenzene 15.215 14.996 1.46 16.715 16.262 2.79 15.979 15.664 2.01 16.858 16.314 3.33
Anthracene 15.665 15.483 1.18 17.480 17.143 1.97 16.763 16.503 1.58 17.849 17.409 2.53
Palmitic acid, methyl ester 16.313 16.175 0.85 18.978 18.724 1.36 18.167 17.969 1.10 19,547 19.291 1.33
Oleic acid, methyl ester 17.256 17.149 0.62 20.767 20.584 0.89 20.040 19.892 0.74 21.071 20.888 0.88
Pyrene 17.530 17.418 0.64 20.951 20.791 0.77 20.260 20.136 0.62 21.201 21.041 0.76

Mean error (%, abs.) 0.93 1.52 1.23 1.68

For identifying symbols of temperature programs refer to Table 6. 1M (50°C): 1.081 min.
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2.3. Retention studies

where j is a carrier gas compression correction, F
is the average column flow-rate (corrected for
ambient temperature and water vapor pressure
from the bubble meter measurement), t; is the
corrected solute retention time, W is the weight

support to verify the reliability of the proce
dures.

It has been reported that vigorous extraction
methods (e.g., Soxhlet) may be needed to quan
titatively remove stationary phases from the
adsorbent support [25]. However, initial mass
loadings determined using the simple extraction

'method described above agreed very well with
loadings calculated from the masses of support
and stationary phase used to prepare the pack
ings. In addition, the blank studies showed little
or no change in mass of the adsorbent support
during extraction. This indicates that fine pow
ders did not contribute significantly to the mass
loading determinations. These observations tend
to support the reliability of the mass loading data
used in the calculation of K values.

All retention studies were performed on an
HP-5880A gas chromatograph with a heated on
column injector and a flame ionization detector.
Helium carrier pressure was adjusted to 40-55
p.s.i. (275.79-379.21 kPa) to provide a column
flow-rate of approximately 25 ml/min. The col
umn oven temperature was maintained at 120°C
for all phases except the benzyl cyanide. Signifi
cant bleeding losses of benzyl cyanide were
observed at this elevated temperature, so re
tention studies were performed at 60°C, 75°C,
and 90°C, and results were extrapolated to 120°C
as described in the section Results and Discus
sion.

Solute retention times were used to calculate
the specific retention volumes and partition co
efficients for the solute probes on the stationary
phase using the following relationship,

of stationary phase, K is the partition coefficient,
and Ps is the density of the stationary phase at
the column temperature, T e • The solute reten
tion time is corrected for both the dead volume
of the column and for retention due to ad
sorption on the solid support material. Adsorp
tion contributions were determined by perform
ing retention studies on a column packed only
with the GC support material. Since the column
and packing were previously deactivated these
effects were generally small, > 2% compared to
the observed K values for the solutes on the
stationary phase coatings.

Other workers have reported that chromato
graphic retention is influenced by factors other
than the gas-liquid partition coefficient, K L , and
that the retention data must be corrected for
these factors in order to accurately determine the
partition coefficient [8,26]. These factors can
include adsorption at the gas-liquid interface,
and adsorption at the liquid-solid interface.
Interfacial adsorption is less significant at higher
temperatures (> 100°C) and at larger phase
loadings (> 10%) [26]. Given that the majority
of these studies were performed at 120°C with
phase loadings ca. 10% or greater, and that the
support materials were deactivated prior to use,
we have assumed that the effect of interfacial
adsorption on the results reported here are
minimal.

The stationary phase densities at the operating
column temperature(s) were determined by a
thermal expansion technique. A graduated glass
tube was attached to the neck of a glass bulb of
known volume. A known mass of the stationary
phase was then placed in the glass bulb, and the
volume change was measured as a function of
temperature as the bulb was heated in a water
bath. The density of the stationary phase at the
operating column temperature was measured, or
calculated by extrapolation. Density values pro
vided in Table 2 were used in the calculation of
K via Eq. 2. The reliability of the above method
can be evaluated by comparing the density of
TCEP reported in Table 2 (1.029 g/ml) with a
literature value of 1.028 glml obtained using
data from Ref. [26]. The results are in excellent
agreement.

(2)
jFt; 273 K 273

Vg = W T
e

- -Ps-T-
e
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Table 3
Comparison of LSER coefficients" for TCEP

Phase = TCEP c r s a b n R2 S.D. F Ref.

Patte et al.(l) -1.76 0.36 1.84 1.81 0.45 0.374 168 0.968 0.15 980 [17]
(0.04) (0.07) (0.08) (0.08) (0.11 ) (0.009)

-1.75 0.23 2.12 1.94 0.38 168 0.964 0.16 1091 [20)
(0.04) (0.06) (0.06) (0.08) (0.01)

(2) -1.69 0.26 1. 93 1.88 0.37 199 0.996 0.06 12067 [20]

Poole(l) -0.489 0.278 1.913 1.678 0.290 40 0.997 0.056 1449 [22]
(2) -0.670 0.202 1.816 1.792 0.244 0.332 62 0.9978 0.041 5080 [24)
(3) -0.744 0.116 2.088 2.095 0.261 0.370 39 0.998 0.lJ25 4177 [8]

(0.029 (0.017) (0.025) (0.038) (0.031 ) (0.005 )
-0.697 0.050 2.215 2.267 0.365 39 0.996 0.042 1742 [8)
(0.049) (0.026) (0.034) (0.055) (0.008)

This work -0.58 0.328 1.81 1.75 0.098 0.317 31 0.997 0.042 2044
(0.03) (0.05) (0.03) (0.04) (0.043) (0.0096)

-0.56 0.27 1.86 1.77 0.36 31 0.997 0.045 2160
(0.03) (0.04) (0.03) (0.04) (0.01)

a LSER coefficients obtained from references indicated. Standard error associated with individual coefficients provided in
parentheses.

3.2. Results for TeEP

Our LSER results for TCEP are summarized
in Table 3. The TCEP phase was included in this
study to validate the methodology. Previous
LSER characterizations were performed by sev
eral groups using chromatographic retention data
reported by Patte et al. [5] and Poole and co
workers [10,24]. Results of those studies are
included in Table 3 for comparison.

There are some significant differences between
the LSER results reported in Table 3. The
coefficient values in the first line [Patte et at. (1)]
were reported by Abraham et at. [17] using a
previous set of solute parameters (a, f3, 7T '),

whereas the latter results, also reported by
Abraham [20], were obtained using updated
solvation parameters which are based on a more
effective scale of hydrogen-bond acidity and
basicity (a H

, f3H, 7T'
H

) [5]. Thus, the coefficient
values reported for Patte et al. (1) cannot be
directly compared with our results. These data
are included here because they include standard
error values associated with the LSER coeffi
cients and they demonstrate how the coefficient

values change when the regression analyses are
performed without inclusion of the f3 term. Such
insights are useful when interpreting the results
of the current study. Another difference involves
the solubility property used in the LSER calcula
tions. For the Patte et al. data sets the solubility
property used was log SP = log K(solute) 
log K(decane), whereas for the other studies
log SP = log K(solute). This difference does not
affect the calculated coefficient values but ap
pears as a significant difference in the regression
constant, c.

The LSER results of Poole in Table 3 can be
found in the references indicated in the table and
were obtained using retention data reported in
Refs. [10,24]. It is worth noting that the Poole
data set has been rigorously corrected for inter
facial adsorption, whereas the Patte et al. data
set and the data reported in this work were not.
In spite of this, the LSER results for TCEP in
Table 3 are in very good agreement, with the
exception of Poole (3). Given that the LSER
results of Poole (1) and Poole (2) were obtained
using (nominally) the same data sets as Poole
(3), these differences cannot be adequately ex-
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Table 5
LSER coefficients for benzyl cyanide versus temperature

Temp. LSER coefficients

(0e) c r s a b R' S.D. F

60 0.120 -0.173 1.575 1.647 0.636 0.089 0.985 0.059 221

(0.088). (0.103) (0.077) (0.114) (0.028) (0.080)
0.133 -0.223' 1.612 1.688 0.639 0.984 0.059 271

(0.088) (0.094) (0.068) (0.109) (0.028)

75 0.033" -0.189 1.463 1.501 0.604 0.016 0.992 0.040 442
(0.06) (0.070) (0.053) (0.078) (0.019) (0.055)
0.036 -0.198 1.471 1.508 0.605 0.992 0.039 554

(0.057) (0.061) (0.045) (0.071 ) (0.018)

90 -0.010 -0.149 1.317 1.387 0.564 0.0004 0.992 0.037 402
(0.056), (0.066) (0.049) (0.073) (0.018) (0.051)

-0.010 -0.149 1.318 1.387 0.564 0.992 0.036 545
(0.053) (0.057) (0.041) (0.066) (0.017)

120' -0.125 -0.143 1.108 1.162 0.504 -0.085 0.991 0.033 264
(0.049) (0.057) (0.043) (0.063) (0.015) (0.044)

-0.138 -0.095" 1.069 1.123 0.502 0.990 0.036 418
(0.053) (0.056) (0.041) (0.065) (0.017)

120b -0.914 1.073 1.123 0.502

Values marked with asterisks are either statistically insignificant (**: P > 0.1) or marginally significant (*: P > 0.02). In all cases,
n = 18.
'Values obtained from extrapolated log K values.
b Values obtained by extrapolation from LSER coefficients at lower temperatures.

natively, the LSER coefficients for benzyl
cyanide at l20DC could be estimated by extrapo
lation from the coefficients obtained at the lower
experimental temperatures. These estimated
LSER coefficient values are also included in
Table 5, and are in good agreement with those
obtained from extrapolated log K values. As was
noted for TCEPE and sebaconitrile, the bJ32

and r 1R 2 terms were found to be insignificant or
marginally significant in many cases. In addition,

Table 6
Correlation matrix for solute set

the significance of the regression constant, c l' is
questionable for this coating.

3.4. Residual analyses and correlation matrix

The correlation matrix for the solute set is
presented in Table 6 and indicates no significant
correlation among the variables used in the
regression. Residuals analyses were performed
to ensure that there were no correlations be-

R, H H
1T 2 (>,

R2 1.00
H 0.572 1.001T?
H 0.057 -0.015 1.00(>2

{3~ -0.113 0.408 0.179
logL 16 0.155 -0.129 -0.323

1.00
-0.261

logL 16

1.00
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Table 7
Summary of LSER coefficients for cyano-functionalized coatings

Coating" M,b r s a n CN Ref.
(fraction)

TCEP 252 0.27 1.86 1.77 0.36 31 0.3095
TCEPE 348 0.09 1.51 1.77 0.453 32 0.299
Sebaconitrile 192 0.05 1.3 1.45 0.543 34 0.271
Benzyl cyanide 117 -0.095 1.07 1.123 0.502 18 0.222
OVI05 30000 -0.038 0.395 0.368 0.499 39 0.0332 [22)

(5% cyanoethyl) -0.062 0.364 0.407 0.494 62 [8)
OV225 8000 0.015 1.214 0.964 0.462 39 0.0969 [22)

(25% cyanopropyl/25% phenyl) -0.036 1.226 1.065 0.466 62 [8]
OV275 5000 0.388 1.902 1.644 0.241 32 0.283 [22]

(100% cyanoallyl) [8]
XF1l50 ??? O.ol8 1.443 1.445 0.424 203 0.228 [28)

(50% cyanoethyl)
SXCN (at 298 K) ??? 0 2.283 3.032 0.773 52 0.283 [19]

(100% cyanopropyl) (at 343 K) 0.28 1.518 2.110 0.555 52 [19]

a LSER values for TCEP, TCEPE, sebaconitrile, and benzyl cyanide taken from current study. Values for OVI05, OV225, and
OV275 from references indicated.

b Molecular mass values for OV phases taken from Ref. [29].

As noted earlier, most of the coatings used in
this study contained small fractions of the func
tional groups in Eq. 5, with the exception of the
hydroxyl (OH) which is not present in any of
these coatings. Use of the above equation per-

are indicative of the effect of CN on these
values.

The CN-group contribution to the observed a
value can be estimated in the following manner.
Previously reported results provided a predictive
equation for calculation of the LSER a coeffi
cient based on the relative abundance of polar
atoms and Ior functional groups [21]. This rela
tionship was given as

coef.a = 1.412(Si-O) + 3.517(ester)

+ 3.872(ether) + 8.969(OH)

+ O.514(CH2 ) (5)

. .
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results shown in box.
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mits calculation of the contributions to the value
of a from these groups. We define aexcess as the
difference between the observed a value (from
Table 7) and the estimated a contributions from
Eq. 5. This aexcess can be attributed to the CN
groups in these coatings. A plot of aexcess versus
fraction CN is provided in Fig. 7. Five of the
seven coatings (OVI05, OV225 , OV275 ,
XF1150, and benzyl cyanide) exhibit a nearly
linear correlation versus CN (R 2

= 0.91, slope =

5.4). The siloxane and phenyl groups present in
these coatings are very weak H-bond acceptors,
so that the majority of the a value would be
expected to arise from the CN groups. The three
outlier coatings (TCEP, TCEPE, and sebaconit
rile) contain significant fractions of other strong
H-bond acceptor groups, including carbonyl and
ether linkages. As was noted in the previous
study [1], steric and inductive effects and the
presence of other functional groups would be
expected to mediate the influence of the CN
groups on these values, and could account for
the deviation observed for these coatings.

The slopes observed in Figs. 5-7 indicate that
the CN group contributes more to the observed a
values for GC coatings than any of the functional
groups represented in Eq. 5. Evaluation of
additional functional groups is clearly needed
before fully applicable predictive equations can
be developed for estimation of LSER coefficient
values from structural descriptors.

Fig. 7. Plot of aexce" versus fraction CN for coatings in Table
6. The value of a exce" represents the CN contributions to the
observed a values.
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Abstract

A GC and GC-MS procedure was established for dialkyl phosphates (DAP), including dialkyl thiophosphates
and dialkyl dithiophosphates (alkyl = Me, Et) via extractive pentafluorobenzylation using a polymeric phase
transfer catalyst (tri-phase catalyst). The abilities of five tri-phase catalysts were compared and among them
tri-n-butylmethylphosphonium bromide, polymer bound [0.75 mequiv. Br- /g, 200-400 mesh (TB-0.75)], was
found to be the most effective. The dialkyl thiosphosates and dialkyl dithiophosphates in an aqueous sample were
readily extracted in the form of their pentafluorobenzyl (PFB) derivatives when the reaction mixture consisting of
buffered aqueous sample, toluene, pentafluorobenzyl bromide and TB-0.75 was stirred at 45°C. The extractive
pentafluorobenzylation of dimethyl phosphate and diethyl phosphate was effected with an additional reaction at
90°C. It was also found that DAP, even in a relatively large volume of aqueous sample, could be captured
efficiently by this catalyst.

1. Introduction

Dialkyl phosphates (DAP), including dialkyl
thiophosphates and dialkyl dithiophosphates, are
the primary hydrolysis products of organophos
phorus pesticides (OP) in the environmental
degradation or metabolic pathways [1-4]. The
determination of DAP is useful from the view
point of the evaluation of both environmental
and occupational hazards associated with the use
of OP. In the forensic field, the determination of

* Corresponding author.

DAP in urine, suspected foods, etc., is important
for obtaining evidence of OP intake or addition
to foods, etc., and for estimating the type of OP
owing to their degradable properties [5].

In recent years, various procedures for the
determination of DAP have been developed [6
9]. Generally, these procedures are based on the
isolation of DAP from the aqueous phase fol
lowed by derivatization and determination by
GC or GC-MS. All of these' methods have
several disadvantages, such as the unfavourable
partitioning of highly polar DAP into the ex
traction solvent, and the samples required exten-
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sive clean-up, which tends to accompany further
losses of the phosphates.

In previous papers [10,11], GC methods were
described for the determination of DAP by
extractive pentafluorobenzylation in a two-phase
system using quaternary ammonium salt ion-pair
extraction reagents as a phase-transfer catalyst
(PTC) , and pentafluorobenzyl bromide (PFB
Br) as a derivatization reagent. The disadvan
tages of using quaternary ammonium salt PTC
without additional treatment are the formation
of an emulsion and its unavoidable introduction
on to the separation column. This could result in
baseline drift and, in the worse case, contamina
tion of the highly sensitive detector.

To improve the extractive pentafluorobenzyla
tion as an important step in the GC determi
nation of highly polar anions, we adopted poly
mer-bound phosphonium salt PTC, which has
recently become well known in organic synthesis
[12,13]. This led to emulsion-free reactions, easy
layer separation and injection of the sample into
the GC system without an extraction reagent
because the catalyst is in the form of a bonded
solid particle. We applied this tri-phase proce
dure to the GC and GC-MS determination of
dialkyl phosphates, dialkyl thiophosphates and
dialkyl dithiophosphates (alkyl = Me, Et), and
their simultaneous determination was developed.

2. Experimental

2.1. Chemicals and reagents

Dimethyl phosphate (DMP) and diethyl phos
phate (DEP) were prepared from trimethyl
phosphate and triethyl phosphate (Tokyo Kasei,
Tokyo, Japan), respectively, according to stan
dard procedures [14], and purified in the form of
their sodium salts (>96% purity on titration and
proton NMR spectroscopy). The potassium salts
of dimethyl thiophosphate (DMTP) and diethyl
thiophosphate (DETP) and the sodium salt of
dimethyl dithiophosphate (DMDTP) were sup
plied by courtesy of Takeda Chemical Industries
(Osaka, Japan). Diethyl dithiophosphate
(DEDTP), Benzyltri-n-butylphosphonium bro
mide (BTBPB), tetra-n-butylammonium bro-

mide (TBAB) and tetra-n-hexylammonium bro
mide (THAB) were obtained from Tokyo Kasei.
PFB-Br (99 + %) was obtained from Aldrich
(Milwaukee, WI, USA). Tri-n-butylmethylphos
phonium chloride, polymer bound [0.78 mequiv.
Cl- /g (TC-0.78)] was obtained from Fluka
(Buchs, Switzerland). Tri-n-butylmethylphos
phonium chloride, polymer bound [2.26 mequiv.
CI- /g (TC-2.26)] was prepared from SX-1 Chlo
romethylated Bio-Beads [4.15 mequiv. / g; Bio
R,ad Labs. (Richmond, VA, USA)] and tri-n
butylphosphine (97%; Tokyo Kasei) according
to the method of Cinouni et al. [15]. The catalyst
TB-0.75 and tri-n-butylmethylphosphonium bro
mide, polymer bound [2.05 mequiv. Br- /g (TB
2.05)] were prepared from TC-0.78 and TC-2.26,
respectively, as follows: TC-0.78 or TC-2.26 (1.0
g) was stirred three times with 5% HBr (3 x 20
ml) for 30 min at room temperature, filtered and
successively washed with water (5 x 20 ml),
ethanol (5 x 20 ml), methylene chloride (3 x 20
ml) and diethyl ether (3 x 20 ml), and dried
under reduced pressure overnight. Kryptofix
222B polymer [0.25 mequiv./g, resin-bound
cryptand [2.2.2B] (K-222B)] was obtained from
Merck (Darmstadt, Germany). Phosphate buf
fers (0.1 M) were prepared by mixing 0.1 M
potassium dihydrogenphosphate and 0.1 M di
sodium hydrogenphosphate (Wako, Osaka,
Japan). All organic solvents and inorganic re
agents were of pesticide or analytical-reagent
grade, and all of them were obtained from
Wako. Deionized, distilled water was used
throughout.

2.2. Preparation of DAP standards

Stock standard solutions of the six DAP (1
mg/ml aqueous solutions, adjusted to neutral
pH) were prepared weekly, and stored at 0-5°C
under an argon atmosphere. Dilutions were
made as needed.

2.3. Preparation of standards of PFB
derivatives

In order to be used for the identification of the
derivatization products and the calibration of the
GC response factors, the PFB derivatives of six
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3.3. Simultaneous determination of DAP

greatest advantage of this tri-phase procedure is
that the extraction, derivatization and concen
tration of the phosphates are simultaneously
achieved in a single step. This concentration
effect is particularly important for the determi
nation of trace levels of DAP.

The general procedure for the simultaneous
determination of six DAP was established as
described under Experimental. Extract A con
taining the derivatives of sulfur-containing phos
phates should be isolated before the second
derivatization. Fig. lA illustrates the efficiency
of GC for the separation of PFB-Br and PFB
derivatives of the six phosphates. Trace amounts
of desulfurization products could be formed from

(8)

(A)

matograms than did MIBK. The optimum pH
was found to be between 6 and 7. It is assumed
that the low yields in acidic and basic media were
caused by the protonation of the phosphate
anions and by the formation of pentafluOfo
benzyl alcohol and dipentafluorobenzyl ether
[17] as by-products, respectively. Table 1 shows
the efficiency of some tri-phase catalysts and
ordinary ion-pair reagents for comparison, and
among them TB-0.75 was found to be the most
effective tri-phase catalyst.

This proposed PFB-Br alkylation for DMTP
and DETP selectively yielded only their S
alkylated esters, although both the diazoalkane
[18] and the triazene [19] alkylations produce a
mixture of the 0- and S-alkylated esters. As
PFB-Br alkylation occurs with the ionized
species [20], the more nucleophilic sulfur atom
would be expected to react with the electrophilic
reagent to form preferentially the S-alkylated
ester.

The derivatization of every member of the
four sulfur-containing phosphates was quantita
tively effected within 20 min at 45°C, and no
side-reactions were observed. However, the re
sulting PFB derivatives decomposed on pro
longed reaction. This decomposition was greater
at elevated temperature. Trace amounts (~20

nmol) of the desulfurization products were gen
erated when the derivatization of sulfur-contain
ing phosphates was carried out at 90°C for 120
min. On the other hand, no derivatizations of
DMP and DEP were observed at 45°C. Although
DEP was quantitatively derivatized after 120 min
at 90°C, the derivatization yield of DMP reached
a plateau at 43% after 120 min.

Fig. 1. Gas chromatograms of PFB derivatives obtained (A)
from the diluted standard solution and (B) from the fortified
river water. The concentration of each of the six DAP was
1.0 iLg/ml and the sample volume was 8 ml. Derivatization
and GC-ECD were performed as described under Ex
perimental.

3.2. Influence of dilution of the aqueous phase

When the ordinary ion-pair reagent THAB
was used, a decrease in the yields was observed
in inverse proportion to the stepwise dilution of
the aqueous phase. In contrast, the tri-phase
catalyst TB-0.75, which has the structure of an
ion-exchange resin, gave only a slight decrease in
the yields even when the aqueous sample was
diluted to a volume of 6 ml (aq./org. = 18). The
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Abstract

Pentafiuorobenzyl (PFB) derivatives of chlorinated acetic and propionic acids were prepared adapting previously
published methods to prepare PFB derivatives of non-chlorinated acids. Reaction of monochloro- and di
chloroacetic acids and 2-chloro-, 2,2-dichloro- and 2,3-dichloropropionic acids with pentafiuorobenzyl bromide
(PFBBr) produced the PFB esters. Trichloroacetic acid reacted with PFBBr to give 1,1, I-trichloro-2-pentafiuoro
phenylethane. On standing, this was partly degraded to 1,1-dichloro-2-pentafiuorophenylethene. Gas chromatog
raphy-mass spectrometry, lH NMR and l3C NMR were used to determine the structures of the derivatives.

1. Introduction

Monochloroacetic acid (MCA) and trichloro
acetic acid (TCA) have mostly been analyzed by
gas chromatography with electron capture detec
tion (GC-ECD) and gas chromatography-mass
spectrometry (GC-MS) as their methyl deriva
tives [1-3]. However, the ECD response of the
methyl derivatives is not very good. Ion chroma
tography has been used to analyze TCA and
dichloroacetic acid (DCA) in conifer needles and
in rainwater [3-5]. Frank and co-workers [6,7]
have reported on the use of l-(pentafluoro
phenyl)diazoethane in the derivatization of the
chlorinated acids.

ECD-sensitive derivatization reagents such as

* Corresponding author.

pentafluorobenzyl bromide [8] and p-bromo
phenacyl bromide [9] have been used to derivat
ize the organic acids, phenols and mercaptans to
their esters, ethers and thioethers, respectively.
According to Kawahara the ECD response for
the PFB derivatives of mercaptans, phenols and
organic acids is 400-1000-fold higher than their
flame-ionization detection (FID) response [8].

PFBBr effectively derivatizes acids also in the
presence of water [11]. The yields of the de
rivatization of Cj-CZo carboxylic acids with
PFBBr are higher than 90% [11,12]. Formation
of by-products or degradation of sensitive ana
lytes due to formation of HBr [13-15] often
complicates the USe of PFBBr.· Recently, Hof
mann et al. [16] have reported on the USe of
pentafluorophenyldiazoalkanes as derivatization
reagents to prepare PFB esters of carboxylic
acids to avoid the formation of unwanted side-

0021-9673/95/$09.50 © 1995 Elsevier Science BV All rights reserved
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products and the problems caused by excess or
decomposition of PFBBr.

The aim of the present work was to develop
new and more sensitive methods for the analyses
of halogenated short-chain carboxylic acids in
conifer needles. The initial plan consisted of
concentration and isolation of the acids by an
anion-exchange resin and on-column (on-resin)
derivatization by PFBBr. In the present paper
the preparation of the PFB derivatives and their
structure analyses by GC-MS, IH NMR and l3C
NMR are described.

In the literature there are several reports on
the preparation 9f PFB deriyatives of non-chlo
rinated (short-chain) carboxylic acids
[8,13,14,17-21]. Most often, the derivatization is
carried out in acetone with potassium carbonate
as catalyst [8,13,20,21].

The electron ionization (EI) mass spectra of
PFB derivatives of carboxylic acids usually show
the molecular ion (abundance, 1-20%). AI
kanoic acid derivatives show a base peak (100%)
at m/z 181, which originates from the penta
f1uorotropylium ion [C7H 2 Fsr and other peaks
at m/z 197 (1-5%), originating from the penta
f1uorobenzyloxy fragment [C6FsCH20r and a1
m/z 161 (7-18%) due, probably, to the loss of
HF from the pentafluorobenzyl fragment [11].
The ions occurring at mlz 195 (carboxylic acids),
196 (primary amines) and 197 (carboxylic acids),
can possibly be used for the qualitative discrimi
nation between PFB derivatives of carboxylic
acids, phenols and amines [11].

In negative-ion chemical ionization mass spec
trometry (NICI-MS) the PFB derivatives of
short-chain carboxylic acids all show a base peak
at [M -181] (181 = C6FsCH2 ), originating from
fragmentation of the ester to neutral 2,3,4,5,6
pentafluorobenzyl radical (M r 181) and the car
boxylate anion [M -181r [14,16].

2. Experimental

2.1. Preparation and spectrometric analyses of
the PFB derivatives

The derivatives of chlorinated carboxylic acids
were prepared by adapting the methods original-

ly used by Kawahara [8,22]. Carboxylic acids,
monochloroacetic acid (Merck, >98%), dich
loroacetic acid (Fluka, 99%), trichloroacetic acid
(Merck, >99.5%), 2-chloropropionic acid
(Koch-Light, 96%), 2,2-dichloropropionic acid
(Koch-Light, 97%) and 2,3-dichloropropionic
acid (Fluka, >98%), were refluxed with PFBBr
(Aldrich, >99%) and K2C03 in acetone for 3 h.
After cooling acetone was evaporated under a
gentle flow of nitrogen, the residue was dissolved
in hexane and the hexane washed three times
with distilled water.

GC-MS analyses of the reaction products was
done with a VG AutoSpec high-resolution mass
spectrometer connected to a HP 5890 Series II
gas chromatograph. The column was a HP-5 (25
m x 0.2 mm 1.0., 0.11 JLm). The temperature
program was 70°C for 1 min, increase at 1O°C/
min to 280°C, 280°C for 15 min). The tempera
ture of the injector was 260°C, of the transfer
line 280°C and of the ion source 260°C. The
electron ionization potential was 35 eY. The GC
ECD analysis was done with a Nordion Mi
cromat HRGC 412 gas chromatograph equipped
with two 25m x 0.25 mm 1.0. quartz capillary
columns (NB-1701 and NB-54, 0.25 JLm film
thickness) and with two Ni-63 electron capture
detectors. The temperature program was from
80°C to 130°C at 10°C/min, hold at 130°C for 2
min, at 2°C/min to 250°C. A lEOL GSX 270
FT-NMR spectrometer was used in the IH NMR
and 13C NMR measurements of the reaction
products. The measuring conditions were similar
to those reported previously [23-26].

3. Results and discussion

3.1. Trichloroacetic acid (TeA)

When trichloroacetic acid in acetone was re
fluxed with PFBBr in the presence of K 2C03 ,

1,1,1-trichloro-2-pentafluorophenylethane was
produced instead of a PFB ester. On standing,
the derivative, 1,1,1-trichloro-2-pentafluoro
phenylethane, was partly degraded to 1,1-dich
loro-2-pentafluorophenylethene by cleavage of
hydrogen chloride. The EI mass spectra of the
derivative and its degradation product are pre-
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Abstract

Single human red blood cells, in which the hemoglobin (Hb) molecules exist in their native, tetrameric states,
were analyzed. Upon injection and lysis of a cell, the tetramers were dissociated on-column into their respective
polypeptide chains, separated, and detected by laser-induced native fluorescence detection with 275-nm excitation.
This technique was applied to the determination of hemoglobin variants as found in adult (normal and elevated Hb
A,) and fetal erythrocytes. Normal adult cells contained 9.6% and 4.8% glycated f3- and a-chains, respectively.
Cells with elevated Hb Ai gave 30% and 12%, respectively. The amounts of glycated Hb and total Hb in a given
cell were found to be uncorrelated.

1. Introduction

The separation of hemoglobin (Hb) variants
by capillary electrophoresis (CE) represents a
special challenge due to the similarities among
the various hemoglobin molecules which are
present in a human erythrocyte. The hemoglobin
molecule exists as a tetramer of four polypeptide
chains to each of which a heme group is at
tached. Human hemoglobin has an approximate
molecular mass of 65500 [1]. The main adult
component, Hb A o, consists of two af3 dimers
(azf3z) and comprises about 90% of the total
hemoglobin content [2]. While genetic variants
involve one or more differing amino acids in the
protein sequence of one or both types of globin

* Corresponding author.

chains, other variants, such as Hb A lc' arise
from a post-translational modification [2]. In fact,
Hb Ale' which constitutes roughly 5% of the
total hemoglobin in normal erythrocytes, only
differs from Hb A o by one glucose molecule attach
ed to the N-terminal valine of each f3-chain [2].

With more than 500 variants known to human
hemoglobin [3], there are many hemo
globinopathies for which diagnosis is based on
the detection of variants, Examples include the
presence of the abnormal variant Hb S in sickle
cell anemia [4] or the increased amount of Hb
A z in f3-thalassemia [5]. Hb A ,C is known to be
elevated two- to three-fold in untreated diabetes
mellitus, and its monitoring serves to give a
measure of long-term blood glucose control [6].

Additionally, Hb A lc may also be used to
assess relative cell age. The life span of a
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circulating human erythrocyte is about 120 days
[7,8]. Most studies, in which a comparison be
tween a cellular constituent (or property) and
cell age is made, utilize a density-gradient cen
trifugation method, such as that of Murphy [9].
In such a physical separation of cells, the more
dense cells are presumed to be older, while the
less dense cells correspond to the younger popu
lation. Fitzgibbons et al. [10] conducted a study
in which Hb A la + b and Ale were determined as a
function of cell density, and a positive correla
tion of the amounts was seen. Glycohemoglobins
were also determined by Elseweidy et al. [11], in
which a dextran 40 density-gradient centrifuga
tion method was utilized. Glycohemoglobin
amounts in both adult and fetal red blood cells
were shown to increase with increasing cell
density. Some investigators still question
whether density centrifugation can truly separate
cells on the basis of age, hence, the validity of
correlations of density with cell age have re
mained somewhat ambiguous [8]. However, the
mechanism by which glycohemoglobin is formed
[2] makes this class of compounds a good candi
date for the determination of relative cell age in
a population of cells, independent of density
based fractionations.

The total hemoglobin content in human eryth
rocytes is about 450 amol [12], of which Hb Ale
is about 5% in normal adults, and 2-3 times
higher in diabetics. This amount is sufficient to
allow determination at the level of a single cell
by employing a sensitive detection scheme such
as laser-induced native fluorescence [13]. De
terminations of single erythrocytes, when com
pared to a sample of lysed cells in which the
average is assessed, allow subtle intercellular
differences to be seen, which in turn may give
further insights into the aging process.

Although CE has been utilized to efficiently
separate hemoglobin variants and /or their corre
sponding globin chains, the absorption detection
methods used with most of these studies would
not permit low enough detection limits for sin
gle-cell analysis [14-19]. Separations of globin
chains under denaturing CE conditions, as well
as intact genetic variants by capillary isoelectric
focusing (clEF), were demonstrated by Zhu and

co-workers [14,15]. Ferranti et al. [16] also
separated normal globin chains by free-zone CE,
utilizing a coated capillary. The separation of
Hbs A, F, Sand C by free-zone electrophoresis
was demonstrated by Huang et al. [17], in which
a neutral, hydrophilic coated capillary was used.
Using a dynamic clEF technique, Molteni et al.
[18] have separated Hb Ale from A o as well as
from other variants. Hempe and Craver [19]
used a similar clEF approach to separate hemo
globins, including Hb Ale in blood samples.
However, they injected only 40-nl sample vol
umes, instead of filling 25-100% of the capillary
length as in normal or dynamic clEF [15,18].

In this work, we demonstrate a separation
scheme based on free-zone electrophoresis for
the separation of hemoglobin variants in single
human erythrocytes. To our knowledge, this is
the first report in which Hb variants were de
termined in single cells. Previous work involved
the separation of Hb A o from carbonic anhy
drase and methemoglobin in single human eryth
rocytes [13]. In the surfactant-based system de
scribed here, the Hb molecules are denatured
on-column into their corresponding polypeptide
chains. Hemoglobin variants from single human
adults (normal and elevated Hb AI) and fetal
red blood cells are separated and identified.
Capillary lifetime, as well as the effects of the
cell suspension buffer, are also discussed.

2. Experimental

The experimental setup used in this work has
been described elsewhere [13]. Briefly, 20 ,um
I.D., 360 ,um O.D. fluorocarbon (FC)-coated
experimental capillaries were used (J&W Sci
entific, Folsom, CA, USA). The total length is
75 cm (65 cm to the detector). A high-voltage
power supply (Glassman High Voltage,
Whitehorse Station, NJ, USA; EH Series; 0-40
kV) was used for electrophoresis, with an ap
plied voltage of + 25 kV at the injection side.
The capillary was rinsed with running buffer for
ca. 1 h, then equilibrated at + 25 kV for an
equivalent amount of time before use. The
standards were injected hydrodynamically by
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3. Results

3.1. Electrophoretic separation

Time (min)

Fig. 1. Single red blood cell (normal adult). Peaks: 1 = {3,
2 = {3-glycated-, 3 = a-, and 4 = a-glycated-chains.
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syringe connected to the distal end of the capil
lary served to draw the cell into the capillary.
Once injected, the capillary was placed in the
buffer vials to initiate electrophoresis. The os
motic pressure inside the cell causes lysis when
the buffer solution was drawn over the cell. If
the same cell solution was to be used the follow
ing day, the glucose solution was washed away
and the cells were suspended in PBS for refriger
ated storage overnight.

In this work, a favorable environment for
hemoglobin separation is created by an approach
which is different from, but as effective as,
focusing techniques. In Fig. 1, an electrophero
gram of hemoglobin in single human erythro
cytes (normal adult) is shown. The mechanism
and important features of the separation are
explained as follows. Firstly, a hydrophobic
fluorocarbon coating is used, in which protein
adsorption to the capillary wall is minimized.
This is evident by the extremely narrow peak
widths. The half-widths of the f3- and a-chains
are 0.09 and 0.06 min, respectively.

Secondly, a fluorocarbon surfactant (FC) is
also added to the acidic (pH 2.7 ± 0.1) running
buffer. When a cell is introduced into the capil-

raising the sample vial to a height of 11 cm
relative to the detection end for 30 s. Electro
pherograms were recorded via a 24-bit AID
interface (ChromPerfect Direct, Justice Innova
tion, Palo Alto, CA, USA) and stored on a
computer. Further peak analysis was performed
by Peakfit (Jandel Scientific Software, San
Rafael, CA, USA).

An argon-ion laser (Spectra Physics, Mountain
View, CA, USA; Model 2045) was used as the
excitation source, from which the 275.4-nm line
was isolated with a prism. The laser was focused
with a l-cm focal length quartz lens onto the
detection window. Two UG-l color filters
(Schott Glass Technologies, Duryea, PA, USA)
were used to reject scattered light and placed
directly in front of the photomultiplier tube.

All chemicals were obtained from Fisher Sci
entific (Fair Lawn, NJ, USA), unless otherwise
noted. The running buffer for electrophoresis
was 50 mM H 3 P0 4 , and 0.05% (w/v) fluoro
carbon surfactant (FC, J&W Scientific, Folsom,
CA, USA), adjusted to pH 2.7 ± 0.1 with
NaOH. Deionized water was used from a Waters
Purification System (Millipore, Milford, MA,
USA). The buffer was filtered before use with a
0.22-~m cutoff cellulose acetate filter (Costar,
Cambridge, MA, USA). Hemoglobin A o was
purchased from Sigma Chemical (St. Louis, MO,
USA).

Normal adult erythrocytes were obtained from
a presumably healthy female volunteer. Fetal
erythrocytes (cord blood sample), and elevated
Hb Al samples were drawn into EDTA-tubes
and obtained from Mercy Hospital (Des Moines,
lA, USA). Phosphate buffered saline (PBS) was
comprised of 135 mM NaCl and 20 mM
NaH2P04 • H 2 0; pH 7.4. All cells were treated
the same way prior to injection: 20 ~l of whole
blood was washed with PBS, centrifuged and the
supernatant discarded. This procedure was re
peated five times, after which the cells were
resuspended in 8% (w/v) o-glucose. The cell
injection procedure has been described previous
ly [13,20]. Briefly, the injection end of the
capillary was aligned by micropositioners with
the cell of interest, as confirmed visually in the
field of view of a 100 x microscope. An air-tight
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for several hours to several days seems to regen
erate the capillary. When poor resolution de
veloped in one capillary, precluding its further
use, it was stored for more than one month filled
with the running buffer. After this length of
time, with static regeneration, it was put to use
again, with acceptable performance.

With this combination of coating and buffer, it
seems that an important factor towards good
performance is letting the surfactant molecules
diffuse to coat the capillary wall on their own
without the influence of pressure or potential, as
is typically used to equilibrate capillaries. Natu
rally, this results in a much slower equilibration,
but its effectiveness seems to outweigh the time
it takes to regenerate the column. It does not
take weeks, however, to regenerate a capillary.
In most cases, several hours, or overnight, is
sufficient time to allow the performance to
return to normal.

4. Conclusions

This separation system, in which hemoglobin
molecules are denatured on-column to their
respective polypeptide chains has shown to be an
effective technique for the separation of hemo
globin variants in single human erythrocytes.
Fetal, normal adult, and elevated Hb Al adult
red blood cells were analyzed, with the corre
sponding (oxidized) polypeptide chains deter
mined at the attomole level. Glycated Hb frac
tions were identified, and confirmation was made
by noting the overall increase in diabetic cells
versus normal ones. In a given cell, the amount
of glycated chains was found to be uncorrelated
with total hemoglobin amount. It is concluded
that loss of hemoglobin from a cell is indepen
dent of cell age, since glycated Hb is known to
increase with the length of time the cell is in
circulation. The 20-pom capillaries that were used
in this study are still in the development stages,
thus one would expect even better performance
once reproducible manufacturing protocols are
implemented.
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tive polymerase-chain-reaction (PCR) amplifica
tion process for detecting X-chromosome dosage
differences in patients with sex chromosomal
aneuploidies. By assuming that, within the ex
ponential phase of PCR amplification, the
amount of specific DNA produced is propor
tional to the quantity of initial target sequences
[5], this procedure was modified by Mansfield [6]
for detecting trisomies 21 and 18 and the triple-X
syndrome. The assay is based on extracting DNA
either from blood or from amniotic cells and in
amplifying a highly polymorphic (90% hetero
zygosity), chromosome 21-specific D21S11
marker [7]. Three classes of hypervariable re
peats are typically found throughout the genome:
variable number tandem repeats (VNTR), or
minisatellites [8], small tandem repeats (STR)
with repeat elements of 3-6 bases in length [9]
and CA-repeats or microsatellites that have a
2-base repeat length [10]. Of these repeat types,
the STR markers are by far the most amenable
to quantitative analysis. Based on these findings,
Mansfield [6] and Perti et al. [11], have recently
proposed a rapid molecular method for pre-natal
diagnosis of Down's syndrome. In their protocol,
the PCR fragments are 5'-end-labelled with
green or blue fluorescent markers and analysis is
performed in 6%T polyacrylamide gel-slabs in
automated DNA sequencing instruments.

Capillary zone electrophoresis (CZE) is rapid
ly emerging as a highly competitive technique,
especially in the field of DNA analysis. A few
reviews [12-14] have already described the ana
lytical properties of CZE for separation of oligo
and poly-nucleotides. CZE appears to be an
easy, precise and fast method for the analysis and
detection of DNA restriction fragments (up to 2
kilo base pairs, kbp) and of PCR products [14].
Among the advantages: (a) the amount of DNA
necessary for a single CZE run is about 5 ng, two
orders of magnitude lower than the ca. 500 ng
DNA per lane needed in slab gel operations; (b)
no toxic compounds are necessary for DNA
detection; (c) automated, fast data acquisition
and evaluation. After the pioneering work of
Heiger et al. [15] who proposed, already in 1990,
the possibility of using very low (barely 0.5% C)
and even zero crosslinked polyacrylamides (i.e.,

liquid sieving polymers!) for separation of DNA
restriction fragments, the technique has indeed
evolved towards the use of un-crosslinked, re
plenishable matrices, notably of the liquid, linear
polyacrylamide type. Among some of the im
portant breakthroughs which have rendered the
technique easy to operate and highly reliable: (a)
the introduction of a novel polymeric coating for
the inner capillary surface, an acrylamido deriva
tive (N-acryloyl amino ethoxy ethanol) combin
ing a unique hydrophilicity with extreme hydro
lytic stability [16,17]; (b) a novel method for
producing low-viscosity, short-chain length poly
acrylamides as liquid sieving polymers, allowing
replenishing and restoring of the starting con
ditions after each run [18]. We report in the
present paper the use of this novel methodology
for the diagnosis of Down's syndrome.

2. Experimental

2.1. Reagents

Acrylamide, N,N' -methylene bisacrylamide,
tris(hydroxymethyl aminomethane), ammonium
peroxodisulphate, and N,N,N'N'-tetramethyl
ethylendiamine (TEMED) were obtained from
Bio-Rad Labs (Hercules, CA, USA), while the
marker V DNA size standard was from Boeh
ringer. All the reagents for PCR were from
GeneAmp., Perkin-Elmer. Bind silane [3-(tri
methoxysilyl)propylmethacrylate] and ethylen
diaminetetraacetic acid (EDTA), boric acid and
acetic acid were purchased from Aldrich
(Steinheim, Germany). The Centricon 30 mem
branes were from Amersham (Buckinghamshire,
UK). Fused-silica capillaries (75 ,urn J.D., 375
,urn O.D.) were from Polymicro Technologies
(Phoenix, AZ, USA).

2.2. DNA isolation and peR amplification of
D21S11

DNA was extracted from ca. 2 ml of whole
blood samples of human donors or from 2 ml of
amniotic fluid (uncultured cells) by the standard
phenol-chloroform extraction procedure. DNA
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concentration was adjusted to 5 nglfL\. For am
plification of the STR region D21 S11, the
VS17T#3 and VS17T#4 primers. as described
by Sherma and Litt [7], were used. PCR was
performed in a total volume of 25 fLl containing
5 ng of genomic DNA, 0.5 fLM of each primer, 50
mM KCl, 10 mM Tris-HCl buffer, pH 8.3, 1.5
mM MgCI2 , 0.01 % (w/v) gelatin. 200 fLM of
each dNTP and 0.5 unit Taq polymerase (Perkin
Elmer I Cetus). Initial denaturation was at 95°C
for 5 min followed by an initial annealing tem
perature of 62°C for 1 min, decreased by lOCI
cycle for the first 10 cycles and held constant at
52°C for 30 s for the remaining 20 cycles. For all
cycles, denaturation was for 1 min at 95°C and
extension was for 1 min at n°e.

2.3. Capillary zone electrophoresis in polymer
networks

Capillary zone electrophoresis (CZE) analyses
were performed with the Quanta 4000E capillary
Ion Analyzer from Millipore (Milford, MA,
USA). A 37 cm X 75 fLm J.D. capillary, coated by
the Hjerten protocol [19], but utilizing the novel,
hydrolytically stable, N-acryloyl amino ethoxy
ethanol monomer, was used [16]. The separation
buffer consisted of 89 mM Tris, 89 mM boric
acid and 2 mM EDTA (TBE), pH 8.3, con
taining 2.5 fLM ethidium bromide and 8% T [% T:
(g acrylamide + g Bis)/lOO ml solution] acryl
amide linear viscous polymer (in the absence of
crosslinker), polymerized at 70°C in presence of a
chain transfer agent, and dissolved in TBE buf
fer, after dialysis and lyophilization [18]. The
capillary was refilled with fresh sieving buffer
solution after each run. The samples and stan
dards were loaded electrophoretically by apply
ing 100 V/cm for 15-20 s depending on sample
concentration. Separations were performed at
100 V/cm, a typical run lasting for 50-55 min.
Ultraviolet absorbance was monitored at 254 nm.
The peaks were quantified by integration with
the Water's Quanta Millennium program. In
order to obtain a detectable UV peak, the am
plified fragments were desalted and concentrated
prior to CZE injection with Centricon mem
branes. In order to check for the fragment

length. a marker V fragment standard sequence
was used both in gel-slabs and in the CZE
experiments.

2.4. Polyacrylamide gel-slab electrophoresis

The PCR-amplified samples were electrophor
esed in a 1O%T. 4%C (%C: g Bis/lOO g total
monomers) polyacrylamide gel-slab, 1 mm thick
and 40 cm long, in 89 mM Tris-acetate, 2 mM
EDTA buffer, pH 8.3, run overnight at 8 V/cm.
At the end of the run, the gel was silver stained
[20].

3. Results

In the analysis of Down's syndrome. via poly
morphic STR allelic markers, one expects the
results to fall in the following categories: (a) for
normal individuals. the homozygote would ex
hibit a single, double intensity peak, whereas the
heterozygote would be resolved into two, equal
intensity peaks (1:1 ratio). Trisomic individuals,
on the contrary, are expected to fall into two
major groups: those with three STR peaks of
similar intensities (1:1:1 ratio; i.e., three different
STR alleles) or those with two peaks with a ratio
of 2:1 (i.e., two copies of an identical STR allele
and one of a different allele; however, in rare
cases of homozygosity, a single peak might be
obtained [11]; in such cases, only karyotyping will
give a correct diagnosis). Fig. 1 shows a silver
stained, gel-slab electrophoretic run of a series of
PCR-amplified samples. Samples 2 to 5 represent
normal individuals, one homozygous (lane 2, a
single, double-intensity peak) and the other het
erozygous (double peaks of equal intensity).
Sample 1 represents a trisomic patient, with two
bands having a 2:1 intensity ratio. Lane 6 con
tains the Marker V DNA size standards.

Fig. 2 shows the same analysis performed by
CZE in sieving liquid polymers (8% short-chain,
low-viscosity linear polyacrylamide). Panel 2A
shows the tracing of sample 2 (homozygous,
normal individual), exhibiting indeed a single
peak. Figs. 2B and C represent two heterozy
gous, normal individuals with two peaks of a
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a translocation between chromosomes 14 and 18
in patients' peripheral blood samples amplified
by competitive PCR. Nesi et al. [36] have also
proposed CZE in linear polyacrylamides for
screening of Kennedy's disease, an X-linked
motoneuronal disorder associated with an in
crease in the number of (CAG) n triplet repeats
in the first exon of the Androgen receptor gene.
Rossomando et al. [37] have also utilized CZE
for the separation and quantitation of reverse
transcriptase PCR products from polio virus.
Srinivasan et al. [38,39] have applied CZE to the
analysis of PCR-DNAs from three different
genetic loci: apolipoprotein B, VNTR locus
DIS80 and mitochondrial DNA. Wenz [40] has
shown that CZE can be a quite useful technique
in detecting dsDNA exhibiting an anomalous
migration (bent or curved DNA). Williams et al.
[41], in the screening of PCR products, addition
ally suggest two different methods for desalting
the DNA samples prior to electrokinetic injec
tion: in one approach, a droplet of analyte is
deposited on a Millipore VS 0.025-jLm mem
brane floating on water; in the other, standard
approach, larger volumes are subjected to ul
trafiltration /centrifugation using the Millipore
Ultrafree 30 filter. At the end of this brief
excursus, we note that analysis of PCR products
has also been proposed by Gelfi et al. [42] for the
screening of dystrophin gene exons in the
Duchenne and Becker muscular dystrophy
(DMD/BMD) conditions. For the simultaneous
screening of both pathologies, one needs to
amplify and resolve a total of 18 exons, ranging
in size from 113 to 547 bp. So far, nobody has
succeeded in separating simultaneously, within a
single electrophoretic track, all 18 fragments;
here, CZE Showed a distinct advantage over
gel-slab separations, in which some bands were
always missing from the entire population of 18
zones.

4.2. Gene dosage

This latter aspect is, however, still in its in
fancy. Only a few reports exist at present on the
use of CZE for a quantitative assay of gene
expression. So far, only the two most common
cases (not requiring quantitation) have been

solved: (a) in the case of small deletions, the
resolution and detection of a normal chain of a
given length, vs. a shorter DNA fragment; (b) in
the case of point mutations, the detection of a
characteristic four-zone pattern, due to two
homo- and two hetero-duplexes, obtained by
partial denaturation in denaturing gradients
(thermal gradients, so far, in CZE) [43,44]. In
the present case, gene dosage requires precise
quantitation of gene expression and correct as
sessment of peak ratios. In gel-slab operations,
this is usually achieved either by post- or pre
electrophoretic labelling procedures. Peak
quantitation for correct diagnosis of Down's
syndrome has been performed by Mansfield [6]
and by Perti et al. [11] via pre-labelling of
primers with fluorescent dyes and automatic
peak integration in, e.g., the Applied Biosystems'
DNA sequencer. In CZE, very few reports are
available. As stated above, Kuypers et al. [35]
have attempted quantitation of residual lym
phoma cells carrying a translocation between
chromosomes 14 and 18 in patients' peripheral
blood samples. Lu et al. [45] also reported
quantitative analysis of PCR products from HIV
1 DNA: their CZE technique allowed a linear
range over three orders of magnitude in DNA
concentrations and offered a sensitivity of detec
tion of as little as 200 to 500000 viral particles
per ml of serum. As a third report, Gelfi et al.
[46], in the diagnosis of human ovarian car
cinomas (epithelial and endometrial tumours),
attempted quantitation of the amount of mRNA
coding for the basic fibroblast growth factor
(bFGF) by reverse transcription PCR in a com
petitive PCR assay. In the last case, however,
only semi-quantitative data were obtained. We
feel that the present report is the first demon
stration of rigorous gene dosage by exploiting the
natural UV absorbance of the amplified DNA
fragments, in the absence of either pre- or post
electrophoretic labelling.
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Abstract

A method for the determination of 1,2,6-inositol trisphosphate (IP3) and derivatives in plasma by capillary zone
electrophoresis with (indirect) UV detection has been developed. The sample pretreatment is based on the
selective isolation after complexation of inositol phosphates with iron(III) loaded on an adsorbent. Plasma protein
denaturation was performed with sodium dodecyl sulfate. The selectivity of the method is demonstrated with the
analysis of phenylacetate-IP3. The recoveries amount to 65% and 88% in plasma and in water, respectively.

Keywords: Capillary electrophoresis; Adsorbents; Sample pretreatment; Inositol phosphates

1. IntrOduction

1,2,6-Inositol trisphosphate (1,2,6-IP3) and
derivatives which have interesting pharmacologi
cal properties [1] have been investigated for
pharmaceutical application. Therefore, an ana
lytical method is required for the determination
of 1,2,6-IP3, analogues and metabolites in plas
ma. Difficulties include the high protein binding
fraction of the IP3 derivatives in plasma (>99%)
by hydrophobic and electrostatic interactions and
separation and sensitive detection of inositol
phosphates.

Analysis of inositol phosphates has been a
challenging task throughout the years. So far,

* Corresponding author.

inositol phosphates have been determined using
ion-pair and ion-exchange chromatography,
combined, among others, with suppressed con
ductivity detection [2], refractive index detection
[3], radiometric detection [4] and fluorometry
(after complexation) [1]. Furthermore, gas chro
matography coupled to mass spectrometry has
been applied after derivatization of the com
pounds [5]. Since 1992, several papers have been
published dealing with the analysis of inositol
phosphates based on capillary zone electropho
resis (CZE) and capillary isotachophoresis
(CITP) combined with conductivity detection
[6], indirect UV detection [7,8] and, a more
sensitive detection technique, electrospray
ionization-mass spectrometry (ESI-MS) [9]. The
capillary electrophoretic separation of inositol

0021-9673/95/$09.50 © 1995 Elsevier Science BV All rights reserved
SSDI0021-9673(95)00701-6
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phosphates is very efficient but a higher sensitivi
ty is still required.

Inositol phosphates are known to exhibit
strong complexing properties with numerous
metal ions like Fe3+, Ae+, Ca2+, Cd2+ , Zn2 +,
etc. [10-14]. Until now, metal-loaded phases
have been used for metal chelate affinity chro
matography [15,16] and ligand exchange chroma
tography [17-19] of doxorubicin [20], phenols
[21] and uracil derivatives [22]. It may be advan
tageous to use such selective sorbents for the
isolation of 1,2,6-IP3 and derivatives from plas
ma in combination with a protein denaturation
step. It has been established that the association
of sodium dodecyl sulfate (SDS) with all proteins
is accompanied by a drastic conformational
change [23]. By the complexation of SDS all
proteins are dissociated to their constituent poly
peptide chains. Because the adsorbent is selec
tive for iron(III) complexing compounds the
adsorption of SDS can be neglected.

This paper describes a method for the analysis
of 1,2,6-IP3 and a derivative, phenylacetate-IP3,
using several iron(III)-loaded adsorbents in the
plasma sample pretreatment prior to CZE with
(indirect) UV detection.

2. Experimental

2.1. Chemicals

All chemicals were of analytical grade. Iron
nitrate and acetic acid were obtained from J.T.
Baker (Deventer, Netherlands). Ammonium
acetate, ethylenediaminetetraacetic acid
(EDTA), sodium hydroxide, sodium dodecylsul
fate (SDS) and phosphoric acid were purchased
from Merck (Darmstadt, Germany). 1,2,6
Inositol trisphosphate (IP3) and phenylacetate
IP3 (PIP3) were from Perstorp Regeno (Per
storp, Sweden). The amounts of column materi
als used were 20 mg 8-hydroxyquinoline(HQ)
silica and 20 mg iminodiacetic acid (IDA)-silica
with 5 J,Lm particle size (Serva, Heidelberg,
Germany), 40 mg 8-HQ-glycolmethacrylate gel
with 40-63 J,Lm particle size (Lachema, Brno,
Czech Republic) and 0.5 ml IDA-Sepharose
(Pharmacia, Uppsala, Sweden). Hydroxypropyl-

methylcellulose (HPMC) and phytic acid (IP6)
were purchased from Sigma (St. Louis, MO,
USA). 1-Naphtol-3,6-disulfonic acid (NDSA)
came from Janssen (Beerse, Belgium) and 8
hydroxyquinoline-5-sulfonic acid (8-HQS) from
Hopkins & Williams (London, UK). Blank
human plasma, containing citrate for anticoagu
lation, was purchased from the Leiden Universi
ty Hospital.

2.2. Sample pretreatment

The sample pretreatment was performed in
Eppendorf vials (Fig. 1). Each step consisted of
vortexing, centrifugation (Eppendorf centrifuge
5451, Eppendorf Geraetebau, Netheler und
Hinz, Hamburg, Germany) for 10 min at 5000 g
and removal of the supernatant from the pellet.
The plasma sample was mixed with SDS (100
mg/ ml plasma) for 3 min before it was added to
the adsorbent.

2.3. Electrophoresis

The collected fractions were analyzed using

20 mg 8-HQ-silica
in Eppendorf vial

loading

washing

1.0 ml Millipore water

adsorption

0.5 ml (P)IP3 sample.+ 0.5 ml. SDS (100 mg/ml)

washing

1.0 ml Millipore water

desorption

0.5 ml IP6 (10 mM)

Fig. 1. Procedure for the pretreatment of (P)IP3 samples.
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capillary zone electrophoresis (CZE) combined
with (indirect) UV detection. CZE was per
formed on a PlACE 2200 system (Beckman.
Fullerton, CA. USA) equipped with a UV detec
tor (A=214 nm). For UV detection (PIP3) the
electrophoresis medium consisted of IO mM
ammonium acetate buffer pH 5 and 0.0 I%
HPMC to reduce the electroosmotic flow. For
the indirect detection of IP3 a buffer was pre
pared composed of 0.5 mM NDSA, 30 mM
acetic acid pH 3 and 0.01 % HPMC [8]. In both
systems a voltage of -25 kV was applied over a
fused-silica capillary (SGE. Ringwood, Vic..
Australia) of 0.57 m (0.50 m to the detector).
After rinsing the capillary (75 p..m 1.0.. 375 p..m
0.0.) for 2 min with electrophoresis buffer,
pressurized injection was applied for 3 s, corre
sponding to about SO nl. For data collection and
data handling System Gold software, Version
7.12 (Beckman) was used.

3. Results and discussion

3.1. Adsorption

The first sorbent investigated for the adsorp
tion of PIP3, a UVabsorbing IP3 analogue. was
8-HQ-silica. After loading an 8-HQ-silica hand
packed column (20 mg; 5 x 6 mm 1.0.) with
iron(III) (2 ml; IO mM), the adsorption of
analyte (0.5 ml; 200 p..M) was only ca. 50%. The
same result was obtained when PIP3 was first
incubated with iron(III) and subsequently added
to the column. Presumably, both the complex
ation of 8-HQ-silica with iron(III) and the com
plexation of iron(III) with analyte need more
time. Therefore, the whole procedure was per
formed in an Eppendorf vial, which allowed both
complexations after another (Fig. 1). This ap
proach resulted in 100% adsorption of analyte to
the iron(III)-loaded 8-HQ-silica. The non
specific binding of PIP3. determined as the
analyte sorption on untreated 8-HQ-silica, was
below the detection limit.

In order to get insight into the selectivity of
the method, the effect of low pH on the ad
sorption was investigated. Inositol phosphates
have mUltiple negative charges, even at low pH.

At pH 3 (10 mM phosphate buffer), however,
the analyte adsorption was insufficient, caused
by the competing phosphate ions. By increasing
the incubation time to 1 h the analyte adsorption
could be improved to 100% due to PIP3's high
affinity for iron(III). As acetate ions do not
complex with iron(III), pH adjustment wiih 30
mM acetic acid, pH 3, instead of phosphate
buffer did not affect the analyte adsorption.
Nevertheless, all further experiments were per
formed without pH adjustment because no sig
nificant improvement was shown.

3.2. Desorption

After the selective adsorption of PI P3 to the
sorbent the desorption of analyte was investi
gated. Van der Viis et al. [20J desorbed doxorubi
cin from iron( III)-loaded HQ-silica with 1 M
nitric acid. By lowering the pH substantially,
8-HQ is protonated and iron(III) desorbs to
gether with the analyte. However. this approach
is incompatible with CZE analysis with UV
detection because of the high ionic strength of
the obtained sample, leading to enhanced Joule
heating. changes in the local electric field
strength and consequently peak distortion.
Furthermore, the high concentration of nitrate
ions interferes with the analyte in the electro
pherogram. Therefore, another mechanism for
the desorption of analyte was examined, which
was based on the displacement of analyte by a
high concentration of a competing compound
that complexes with iron(IlI). In that case, only
the analyte is desorbed whereas iron(IlI) re
mains on the sorbent. EDTA, inositol hexa
kisphosphate (IP6), 8-hydroxyquinoline sulfate
(8-HQS) and phosphoric acid all complex with
iron(III). The analyte recoveries mounted to
88% using IP6 (0.5 ml, 10 mM) and 25% using
EDTA (0.5 m!. 10 mM). 8-HQS and phosphoric
acid were not effective at all. As the pH of the
IP6 solution was 11, the effect of hydroxyl ions
was investigated by adding 0.01 M sodium hy
droxide to the adsorbent. The analyte appeared
to be selectively displaced by IP6 ions and not by
hydroxyl ions. Although the displacement mech
anism is not yet completely understood. the
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versus the concentration. The correlation co
efficients (r) were 0.999 and 0.996 for PIP3 in
water and plasma, respectively, implying a good
linearity in this concentration range without the
use of an internal standard.

Because of the relatively low sensitivity of UV
detection and especially indirect UV detection,
~he limit of detection of the developed method is
rather high (ca. 10 j-LM). CZE coupled with
electrospray mass spectrometry of inositol phos
phates already showed an improvement of the
sensitivity with one order of magnitude [9].
Thus, for real bioanalysis of inositol phosphates
a concentrating technique [24,28-30] and/or a
more sensitive detection method will be re
quired.

4. Conclusions

The developed method can be used for the
determination of 1,2,6-IP3 and derivatives in
plasma. The advantage of this sample pretreat
ment is the selectivity, enabling the analysis of
highly protein-binding IP3 derivatives (PIP3).
The method can be combined with both CZE
and IPC. It shows good reproducibility and
linearity without the use of an internal standard.
As the method is rather laborious, possibilities
for automation will be investigated. A minor
drawback of the method is the sensitivity, which
is determined by the detection method used.
Therefore, a concentrating technique and a more
sensitive detection method are under investiga
tion for the determination of inositol phosphates
in real samples.
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Fig. 1. Influence of capillary phase on anion separation, (A)
DB-WAX, (B) OB-I and (C) OB-225. Experimental con
ditions: capillary, 50 p.m x 64.5 cm (I = 56 cm); buffer, 20
mM phosphate buffer, pH 8.0; applied potential, -20 kV;
injection pressure, 4 s at 50 mbar; capillary temperature,
20oe; detection, 200 nm.

iodide and thiocyanate show peak tailing and
their elution times tend to increase when using
hydrophobic packing materials. In the case of
eE, although the migration times of the anions
are different, their migration order is the same in
all three capillary types. These results indicated
that anions exhibit no or minimal interaction
with the capillary coatings tested.

With respect to detection sensitivity, the peak
heights of the anions were the same in the
different capillaries, but the baseline noise in
DB-WAX was half that in DB-l and one-third
that in DB-225. In addition, DB-WAX also
provided good migration time reproducibility.
When using the DB-225 capillary and especially
the DB-l capillary, migration times of anions
decreased with repeated runs. Therefore, the
DB-WAX capillary was used for all subsequent
experiments.

3.2. Electroosmotic mobility determination

The electroosmotic mobility, ueo ' was calcu
lated using the following equation

where I and L are the length of the capillary to
the detector and the total length of the capillary,
respectively, V is the applied potential and t is
the migration time of the neutral marker (both
benzyl alcohol [15] and acetone). After 300 min,
no peak was observed, therefore the calculated
electroosmotic mobility was <0.1.10- 4 cm 2 V-I
-[

s
This indicated that the EOF in the DB-WAX

capillary was <2.5% of the EOF typically associ
ated with uncoated capillaries under the same
conditions [16].

3.3. Separation of inorganic anions

Effect of buffer pH
Separations of thirteen inorganic anions were

studied over the pH range 5.0-9.0 using 20 mM
phosphate buffer (Fig. 2). Migration times, elec
troosmotic mobilities and equivalent ionic con
ductivities [17] are shown in Table 1. The elec
trophoretic mobilities were calculated using
migration time data at a pH value of 8.0. Jones
and Jandik [8] reported that plotting the migra
tion times of anions against equivalent ionic
conductivities gives a second-order polynomial
curve. However, in this study plots of electro
phoretic mobilities against equivalent ionic con
ductivities were linear, with a correlation coeffi
cient of 0.917 (Fig. 3).

As shown in Fig. 2, selectivity changes were
observed by varying the pH. In particular the
migration times of chromate, arsenite and arse
nate changed markedly with pH. The migration
time of chromate (pKa2 = 6.49) decreased be
tween pH 6 and 7. At pH values higher than
6.49, chromate is a divalent anion and it will
therefore have a larger charge-to-mass ratio,
higher mobility and will migrate faster. At a pH
below 6.49 chromate is a' monovalent anion.
Similarly, the migration time of arsenate (pKa2 =

7.08) decreased as its ionic charge increased.
Below pH 8.0 arsenite (pKa1 = 9.05) was not
observed even after 20 min. This is because it is
neutral at pH values less than its pKa1 and it will
move in the direction and with the velocity of the
EOF, which means that in this case, since the
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Fig. 2. Influence of buffer pH on anion separation. Ex
perimental conditions: capillary, DB-WAX 50 JLm x 64.5 cm
(i = 56 cm); buffer, 20 mM phosphate buffer; applied po
tential, -20 kV; injection pressure, 4 s at 50 mbar; capillary
temperature, 20°C; detection, 200 nm.
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Fig. 3. Relationship between equivalent ionic conductivity
and electrophoretic mobility. Experimental conditions: buf
fer, 20 mM phosphate, pH 8.0. Other conditions as in Fig. 2.

Effect of buffer concentration
The effect of the buffer concentration on the

anion separation was investigated. Using a phos
phate buffer at pH 8, the buffer concentration
was varied from 5 to 50 mM (Fig. 4). Changing
the buffer concentration can have a significant
effect on the effective mobility, and subsequent
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Table 1
Comparison of migration times, calculated mobilities and equivalent ionic conductivities

Anion Species Migration time Mobility Equivalent ionic conductivity
(min) (10- 4 cm 2 V-I S-I) (10- 4 m2 S moll-')

Bromide Br- 4.313 6.98 74.8
Iodide 1- 4.387 6.86 73.6
Chromate CrO;- 4.862 6.19 69.8
Nitrite NO; 4.680 6.43 68.8
Nitrate NO; 4.789 6.29 67.0
Thiocyanate SCN- 5.216 5.77 62.0
Molybdate MoO;- 5.284 5.70 61.2
Tungstate WO;- 5.483 5.49 58.9
Bromate BO; 6.144 4.90 52.3
Chlorite CIO; 6.689 4.50 48.8
Iodate 10; 8.623 3.49 37.2
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Influence of capillary temperature
The influence of capillary temperature was

studied at 15, 20, 25 and 30°C. Resolution
between thiocyanate and molybdate became
poor at 25°C and these peaks merged above
30°e. Although the resolution was much better
at 15°C, this resulted in a long analysis time.
Optimum resolution with minimal analysis time
was obtained at 20°e.

Influence of applied potential
Increasing the applied potential above - 25 kV

resulted in baseline drift and a loss of resolution.
Although the analysis time was increased at the
lower potential of -15 kV, the resolution was
much improved.
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buffer concentration [mM] 3.4. Detection

Table 2
Values of Am • x value and molar absorptivity of inorganic
anions

Ion analysis by CE has generally utilized
indirect detection methods. However, in the
present study direct UV absorbance detection
was employed. The detection wavelength was
optimized by acquiring the spectrum of each
inorganic anion using a diode-array detector.
Values of Amax and the calculated molar ab
sorptivities from the spectrum of the anions are
shown in Table 2. Detection was carried out at

• Molar absorptivity at 190 nm.

Fig. 4. Influence of buffer concentration on anion separation.
Experimental conditions: buffer, phosphate buffer. Other
conditions as in Fig. 2.

migration time, of an analyte when this mobility
contains a significant proportion of electroosmot
ic mobility [11]. This is because increasing the
buffer concentration will decrease the electro
osmotic mobility. However, in these experi
ments, changes in buffer concentration had a
negligible effect on migration time, because the
EOF was effectively eliminated in this study.
Only metal oxoacids showed increasing migra
tion times with increasing buffer concentration.
This result suggests that divalent anions are more
sensitive to buffer concentration than monova
lent anions. This effect of buffer concentration is
expected in light of the well-known dependence
of mobility on ionic strength, which has a larger
effect on the mobility of higher charged ions
(r>2->I-) [18].

The peak shape was considerably influenced
by the buffer concentration. At a buffer con
centration of 5 mM, all peaks were broadened
and poorly shaped. Increasing the buffer con
centration improved the peak shape; however,
an increase in baseline drift was observed above
30 mM, therefore 20 mM was chosen as the
optimum buffer concentration.

Species

Bromide
Iodide
Chromate
Nitrite
Nitrate
Thiocyanate
Molybdate
Tungstate
Bromate
Chlorite
Arsenate
Iodate

Amax

(nm)

<190
195

<190
210
203

<190
209
197

<190
<190
<190

197

Molar absorptivity
(cm- 1 mol-11)

6.4.103
•

1.1 . 104

7.4.10 3
•

3.1,103

5.8' 103

8.1.103
•

1.1.104

8.1' 103

5.1.103
•

1.4.103
•

4.4.103
•

4.6' 103
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Fig. 6. Electropherogram of 1 mg 1-1 each of inorganic
anions by using sample stacking. Experimental conditions:
injection pressure, 200 s at 50 mbar. Other conditions as in
Fig. 5.

from lower than or equal to 10 000 mbar . s, good
resolution was maintained. However, at an injec
tion volume from 25 000 mbar· s, bromide and
iodide could not be separated. Therefore, using
the injection volume from 10 000 mbar . s, repro
ducibility, linearity and sensitivity were evalu
ated. Fig. 6 shows an electropherogram of 1 mg
1-1 of anion standards using sample stacking.
The R.S.D.s (n = 5) were better than 0.6% for
the migration times and 1.5-5.3% for the peak
areas. Over the anion concentration range 0.2-5
mg 1-1, satisfactory linearity (r = 0.9993-0.9999)
could be obtained. However, above a concen
tration of 10 mg 1- 1, peak broadening was

Table 4
Detection limit of anions by using sample stacking

observed. As shown in Table 4, the detection
limits for anions ranged from 14 to 260 J.Lg 1-1 at
a signal-to-noise ratio of 3. The use of stacking
sample injection resulted in a 33-43 fold increase
in sensitivity over a 200 mbar' s pressure injec
tion. Isotachophoretic preconcentration [21] was
also studied using 10 mM sodium pyrophosphate
as the leading electrolyte and 30 mM octane
sulfonic acid sodium salt as the terminating
electrolyte. Although reproducibility and lineari
ty of isotachophoretic preconcentration were the
same as for sample stacking, the maximum
injection volume was less than for sample stack
ing. Furthermore, sample stacking was much
easier. These results indicate that sample stack
ing is useful for trace-anion analysis.

4. Conclusions

A reliable and easy method for the determi
nation of halides, oxyhalides and metal oxoacids
has been developed. The DB-WAX capillary
provided a highly suppressed EOF, enabling a
separation of anions in less than 13 min. This
method demonstrated excellent reproducibility,
good linearity and stable capillary life time. By
using sample stacking, a more than 33-fold
increase in sensitivity was obtained. These re
sults demonstrate that the use of a coated capil
lary with an associated suppressed EOF is useful
for anion analysis. Further applications of this
technique are now being studied.

Specie Detection limit Species
(J.Lg 1-1)

Bromide 24 Tungstate
Iodide 33 Bromate
Chromate 53 Chlorite
Nitrate 14 Arsenate
Thiocyanate 23 Iodate
Molybdate 40

Detection limit
(J.Lg I-I)

75
99
82

260
74
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Fig. 2. Schematic of a sample gradient profile: equilibration
(A-B), gradient (B-C and C-D), column and precolumn
flushing (E-F). See text for details.

2.3. Procedure

Solvents A for the experiments of Figs. 3 and
4 were, respectively, acetonitrile-water (1:99)
and 1% acetonitrile-72 mM TEAP (pH 3.0).
Solvent B was 100% acetonitrile for both experi
ments. An example of the equilibration, gra
dient, and cleanup cycle is shown in Fig. 2.
Equilibration: A-B, 5% B for 5 min; gradient:
B-C, 5-80% B in 20 min and C-D, 80% B for 5
min; cleanup: E-F, 100% B for 10 min, includ
ing 2 min backflushing; and step from 100% B to

, 5% B for the next run. This corresponds to the
conditions of Fig. 3. See Discussion for determi
nation of E-F conditions. In the present studies,
a flow-rate of 1.0 mIl min was used with detec
tion at 210 nm.

3. Results and discussion

3.1. System configuration

Fig. 1 shows a diagram of the system configu
ration. During the cleanup phase (normal gra
dient operation), the precolumn is placed be
tween the solvent A pump and the high-pressure
mixer. For backflushing of the precolumn, the
valve is rotated so that the precolumn is located
downstream from the detector and the flow
through the precolumn is reversed. In this man
ner, contaminants from the solvent A are ad
sorbed on the precolumn so that a cleaner
solvent A is delivered to the analytical column
(Fig. 1, cleanup). After each run, strongly re
tained contaminants are first washed from the
analytical column using strong solvent in the
normal configuration, then the valve is rotated
and the clean strong solvent from the analytical

column backflushes the previously adsorbed con
taminants from the precolumn (Fig. 1, back
flush). It should be noted that the pressure drop
across the precolumn should not exceed the
pressure limit of the detector cell or cell leakage
could result. UV detector cells typically have
pressure limits of 100-150 p.s.i., but the detector
operation manual should be consulted for exact
specifications.

3.2. Timing considerations

As noted earlier, Fig. 2 shows a schematic of
the mobile phase timing cycle for the runs of Fig.
3. The equilibration phase (Fig. 2, A-B) was
arbitrarily chosen, and as noted in the discussion
of Figs. 3 and 4, appears to be too short. The
gradient conditions (Fig. 2, B-C-D) are chosen
for illustrative purposes, and would be changed
to match the requirements of the individual
method. The timing of the E-F flush and back
flush cycle needs to be determined empirically.
The requirements for flushing the analytical
column are determined in the normal manner by
flushing with strong solvent until late-eluting
peaks and contaminants are removed and the
baseline stabilizes. For the present example
using blank gradients, the flushing phase took 8
min for the conditions of Fig. 3 and 11 min for
Fig. 4. Once the baseline stabilizes after column
flushing, the switching valve is changed from the
cleanup to backflush mode (see Fig. 1). Strong
solvent then backflushes contaminants from the
precolumn. When the baseline once again stabil
izes, this phase is complete and the valve is
returned to the cleanup mode and the mobile
phase steps back to the initial equilibration
conditions. In the present examples, the back
flush phase took 2 min for the conditions of Fig.
3 and 4 min for those of Fig. 4. Once the
conditions are determined for a particular analy
sis, they should be reproducible and can be
entered into the program controlling the mobile
phase composition and switching-valve position.
A wise chromatographer will add additional time
to the flush and backflush phases to accommo
date unexpectedly dirty samples or solvents.
Because contaminant buildup on the column and
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Fig. 4. Same conditions as Fig. 3, except solvent A is 1% acetonitrile-72 mM TEAP. Flushing cycle, ll-min column flush and
4-min precolumn backflush.

noise comes from mobile phase additives. In the
present example of TEAP additives, a 50-fold
increase in baseline noise is observed over the
additive-free mobile phase (compare Figs. 3A
and 4A). With the on-line cleanup technique,
however, the baseline is comparable with or
without mobile phase additives (the difference in
baseline offset is due to the scale differences).

3.4. Practical considerations

In addition to the discussion above regarding
valve timing and detector pressure limit precau
tions, several other items of practical considera
tion are important. Fig. 5 shows five consecutive
gradients run under conditions similar to those of
Fig. 4. This illustrates that the cleanup procedure
is sufficiently reproducible to consistently re
move contaminants from the aqueous portion of
the mobile phase.

The use of the present cleanup technique
reduces baseline noise, and thus allows detector
operation at lower wavelengths and higher sen
sitivities. As these more demanding conditions
are used, baseline drift becomes increasingly

important, as is illustrated by the drift of Fig. 3
for the upward drift of the baseline between 10
and 30 min. With the conditions of Figs. 3 and 4,
the baseline drift indicates that solvent B absorbs
UV light more strongly at 210 nm. Baseline drift
in cases such as these often can be corrected by
adding an unretained, UV-absorbing compound
to solvent A. Compounds such as nitrate or
thiourea have been reported as effective in
correcting absorbance mismatch in cases like this
[6]. With the addition of absorbance-matching
additives comes the risk of further inadvertent
contamination of the mobile phase by UV-ab
sorbing impurities (as in Fig. 4A), but the pres
ent technique should remove such contaminants.
The correction of absorbance mismatch would
complement the present cleanup technique in
improving signal-to-noise ratios through the re
duction of baseline noise and drift with low
wavelength gradient applications.

The present example uses a hand-packed pre
column to remove mobile phase contaminants.
From a practical standpoint, it may be more
convenient to use a cartridge-type guard column
instead. Ideally the bonded-phase type in the
precolumn should match the phase in the ana-
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Table 1
The effect of pH' on the retention factor of d- and A
[Ru(phen)3f+ isomers

pH

3.71 4.63 6.03

k' 0.27 0.79 1A2
"k' OAO 1.24 2.30
"

k' /k' 1.48 1.57 1.62
~ A

a Conditions; column: 3% immobilised DNA (5 /Lm; 270 x
3.9 mm 1.0.); mobile phase, sodium acetate buffer-15%
methanol; flow-rate, 1 ml/min.

Cytosine or Guanine Adenine

~
/ NaBH4

N~

DNA_N~NHl; 0

Fig. 4. Synthetic outline for DNA-cellulose paper.

to optimise the experimental conditions. For
example, lengthening the column from 120 to
270 mm accentuated the retention differences
between the [Ru(phen)3]2+ enantiomers and as a
result the separation of the peaks increased (k~ /
k~) from 1.13 to 1.31. Packing considerations
meant that the individual column length was
limited to about 300 mm. However, this could be
overcome by connecting columns in series. A
reduction in particle size from 15 /-Lm to 5 /-Lm
resulted in a reduction in half-width for ~

[Ru(phenU2+ from 0.93 to 0.68 min and for
A-[Ru(phen)3]2+ from 1.65 to 0.57 min.

Control of protonation of DNA [34,35] is
essential for intercalation to be evaluated, and
this was achieved using sodium acetate buffers.
The degree of [Ru(phen)3]2+ affinity for DNA
was compared over the pH range 3.7-6.0. In
dividual enantiomers of [Ru(phen)3]2+ were in
jected onto equilibrated columns at the desired
pH. Results are given in Table 1. Relative
retentions were found to improve with higher
pH, although even at pH 3.71 there was a
retention difference between the isomers. The

~-isomer eluted before the A-isomer at each pH
value. These results, which were confirmed by
circular dichroism spectroscopy (CD), are illus
trated in Fig. 5. This retention order was not an
expected result, since the ~-isomer is reported
[36-39] to interact preferentially with DNA
when intercalation is the dominant mode, and
hence might be expected to have a longer re
tention time.

The nature of the chosen buffer on retention
order was tested, since resolution of
[Ru(phenU2+ achieved by dialysis using Tris
buffer in the presence of DNA showed [38]
preferential retention of the ~-isomer. Tris buf
fer (pH 7.1) was substituted in place of sodium
acetate and an enantiomeric mixture of

1000

500

,
I

-1000 1
Wavelength (nm)

Fig. 5_ CD spectra of d- and A-[Ru(phen)312+ eluted from a
3% immobilised DNA column (5 /Lm, 270 x 3.9 mm 1.0.),
sodium acetate buffer-15% methanol (pH 6.03), flow-rate 1
ml/min. d-enriched leading fraction (-), A-enriched trailing
fraction (---).
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Book Review

JOURNAL OF
CHROMATOGRAPHY A

A Practical Approach to Chiral Separations by Liquid Chromatography, edited by G. SUbramanian,
VCH, Weinheim, New York, Basle, Cambridge, Tokyo, 1995, x + 405 pp.; price DM 178/£72; ISBN
3-527-28288-2.

Several books. dealing with the general theme
of liquid chromatographic enantioseparation
have been published. However, this very dy
namic and rapidly evolving area justifies a fre
quent update of recent developments, particu
larly if a strong emphasis on practical appro:;lches
is suggested by the title. This multi-author book
is divided into twelve chapters covering the area
reasonably broadly and in a few cases in depth.

Chapter 1, entitled "An Introduction to En
antioseparation by Liquid Chromatography", by
C. White and G. Subramanian, is very fun
damental and somewhat shallow, particularly if
compared with other chapters of this book, but it
gives an easy start to work through the following
chapters.

The second chapter, entitled "Modelling
Enantiodifferentiation in Chiral Chromatog
raphy", by K. Lipkovitz, gives an excellent
insight into the problems to be faced by getting
into the molecular modelling and docking busi
ness and their adoption for enantioseparation.
The author stresses very honestly the bottlenecks
and that simulations of conformation and sepa
ration mechanisms often do not parallel the
experimental results very well. Molecular model
ling is a slogan and I fully agree with the author's
opinion that it should be done more frequently in
cooperation with established modelling groups.
There is much to be gained in the future; how
ever, today it seems rather exaggerated to claim

SSDI0021-9673(95)00913-2

that in practice the enantioseparation of com
pound X will be solved easily by a predictive
separation modelling system. Regarding this
chapter, one also gets the feeling of the direction
in which one sector of the field of enantiosepara
tion might be going.

In Chapter 3, "Regulatory Implications and
Chiral Separations", by J. Brown, a very im
portant issue with respect to the whole area of
the chirality of xenobiotics and its implications in
drug safety and efficiency is briefly discussed. In
my view, one could have supported the state
ments with more up-to-date and relevant exam
ples. The important issues of chirality with re
spect to extensive and slow metabolizers and
pharamacogenetic aspects are not even men
tioned. However, I agree that a broader discus
sion of the pharmacological aspects of chirality
might be a subject for a separate book, and
hence this chapter should be considered more as
brief background information.

Chapter 4, by B. Sellergren, dealing with
molecular imprinting-type chiral stationary
phases (CSPs), quasi-tailor-made ones, gives an
excellent overview of the state of the art. How
ever, for an analyst facing a particular chiral
resolution problem, it might not be so easy to
adapt the imprinting approach to solve a given
resolution task in a reasonable amount of time.
Nevertheless, the great potential of the tech
nique for several methodologies involving chiral
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recognition is clearly highlighted. In practice, I
am afraid only very few people will follow this
idea for analytical purposes only.

In contrast to Chapter 4, Chapter 51 entitled
"Cyclodextrin Bonded Chiral Stationary Phases
(CSPs) in Enantiomer Separations", by A. Stal
cup, gives a much less complete insight to this
successful group of chiral selectors introduced
years ago and adopted by several research
groups and companies producing CSPs. The full
power of CDs with respect to enantioseparation
has, however, been realized in recent years for
capillary electrophoretic-type separations and
the CD-based CSPs to be used in LC lose their
significance to some extent, although there have
been developed and described very dedicated
CSPs. References concerning these are unfor
tunately missing and the content of the chapter
deals primarily with the work performed by the
author.

Jules Dingenen's Chapter 6, entitled "Polysac
charide Phases in Enantioseparations", is very
competently written by an expert also active in
the area of enantioseparations on a preparative
scale. There is no doubt that the polysaccharide
based CSPs filled in columns for analytical and/
or preparative applications have the broadest
range of enantioselectivity towards the very
diverse range of chiral compounds to be re
solved. The literature on such CSPs is massive
and only an excerpt could be presented in order
to remain within the planned size of the chapter.
However, what is shown gives a good indication
that there also exist certain structure-resolution
relationships and it seems worthwhile to optimize
the enantioselectivity by systematic variations of
the separation conditions.

Chapter 7, "Separation of Enantiomers by
Protein Based Chiral Phases", by S. Allenmark,
summarizes the development and the state of the
art of such CSPs. Particular emphasis is given
also to the discussion of selected examples of
useful applications. The potential of protein-type
CSPs but also the limitations become apparent,
and the author deserves credit for a clear pre
sentation.

A most comprehensive chapter on "Optically
Active Polyacrylamide/Silica Composites and

Related Packings and their Application in Chiral
Separations" is given by J. Kinkel. Although
these CSPs are not very widespread, their po
tential could be demonstrated. A comparison
with the most successful polymer-based CSPs,
the chiral polysaccharide-type CSPs, is lacking.
All the various grafting and polymerization stra
tegies described are probably beyond the scope
of this book, but are certainly of interest to
"insiders" and to those who might start to
develop synthetic polymer-type CSPs or chiral
polymers in general on their own.

Chapter 9, by C. Pettersson and E. Heldin,
deals with "Ion-Pair Chromatography in Enan
tiomer Separations" , an interesting analytical
technique, from both a theoretical and also a
practical point of view. This very well described
technique is, however, not too widespread and
therefore the majority of the cited literature
stems from the Swedish research group. In
recent years similar mobile phase additive tech
niques have been adopted in capillary electro
migration separation methods and there their
potential seems to be even greater than in
conventional LC.

Chapter 10 by B. Clark is entitled "Separation
of Enantiomeric Compounds by Chiral Selectors
in the Mobile or Solvent Phase". This article
covers a broad spectrum of different methods
with the result that it is somewhat superficial and
mainly refers to the original articles. The para
graph demonstrating the potential of statistical
methods and algorithms to optimize enantiosepa
rations should be very helpful to practitioners in
the field.

The last two chapters of this book, Chapter 11
by I. Mutton, "Chiral HPLC in the Pharma
ceutical Industry", and Chapter 12 by T. Noctor,
"Bioanalytical Applications of Enantioselective
High-Performance Liquid Chromatography", are
in a way similar and somewhat repetitive of each
other and some of the previous but more special
ized chapters. These chapters do not contain
much new information with respect to the meth
odology of chiral chromatography. However, the
specific problems to be faced with enantiosepara
tions in biological matrices are discussed in an
open and honest form, which is to be ap-
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