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SUPERCRITICAL FLUID CHROMATOGRAPHY:
METHODS AND PRINCIPLES

Paul A. Peaden and Milton L. Lee
Department of Chemistry
Brigham Young University

Provo, Utah 84602

ABSTRACT

Supercritical fluid chromatography has undergone much
development in the past ten years. Important to this progress
has been an understanding of the principles and problems involved.
This review covers many of these principles, drawing on past work
to illustrate how variables such as viscosity, temperature,
pressure, and others, affect resolution. Overviews of the tech-
nical problems in instrumentation and column technology are also
given.

INTRODUCTION

Supercritical fluid chromatography (SFC) is chromatography
in which the mobile phase is a highly compressed gas. This
condition is achieved in circumstances in which the operating
temperature is higher than the critical temperature of the mobile
phase and the operating pressure is sufficient to impart a sol-
vating ability to the mobile phase. Pressures typically used
vary from about one-half to several times the critical pressure

of the mobile phase.
179
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There are several features which make SFC desirable. The
properties of a supercritical fluid are intermediate to those of
gases and liquids. Two properties of primary importance in
chromatography are solute diffusion coefficients and viscosity.
Solute diffusion coefficients are higher in supercritical fluids
than those in liquids, but they are lower than those in gases.
As a result, optimum mobile phase flow rates are highest for
gases, lowest for liquids, and intermediate for supercritical
fluids. Analysis speeds are expected to increase in the sequence
liquid chromatography, supercritical fluid chromatography, and
gas chromatography.

The mobile phase viscosity determines the pressure drop
across a column necessary to achieve the desired flow rate.
Column pressure drops are about the same for gases and supercri-
tical fluids, but are between 10 and 100 times greater when
liquids are used. This is consistent with the fact that viscosi-
ties of gases and supercritical fluids are about the same, while
liquids have viscosities which are about one hundred times greater
than either gases or supercritical fluids.

Another advantage of using supercritical fluids in chromato-
graphy is their ability to handle high molecular weight and ther-
mally labile compounds which cannot be analyzed by gas chromato-
graphy. Increasing the density of a supercritical fluid increases
its ability to dissolve larger compounds. By controlling the

density of the supercritical fluid through pressure control,
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another advantage is obtained, since now the solvating ability of
the mobile phase can be adjusted. Progressively increasing the
mobile phase density throughout a chromatographic run causes
higher molecular weight materials to be eluted. This is similar
in many respects to temperature programming in gas chromatography
and solvent programming in liquid chromatography. The molecular
weight range capable of being analyzed by SFC in some cases
extends over the full range of both gas and liquid chromatography.

The variety of mobile phases possible for use in SFC adds
the dimension of mobile phase selectivity as a factor which can
aid in obtaining separations. Liquid chromatography is the most
flexible in this regard since many more mobile phases are avail-
able for use. The variety of mobile phases available for SFC is
limited by the critical temperatures and thermal stabilities of
the fluids considered. In gas chromatography, the mobile phase
has no selectivity, making variations in selectivity limited to
modifications in only the stationary phase.

Capillary columns achieve their usefulness in SFC exactly
for the same reasons that make them useful in gas chromatography.
Packed columns have many possible mobile phase flow paths which
add to band broadening. This is not the case with capillary
columns. Also, capillary columns can be made much longer than
packed columns, making it possible to generate very high numbers

of theoretical plates.
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HISTORICAL

The solvating ability of supercritical fluids was not dis-
covered until 1879 when Hannay and Hogarth (1) studied the solu-
bilities of cobalt and ferric chlorides in supercritical ethanol.
They found the concentrations of the metal chlorides to be much
higher than vapor pressures alone would predict. Absorption
spectra of the chlorides were essentially the same as found in
the corresponding liquid solution.

SFC was first reported by Klesper, Corwin, and Turner in
1962 (2). Using various chlorofluoromethanes, they demonstrated
the separation of nickel porphyrin derivatives from each other.
Work by Karayannis et al. continued this research with studies of
the separation of a number of porphyrins (3,4) and also metal
chelates (5,6) with dichlorodifluoromethane as the mobile phase.

A number of excellent and indepth studies using carbon
dioxide, isopropanol, and pentane as mobile phases were conducted
by Sie and Rijnders (7-11). 1In addition to demonstrating various
applications of SFC, they presented a good evaluation of many
theoretical aspects of this technique.

Part of the usefulness of SFC comes from its ability to
handle high molecular weight and thermally labile compounds. This
usefulness is shown in part by the types of compounds which have
been separated using various mobile phases. Classes of compounds

which have been chromatographed include paraffins (7,12), alkyl-
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bromides (13), aromatic hydrocarbons (11,14), metallo-organic
compounds (13), polystyrenes (15-17), phospholipids and epoxy
resins (18), various natural products (19,20), sugars, amino
acids and proteins (21), polysiloxanes (22), and alcohols and
acids (23).

Several reviews have appeared which are excellent treatments
of SFC. Van Wasen et al. (24) reviewed SFC in terms of physico-
chemical properties and instrumental considerations. Klesper
(25) reviewed the principles of SFC, column performance, instru-
mentation, and applications. Reviews by Gouw and Jentoft (26-28)
cover all aspects of SFC, including many applications and prac-

tical considerations.

VISCOSITY EFFECTS

4

The viscosity of a supercritical fluid is approximately 10
to 10—3 g/(cm-sec). This is only slightly higher than that of
gases, and a factor of 10 to 100 times lower than that of liquids
(24,25). Because of this, column pressure drops are about an
order of magnitude smaller than those observed with liquid mobile
phases. Nevertheless, column pressure drops are more important
in SFC than in gas or liquid chromatography because of the density
changes that they create in the mobile phase. These density
changes have effects on selectivity (8,22), retention (29,30,31),

and column efficiency (30,32).
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Considerable data have been published on the viscosity of
various substances under supercritical conditions by Stephan and
Lucas (33). Viscosity increases with pressure, but is related
more accurately to the molar density of the mobile phase. The
change in viscosity roughly follows the relationship:

1/n = B(V-Y,)/V, [1]
where n is the viscosity, V the molar volume, V, the molar volume
where n becomes infinite, and B is a constant which varies for
different solvents (34). With sufficient compression, it is
possible to bring the viscosity of a dense gas to values equal to
those of the liquid mobile phase. At this point the gas density
is equivalent to liquid mobile phase densities, and many of the
advantages of the dense gas state over the liquid state are lost
(34).

Flow profiles in supercritical fluid chromatography are much
more likely to have a turbulent character than in gas or liquid
chromatography. The extent of this turbulence is often indicated
'by a quantity known as the Reynold's number. This is a dimension-
less number given by Re = pvdp/n, where p is the fluid density, v
the velocity, dp the particle (or tube) diameter, and n the
viscosity. Higher Reynold's numbers indicate more turbulence. In
packed columns, turbulence increases its role as Re varies from
one to one hundred. Open tubular columns require Re values
around 2100 for turbulence to occur (35). In supercritical

fluids, densities are greater than in gases, and viscosities are
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similar to those found in gases. Because of this, the ratio p/n
is larger, making turbulence more prevalent in SFC (8,36).
Reynold's numbers in the dense gas region are found to be one
thousand times larger than those in gas chromatography and about
ten times larger than those in liquid chromatography. This can
be beneficial to the chromatographic process if stationary phase
mass transfer effects are small enough (37).

The effect of pressure drop on column efficiency has been
studied by several workers. From the assumption that the
diffusion coefficient times the mobile phase density is constant
and that for an ideal gas the product PV is a constant, it has
been shown that pressure drops should not adversely effect the
efficiency of a chromatographic system (38,39). This has been
found to hold true for up to about 80% of the critical pressure
(40), but not at higher pressures (30). SFC, however, is not a
chromatographic system in which ideal gas behavior is followed.
For gases, detailed relationships show viscosity to have signi-
ficant effects on diffusion (41,42). In liquids, diffusion
coefficients decrease with increasing viscosity. In fact, solvent
viscosity is the most important factor affecting solute diffusi-
bility (43). Because viscosity also plays a role in determining
diffusion coefficients, the product between the diffusion coeffi-
cient and the mobile phase density, rather than being a constant,
is found to vary with pressure. This is especially true near the

critical point (24,44). Since the solute diffusion coefficient
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varies along the column length due to mobile phase viscosity and
density changes, larger theoretical plate heights are often
obtained than are theoretically predicted. However, this can be
totally compensated for by the increased mass transfer due to
turbulence in the mobile phase (40,45).

Density changes along the column length cause solute reten-
tion to vary along the column length. The mobile phase linear
flow rate has a direct effect on the magnitude of this column
density drop. The combination of these two effects results in
changing k' values when column flow rates are varied (31).
Selectivity has also been observed to be affected by density
changes along a column (30). Losses in resolution due to these
effects have caused some workers to use columns packed with
larger particles and operate at higher temperatures in order to
minimize density gradients (30,31). Capillary columns present an
advantage in light of these concerns since column pressure drops
are very low and, therefore, density changes along the column
length are minimized (46,47). An alternate approach is to work
at higher pressures where the variation of viscosity and density
with pressure is smaller. Under these conditions efficiency
losses are minimal, even with small particle columns, and very
good results can be obtained (19,32). This is demonstrated in
figure 1 where several polycyclic aromatic hydrocarbons have been

separated on a 3 pm particle diameter packed column using CO, as

2
the mobile phase (32).
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FIGURE 1. Nine polycyclic aromatic hydrocarbons separated on a
3 tm particle diameter packed column with CO, at 33°C
as the mobile phase; inlet pressure, 400 ba¥t; outlet
pressure 243 bar (ref. 32).
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DIFFUSION EFFECTS

Optimum linear velocities in chromatography are directly
proportional to the mobile phase diffusion coefficient and inver-
sely proportional to particle diameters (48). It is this direct
dependence of optimum linear operating velocities on diffusion
coefficients which predicts that the optimum mobile phase veloci-
ties in SFC are about one hundred times greater than those in
liquid chromatography (since the diffusion coefficients are one
hundred times greater). These higher diffusion coefficients
provide another advantage in SFC. Mobile phase flow rates greater
than the optimum can be used with less loss in column efficiency.

Increases in theoretical plate heights due to mobile phase
velocity increases are directly proportional to the square of the
particle diameter and inversely proportional to diffusion coeffi-
cients in the mobile phase. The combination of these two effects
allows for very high speed chromatography to be performed. This
has been shown by several workers (8,11,31,32). By using smaller
particle diameters to minimize the increase in plate height with
velocity, it has been possible to separate toluene and naphthalene
in less than 20 seconds (32).

Diffusion coefficients in SFC are slow enough to make use of
the infinite wall effect also seen in liquid chromatography. This
has been shown in work by Semonian and Rogers (40) in which they

used 0.53 cm i.d. columns.
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TEMPERATURE AND PRESSURE EFFECTS ON RETENTION

Principally two properties are responsible for determining
the retention of a solute in SFC. These are the volatility of
the solute and its solubility in the mobile phase. Thus, it is
possible to separate compounds having the same volatility based
on solubility differences in the mobile phase. Less volatile
compounds can even be made to elute before more volatile com-
pounds. This occurs if the mobile phase is a better solvent for
the less volatile compounds. An example of this effect has been
shown by the separation of 1,1'-binaphthyl and anthracene (10).
With n-pentane as the mobile phase at 40 kg/cmz, anthracene elutes
well before 1,1'-binaphthyl at 300°C because it is more volatile.
At the same pressure, but at 200°C, 1,1'-binaphthyl elutes before
anthracene because it is more soluble in the mobile phase.

At constant temperature and pressure, homologous series show
predictable changes in solute retention. Retention in chromato-
graphy is often measured as a function of k', where k'=(tr—t°)/to.
Here tr is the retention time of the solute and t, is the reten-
tion time of an unretained solute. As shown in figure 2, plots
of log k' against carbon number for n-alkanes using CO2 as the
dense gas mobile phase are linear (7,24). This principle has also
been demonstrated for series of alkyl phthalates (9) and poly-

cyclic aromatic hydrocarbons (10).
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FIGURE 2. Relative retention of C,-C n-alkanes using carbon
dioxide as the mobile phaSe and squalane as the station-
ary phase (ref. 7).
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FIGURE 3. Log k' of decane, hexadecane, eicosane and squalane
plo%ged against the density and pressure of carbon
dioxide at 40°C using Carbowax 400 on 100-120 mesh
Porasil C as the stationary phase (ref. 24).

For non-volatile compounds the mobile phase density plays
the most important role in determining k' values. Several workers
have shown that plots of log k' against the density of the mobile
phase for various solutes are almost linear (21,22,24,32,40,49).
Figure 3 illustrates this phenomenon for alkanes with plots of
log k' against 002 density using Carbowax 400 as the stationary
phase. Since both pressure and temperature play important roles
in controlling mobile phase density, changes in either parameter

should affect retention. This has been shown to be the case with
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naphthalene in CO, at various temperatures and pressures (24).

2
When log k' of naphthalene is plotted against the density, rather
than pressure of the mobile phase, data obtained at 35°C, 40°C,
and 50°C are all found to lie practically on the same line.
Basing solubility on mobile phase density alone is to some extent
oversimplified, but still serves as a very important guide for
retention in SFC. Decreases in k' values obtained by lowering
operating temperatures can be attributed to the increased density
and, therefore, solvating ability of the mobile phase at the
lower temperatures (9,22,31,40,45). Increases in k' values
obtained when temperatures are increased, but pressures are held
constant, are likewise a result of decreasing the mobile phase
density.

It is a well known fact that the solubilities of solutes in
liquids generally increase with temperature (although they can
also decrease). This is also the case with supercritical fluids.
At higher pressures where the density of the supercritical fluid
does not change as much with temperature or pressure, the effect
of temperature on solubility would be expected to become more
noticeable. An example of this is shown in figure 4 where an
increase in the solubility of naphthalene in ethylene is observed
with temperatures increasing from 7° to 57°C at both 127 and 304
bar (50). This can also be seen in log k' versus density plots

of polycyclic aromatic hydrocarbons in CO2 (32) where, with a
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FIGURE 4. The solubility of naphthalene in ethylene as a function
of pressure and temperature (ref. 49).

constant mobile phase density, higher temperatures gave smaller
values for k'.
In constant temperature work, the mobile phase density is

the controlling factor in solute solubility. This was expressed
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in early work in terms of threshold pressures. The concept of
threshold pressures was introduced by Giddings when it was
observed that certain minimum pressures were required to obtain
the chromatographic migration of macromolecules (20,21,51).
These minimum pressures both increased and became more abrupt
with increasing molecular weight. To describe this effect and to
better understand the eluting power of various supercritical

fluids, a solubility parameter 6 was defined (21,52) as:
%
5 =1.25 Pc(p/pliq) [2]

Here PC is the critical pressure of the mobile phase, p is the
density of the mobile phase, and pliq. is the density of the
mobile phase in the reference liquid state. Qualitatively, the
closer the solubility parameters of the solute and mobile phase
are to each other, the better is the ability of the mobile phase
to act as a solvent for that solute. This means that adjustments
of the mobile phase density in order to bring its solubility
parameter to the same value as that of the solute will cause
chromatographic migration. Other factors are also important in
predicting chromatographic migration (25,51), but the solubility
parameter can still serve as a guideline in understanding mobile
phase and solute interactions.

Based on the thermodynamic properties of gases, the following

relationship (49) has been derived:



SUPERCRITICAL FLUID CHROMATOGRAPHY 195

omob wstat
<81n k'> _ Vi Vi (8_P> o1 (3]
ap - RT 3p 0
mob T T

where V:mOb and V?Stat

are the partial molar volumes of a test

substance i at infinite dilution in the mobile and stationary

phases. An integration of this equation predicts plots of log k'

against log p to be linear. This has been shown to be the case

with various types of compounds in CO2 (24,52). This relationship
between mobile phase density and retention is much like that

found for relationships of retention and solvent composition in

liquid chromatography where plots of log k' against the solvent

composition or the log of the solvent composition have been

reported (53,54). This serves to further emphasize the similarity
of SFC to liquid chromatography.

The roles of pressure and temperature in determining solute
solubility in the mobile phase are further treated in studies of
phase diagrams and phase equilibria (44,55,56). In the simplest
case, the transition from two immiscible phases to the single
phase supercritical fluid state is found along a curve connecting
the critical pressures and temperatures of the substances involved
as shown in figure 5. In this case, chromatographic migration of
solutes can be achieved by raising the pressure of the system
sufficiently. More complex equilibria are possible when the

phase transition to a single phase system does not lie on a curve
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=
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FIGURE 5. Phase diagram of two mutually miscible compounds in the
critical region. (—) critical curve for mixtures of
components 1 and 2; (....) vapor pressure curves for
components 1 and 2; CP., and CP, are the critical points;
1, g, and 1g represen% regions where the liquid, gas,
and both liquid and gas phases are present. Raising
the temperature T between CP. and CP, will cause the
liquid component 2 to become miscible “with component 1
in the gas phase.

connecting the critical points of the solute and solvent. This
is shown in figure 6. In this situation, it is possible to never
reach (at any pressure) adequate solubility for chromatographic
migration at a selected temperature T'. A higher temperature T",

however, does allow miscibility to occur as the pressure is



SUPERCRITICAL FLUID CHROMATOGRAPHY 197

I g
P
cP
\ Ig
.ilg ,_,/'/ CP,
T T

T

FIGURE 6. Phase diagram of two compounds not exhibiting total
miscibility in the critical region. (=-=--- ) vapor
pressure curve for the two immiscible liquids, 11; two
immiscible liquids and a gas phase, 11lg; other symbols
are as in figure 5. At temperature T' total miscibility
never occurs with increasing pressure. Increasing the
pressure at temperature T" first causes miscibility,
and then as even higher pressures are used, immisci-
bility.

increased. Figure 6 also demonstrates the possibility of
decreasing miscibility with increasing pressure. This has been

demonstrated in some very high pressure work with CO2 in which

the solubilities of stearic acid and octadecanol were shown to
decrease in the pressure region from 270 atmospheres to 2000

atmospheres (29,57).
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These types of phase equilibria show a parabolic dependence
of solubility on the density of the mobile phase (50,51). This
allows retention data to be fit to an equation of the form:

ln k' = ap? - bp + c [4]

At lower pressures, the magnitude of the ap2 term is usually
insignificant, resulting in the almost linear plots of 1n k' =
c - bp previously described (see figure 3). A parabolic dependency
of In k' on the volume fraction composition of the mobile phase
has also been described in liquid chromatography (58). This
serves to give further support to the idea that retention mechan-
isms for SFC and liquid chromatography are quite similar to each
other.

At lower pressures, second virial coefficients between the
mobile phase and solute can be used to describe retention changes
with pressure (7,24). Theory predicts k' to vary with pressure

according to the relation:

P-P
[ ' ) -
In k 1n kPO * T RT (2B1,2 V2) [5]

Here P, is the reference pressure, P is the pressure, V2 is the

partial molar volume of the solute in the stationary phase at

infinite dilution, and B1 2 is the second virial coefficient of
’

the interaction between the mobile phase and the solute. This

equation predicts a straight line for plots of 1n k' against

pressure having slopes of 2B1 2/RT. Experimental results
b4
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(7,24,40) have shown this relation to hold with pressures up to
70% of the critical pressure of the mobile phase.

The increase in solubility with increasing pressure gives
rise to a technique similar to temperature programming in gas
chromatography or solvent programming in liquid chromatography.
By gradually raising the pressure during a chromatographic run,
it is possible to elute compounds over a wide molecular weight
range. This was first shown by Sie and Rijnders (10) in the
separation of components in a polyphenyl tar. ‘Giddings mentioned
this possibility in his work (29), but the first real demonstra-
tion of the potential of this technique was shown by Jentoft and
Gouw (36) in separations of polycyclic aromatic hydrocarbons,
polystyrene oligomers, and polyphenyl ethers with pentane contain-
ing 5% methanol as the mobile phase. Separations of polystyrene
oligomers are shown in figures 7 and 8. Pentane containing 5%
methanol and a packed column containing Porasil C (120-150 pm)
with bonded n-octyl groups were used for the separation in figure
7. The separation in figure 8 resulted from the use of pure
pentane as the mobile phase and a capillary column containing a
nonextractable 509% phenyl polymethylphenylsiloxane stationary
phase. The improved resolution shown in figure 8 resulted from
the higher number of theoretical plates provided by the capillary
column.

Several workers have studied the effects of different pres-

sure programming parameters on the quality of the resulting
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FIGURE 7. 2100 MW polystyrene sample separated on a four meter
packed column (ref. 36).

separations. It is generally recognized that the slowest program-
ming rates give the best results (22,30,59,60). This is not
unreasonable since the slowest temperature programming rates in
gas chromatography also give the best results. Higher tempera-
tures have also given better results because the pressure-density
isotherms are more linear (22,45). Hence, it is not the pressure
programming rate which is of direct importance, but the rate at
which the mobile phase density is increasing as compared to its
flow rate. The presence of a large pressure drop across a column
can make pressure programming useless for the separation of very

wide molecular weight range materials such as polystyrenes (30).
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FIGURE 8. 2100 MW polystyrene sample separated on a nine meter
capillary column.

Small particles cause large pressure drops which, in turn cause
compounds with different elution pressures to elute closer
together from the column. Columns packed with larger particles
(122 to 205 pm) have low pressure drops and therefore give the
best results. The possibility of nonlinear pressure programming
to compensate for nonlinear pressure-density profiles is also
available (22,45). This also becomes desirable because linear

density programming causes compounds in homologous series to
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gradually elute closer to each other (60). An ideal pressure
programming system would allow members of homologous series to be

eluted at regular time intervals (61,62).

RESOLUTION

Increasing pressure can have both positive and negative

effects on the resolution of sample components. The first treat-

ment of this was given by Giddings in a study of the effect of
pressure on selectivity in chromatography (63). Theoretically,
he demonstrated that pressure increases to about 500 atmospheres
or higher could cause equilibrium shifts large enough to resolve
isomers.

The elution properties of various homologous series at dif-
ferent pressures have been studied by a number of workers
(7,8,24). It was observed that the slope of log k' versus the
carbon number of homologous series decreases at higher pressures
(7,25) and at temperatures closer to the critical temperature of
the mobile phase (22,45). This gives a net loss of selectivity
as higher mobile phase densities are used. While the selectivity
within a homologous series decreases with pressure, compound type
selectivity still remains good. This can be very advantageous
when class separations are desired in wide molecular weight range
mixtures. Very wide molecular weight ranges of the same compound
type can be made to elute together, but separate from other

compound types. This is generally more difficult in gas and
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liquid chromatography in which wide molecular weight range samples
tend to exhibit considerable overlap with other compound types
(7,26).

A more general expression of the pressure and temperature
effects on selectivity can be made by relating the selectivity to
mobile phase density. At constant pressure for homologous series,
it has been shown that (7):

log k' = A + Bn [6]
where A is a constant, B is another constant giving the change of
log k' per carbon unit, and n is the number of carbon units in
the member of the homologous series being eluted. The following
expression has also proven to be approximately true for most work
(32,44):

log k' = a - bp [7]
This relates mobile phase density to the retention of any one
compound at constant temperature. The constant a may be regarded
as the log k' of a component under gas chromatographic conditions
at the same temperature, and b is simply the rate of change of
log k' with respect to mobile phase density, p. Equation 7 can
be used to derive an equation for the slope B in equation 6. The
resulting expression has the form:

B = B0 - mp [8]
where Bo and m are new constants. Inserting this into equation
6, the following equation for retention as a function of mobile

phase density and carbon number is obtained:
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log k' = A + Bon - mnp [9]
Selectivity, o, is usually defined as a = ké / k'l. Using
equation 9 to define k' and solving for o between two members of
a homologous series results in the relationship:
log a = B, - mp [10]
By comparing equations 8 and 10 it can be seen that log «a is
numerically equivalent to the slope B for a homologous series at
any given mobile phase density. By plotting log o against the
mobile phase density and using data taken by Sie and Rijnders
(7,9), the results shown in figure 9 are obtained. This demon-
strates and helps confirm the linear relationship between log «
and mobile phase density. As a practical consequence of this
relationship, the maximum resolution between members of homo-
logous series is achieved when elution is carried out at the
lowest possible mobile phase density. This is demonstrated
further in figure 10 in which the o between two different poly-
siloxanes each containing four phenyl groups is plotted against
pressure using n-pentane as the mobile phase on derivatized and
underivatized Porasil C. Selectivity decreases with increasing
pressure. It is possible to raise the operating pressure suffi-
ciently to cause all compounds of the same type to coelute. In
the less selective system shown, coelution occurs at 32 atmos-
pheres or higher. This does not occur in the more selective
system until 37 atmospheres is reached. Also worth noting is the

fact that the polysiloxanes are still retained when coelution
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FIGURE 9. Plots of log & versus mobile phase demsity for alkanes
in CO. and alkylphthalates in pentane. Data for these
plots “were taken from references 7 and 9.

occurs. This again points out the feasibility of separating
different compound classes from each other with SFC. If coelution
did not occur except when compounds were unretained, class separa-

tions would vary from difficult to impossible.
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FIGURE 10. Comparison of capacity ratios for a cyclotetrasiloxane
(), and selectivity, o, between the cyclotetra-
siloxane and a linear siloxane (A) on 100/150 mesh
Porasil C (—), and on 100/120 mesh n-octyl bonded
Porasil C (---) (ref. 22).

The change in selectivity with changing mobile phase density
which results from large column pressure drops can also be dis-
advantageous. The higher mobile phase density present throughout
the first part of a column gives a lower net o than if the whole

column were closer to the same density.
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Selectivity in SFC is also greatly affected by the choice of
mobile and stationary phases. A main prerequisite for the use of
any substance for a mobile phase in supercritical fluid chromato-
graphy is that it be chemically stable under the conditions to
which it will be subjected. Many possible mobile phases have
been evaluated in this regard by Asche (64). Chlorinated and
fluorinated hydrocarbons usually give some acidic decomposition
products, butanone is partially oxidized, and acetonitrile, when
used with alumina, gives off ammonia. The following fluids are
sufficiently stable for normal use at temperatures above 200°C:
n-pentane, diethylether, methanol, 2-propanol, n-heptane, cyclo-
hexane, diisopropylether, benzene, tetrahydrofuran, and ethylace-
tate. In evaluating the potential uses of these mobile phases,
the polarity of the mobile phase was found to be important in the
quality of the separations obtained.

The choice of mobile phase should be dependent on the types
of compounds to be analyzed. Similar to the fact that some
liquids are better solvents for various types of materials than
others, some supercritical fluids are also better for certain
types of compounds. Examples of this are seen in comparisons of

CO2 and NH, as solvents (20,29,51). Carbon dioxide was shown to

3
be better for purines than NHS’ while NH3 was a better solvent
for carbohydrates and nucleosides. Supercritical CO2 has also

been shown to be a good solvent for various natural products

(50). In a comparison between supercritical CO2 and N20 as
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solvents for a wide variety of polar natural products, NZO was
generally found to be the better solvent.

Both the mobile and stationary phases play important roles
in selectivity. Sie and Rijnders, in their early work, studied
various combinations of polar and nonpolar stationary and mobile
phases. They used n-pentane or 2-propanol as the mobile phase
and polyethylene or polyethyleneglycol as the stationary phase
(9), and were able to demonstrate an increase in selectivity on
the basis of molecular weight or degree of alkyl carbon number by
the proper choice of mobile and stationary phases. Alkyl phtha-
lates were separated most effectively with the polar mobile phase
and nonpolar stationary phase. Using the nonpolar mobile phase
along with the polar stationary phase gave poor selectivity for
the alkyl phthalates, but an improved separation of the polycyclic
aromatic hydrocarbons on the basis of the number of aromatic
rings in the compound. This corresponds well to work by Jentoft
and Gouw (14) in which separations of polycyclic aromatic hydro-
carbons were obtained on the basis of structure when using CO2 as
the mobile phase with a polar stationary phase. When a nonpolar
stationary phase was used, separations were obtained on the basis
of alkyl substitution and molecular weight. These effects are
shown in figures 11 and 12, respectively.

It is also possible to mix different mobile phases to improve
selectivity. Several workers have shown that the addition of

methanol or 2-propanol to pentane improves the selectivity in the
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FIGURE 11. Chromatogram of seven PAH on Permaphase-ETH using CO2
as the mobile phase at 33°C and 1500 psi (ref. 14)°
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separation of nonpolar polymers (22,45,59). This is analogous to
the observation above that 2-propanol gave better selectivity for
separating alkylphthalates. For mixed mobile phases, the critical

constants of the mixture can be approximated by (65):

TC = XATA + XBTB [11]

PC = XAPA + XBPB [12]
TC and Pc are the new critical parameters for the mixed mobile
phase, XA and XB are the mole fractions of solvents A and B, TA

and TB are the critical temperatures of the solvents, and PA and

PB are their critical pressures.

The strong solvating ability of the mobile phase makes the
selection of stationary phases one of the biggest problems in
supercritical fluid chromatography. Because of this, much work
has been done using adsorbents such as alumina, silica, and poly-
styrene (10,22,66). Size exclusion chromatography has also been
used, but poor results were obtained at lower pressures due to
adsorption (34). Karayannis, et al. (6) tried a wide number of
stationary phases with dichlorodifluoromethane as the mobile
phase. The best results were obtained with Carbowax 20M, Versamid
900, Epon 1009, XE-60, and Epon 1001. Polyethylene glycols have
been popular as stationary phases because of their insolubility
in carbon dioxide and pentane (9,13). Polyethylene has also been
used with 2-propanol as the mobile phase (9). The use of bonded

non-extractable stationary phases is preferred since it is

impossible to dissolve them in the mobile phase. These types of
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stationary phases have proven very useful in a wide variety of
studies (14,32,40). Bonded stationary phases in SFC are just as

important as they are in liquid chromatography.

INSTRUMENTATION

The instrumental requirements of SFC resemble those of high
pressure liquid chromatography. ' This is because both systems
make use of high pressures and solvent mobile phases. Character-
istics which make the instrumentation for supercritical fluid
chromatography different from high pressure liquid chromatography
are primarily: (a) the whole column must be under high pressure,
not just the first section; (b) supercritical fluid chromato-
graphy requires pressure control rather than flow control; and
(c) detectors must be designed to either work at high pressures,
or provide for a means to handle eluted compounds after the
mobile phase pressure is reduced to atmospheric values. The
importance of the third point is understood better when one
considers the case of a mobile phase which is normally a gas at
ambient pressures and temperatures. When this mobile phase is
allowed to come to atmospheric pressure, dissolved solutes will
precipitate out. This has been a source of problems for mass
spectrometer interfaces (67) and flame ionization detectors
(51,68,69).

There are many published descriptions and reviews of instru-

mentation for supercritical fluid chromatography (6,7,9,13,16,



SUPERCRITICAL FLUID CHROMATOGRAPHY 213

Preheater

Capillary
| ___Oven _ Cooling Water
Pressure r “““““ 1'
Regulators Pump | Conditioning : Recorder
} Coil |
—=. Column— !
3
| > }
| <
3 | >
o ! Micro-
Variable Speed L, J_T________} Regulating  Detector
Motor L pqe 11 Valve
High Va\llve T Injector
Pressure
N?

FIGURE 13. Apparatus for Supercritical Fluid Chromatography
(ref. 36).

24-27,36,51,60,69,70). A typical schematic of instrumentation
used is shown in figure 13 (14).

Solvent delivery systems have differed mainly with respect
to the type of mobile phase that they were designed to supply.
With mobile phases that are gases at ambient pressures, a gas
cylinder has been connected to high pressure reducing valves in
order to supply the appropriate mobile phase pressure to the
column (6,7). When higher pressures have been needed than that
supplied normally by the gas cylinder, two approaches have been
used. The cylinder has been heated (7), or the pressure to the
column has been raised by means of high pressure pumps (13,24).
For mobile phases which are liquids under ambient conditions,

high pressure liquid chromatographic pumps can be used after they
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are modified for pressure, rather than flow, control (36,60,71).
It is very important that the flow output from these pumps be
pulseless. Reciprocating piston pumps require pulse damping
systems to assure pulseless operation (16), whereas syringe pumps
can deliver pulseless flow without damping (27). The pressure
control system should also allow for pressure programming in
order to increase its usefulness.

Injection systems suitable for high pressure liquid chromato-
graphy can often be used. As in liquid chromatography, injection
systems using septa have pressure limitations and can cause
contamination of the mobile phase (13,27). This has lead to the
use of various kinds of high pressure valves as injection devices
(9,60). Systems allowing the supercritical fluid mobile phase to
act as the injection solvent (9) can be advantageous, but care
must be used to ensure that the entire sample is soluble in the
mobile phase under the injection conditions (55).

Column and mobile phase temperature control is usually
handled by using a constant temperature bath or oven in which
both the column and a coil for preheating the mobile phase are
located. The importance of having good temperature control of
the mobile phase is easily understood in view of the strong
effects that the temperature of the mobile phase has on its
density and sample solubility as previously discussed. This
becomes increasingly important the closer one works to the cri-

tical temperature of the mobile phase (26). For large mobile
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phase flow rates, the coil used to preheat the mobile phase can
become inadequate. Semonian and Rogers studied the ability of
preheating coils to bring the mobile phase to the desired temper-
ature under various conditions (40). For n-pentane at flow rates
from 10 to 320 ml/hr, a ohe meter stainless steel tube (0.22 cm
i.d.) was found to be adequate.

The most popular detector used has been the ultraviolet
detector; various modifications have been made to allow its use
for SFC. Capillary columns require on-column detectors to meet
their small volume requirements (70). Most high pressure liquid
chromatography detectors are not designed to operate under high
pressures. In order to use ultraviolet detection systems with
mobile phases such as CO2 and N20, extremely high pressure cells
are required for detection in the liquid or supercritical fluid
state (6,13,22). Systems have also been devised to allow for
cooling the mobile phase to the 1liquid state, followed by
detection in low pressure ultraviolet detector cells (9,60).
This method allows for any:. of the liquid chromatographic detec-
tors available to be used.

Flame ionization detectors can also be used, but tend to
present some problems because of sample condensation during
mobile phase decompression (7,21,69,72). This same problem is
present in the interfacing of supercritical fluid chromatographs

to mass spectrometers (27,67,73). Other detectors which have
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been used are refractive index (74), adsorption (23), scintilla-
tion (14), and thermoconductivity detectors (12).

If the mobile phase is a liquid under ambient conditions,
fraction collection is easily accomplished by cooling the column
effluent and collecting the liquefied mobile phase as one would
in liquid chromatography (17,27). In the case where the mobile
phase is gaseous at atmospheric pressure, two alternatives have
been used. In one case, a specially constructed high pressure
sample collection chamber (13,27) was maintained at high pressures
with a high pressure nitrogen source so that liquid CO2 fractions
could be collected. By gradually bleeding off the pressure in
these chambers, the solvent free fractions could be obtained.
The other alternative involved mixing the mobile phase with
another higher boiling solvent, such as acetone, at the exit end
of the column (16). This in turn was emptied into the fraction

collector.

CONCLUDING COMMENTS

SFC has several characteristics which make it useful for the
study of wide molecular weight range mixtures and for situations
which demand repeated high speed analysis of high molecular
weight or thermally labile samples. The development of efficient,
easy to use instrumentation will help propagate this analytical
method. Detectors still need considerable improvement to make

this technique more widely applicable. Another aspect which



SUPERCRITICAL FLUID CHROMATOGRAPHY 217

needs to be further explored and demonstrated is the determination
of the types of samples for which SFC is best suited and can
handle. The narrower choice of mobile phases as compared to
liquid chromatography puts some restrictions on the sample types
which can be conveniently handled. This also points out the need
for more research on additional mobile phases, and the mixing or
doping of mobile phases with small percentages of modifiers to
achieve special effects. The use and further development of
insoluble stationary phases will be beneficial for providing
better selectivity and allowing mobile phase conditions which
would normally wash other stationary phases out of the column.
As people become increasingly aware of how SFC can be valuable in

solving specific analytical problems, its use will increase.
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ABSTRACT

The use of crown ethers in liquid chromatography
is one of the most attractive applicationsof them in
analytical chemistry. Low-molecular-weight crown ethers
can be employed as a component of both stationary and
mobile phases in liquid chromatography. Insoluble
crown ether resins, which can be prepared by condensa-
tion polymerization of crown ethers, and chemical modifi-
cation or coating of crown ether derivatives on organic
or inorganic support, have been so far studied extensive-
ly as the stationary phases. Some of crown ether-modi-
fied silicas have been attempted for the use in high
performance liquid chromatography ( HPLC ). The cation-
binding properties of crown ethers are considerably re-
flected in the chromatographic behavior.

I. INTRODUCTION

Crown ether, which is one of the most sensational
compounds, has received considerable attention since the
discovery of their complexing abilities with various
metal ions. Crown ethers possess respective cation-

selectivities, which depend mainly on the following fac-
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tors: (i) relative size of ion and crown ether cavity;
(ii) type, number, and placement of hetero atoms ( bind-
ing sites ); (iii) conformational flexibility of crown
ether ring; (iv) electrical charge of ion; (v) solvent
interaction with crown ether. A large number of crown
ether analogs have been designed in order to get highly
cation-selective crown ethers. Numerous articles have
appeared concernii g the applications of crown ethers for
the past decade. Especially, their application in ana-
lytical chemistry, such as extraction analyses, electro-
chemical analyses, and chromatographic separation, have
been, so far, developed extensively. There are a number
of books about the progress of crown ether chemistry pub-
lished recently (1-3), and a very important review paper
on the analytical application has been written by
Kolthoff (4).

This review paper deals with the use of crown ethers
in liquid chromatography, chiefly the application in
chromatographic separation of ions. The topics to be
covered include the use of low-molecular-weight crown
ethers in liquid chromatography and insoluble crown ether
resins as the stationary phase. The goal is to stimulate
the work about the application of crown ethers in this
field, because there are very few example€ concerning the
practical use of them in liquid chromatography, particular-

ly of crown ether resins as the stationary phase.
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IT. LOW-MOLECULAR-WEIGHT CROWN ETHERS

Since various useful applications of crown ethers
have been developed, many crown ether derivatives have
become commercially available. Analytical chemists also
came up with great ideas about their application in liquid
chromatography. In liquid chromatography, crown ethers
can be employed in two different ways; as a component of

the stationary and mobile phases.

IT-1. Use as a Component of Stationary Phase

The first example for the use of crown ether as the
stationary phase is probably the use of dibenzo-18-crown-
6 on separation of some rare earth metal ions (5).
Separation of Pr3+ and Er3+ were attempted using a column
packed with the crown ether and acetone-hexane ( 2:1 )
eluent. The heavier rare earth metal ion, Er3i is like-
ly to be eluted faster than the lighter one, Pr3+, probab-
ly because the former cannot form as stable complex with
the crown ether as the latter. In this column chromatog-
raphy , moderate separation of the rare earth metal ions
was observed, although it was not complete. However, the
composition of acetone-hexane mixture and the flow rate
seem to be rather critical. For example, 1:3 and 2:3
acetone-hexane mixtures cannot afford any separation of
the ions. The 1:3 mixture is too nonpolar to elute the
ions, whereas the 2:3 mixture is so polar that it elutes
the ions from the column at a rate too fast to achieve

detectable separation.
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Extraction chromatography using crown ethers has been
applied in separation of radionucleides of alkali and
alkaline earth metals (6,7). The stationary phases were
prepared by mixing siliconized kieselguhr with an appro-
priate crown ether dissolved in chloroform or mesit ylene,
followed by evaporation of the excess of the solvent from
the slurry. As crown ether extractant dibenzo-
18-crown-6, dicyclohexyl-18-crown-6, and benzo-15-crown-35,
and a noncyclic crown ether, 1,13-bis(8-quinolinyl)-1,4,7,
10,13-pentaoxatridecane were used. The column was
eluted with 0.01 M NaSCN aqueous solution at a flow rate
of 0.02 - 0.03 ml/min. A typical extraction chromatogram
shows good separation of the metal ions, revealing that
the chromatographic behavior for these ions reflects the
extractability of dibenzo-18-crown-6 chloroform solution
( FIG. 1 ). In the case that mesitylene was utilized
instead of chloroform, the elution order , however, changed
much, which suggests that the separation of the ions in
extraction chromatography depends significantly on the
kind of diluent ( or solvent ). Also, the solvent com-
position in the mobile phase seems to affect their
separation, although a large quantity of organic solvent
cannot be employed because of the miscibility with the
diluents.

Another stationary phase containing low-molecular-

weight crown ether isthe precipitate formed between phospho-
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FIG. 1 Separation of alkali metals by extraction
chromatography using dibenzo-18-crown-6

diluent: CHC13, eluent: 0.01 M, pH 7. (Ref. 7)

molybdic acid and crown ethers like benzo-15-crown-5,
dibenzo-18-crown-6, dibenzo-24-crown-8, or cryptand [2.2.2]
(8). The precipitate was easily prepared by shaking a
solution of the crown ether in methylene chloride and a
solution of the acid in 2 M aqueous nitric acid. The ion-
exchange behavior of the sorbent was checked by measuring
distribution coefficients of alkali and alkaline earth
metal ions, whichwere found to be strongly dependent on

the cation-binding ability of the crown ether. The sorp-

tion behavior for metal ions can be explained in the terms
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. : : : + .
of a simple ion-exchange mechanism with H,O0 in the crown

3
ether cavity. Column chromatography using the precip-

itates afforded successful separation of Na+ and K+.

II-2. Use as a Component of Mobile Phase

Low-molecular-weight crown ethers can be added to the
mobile phase in liquid chromatography so as to improve
chromatographic separation. Effects of crown ether on
ion-exchange behavior of alkali metal ions were investi-
gated using Aminex A7 resin ( sulfonated polystyrene cation-
exchanger ) and l8-crown-6 or cyclohexyl-18-crown-6 (9).
The distribution coefficients of alkali metal ions between
solutions containing HC1l or HNO3 - crown ether - 80%(v/v)
methanol and the cation-exchanger were studied as a func-
tion of the methanol concentration, acidity, and crown
ether concentration, and then the data were compared with
those calculated theoretically from the formation constants
of the crown ether complexes. Predictive modelling equa-
tions,derived from the distribution coefficients of alkali
metal ions in solutions containing dicyclohexyl-18-crown-
6}proved to be useful for devising separation of metal
ions by ion-exchange chromatography, by which sodium iso-

topes, 22Na and 24N

a, could be separated.
It is well known that crown ether complexes with ammo-
nium ions besides alkali and alkaline earth metal ions.

Taking advantage of this fact, attempts were made to im-

prove separation efficiency in reversed-phase chromatog-
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raphy of aromatic amines, amides, and amino acids, intro-
ducing crown ethers into the mobile phase (10). The pH
of mobile phase and the type of the resulting ammonium

ion influences,remarkably, the complexation of amino com-
pounds with crown ethers, on which the chromatographic
profile is dependent. The separation of the amino com-
pounds is also influenced by crown ether concentration,

as illustrated in FIG. 2. That is to say, amino compounds
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FIG. 2 Effect of dicyclohexyl-18-crown-8 concen-
tration in mobile phase upon capacity
factor of amino acids at pH 3.0
phenylglycine ( QO ), phenylalanine ( Q@ ).
tyrosine ( @ ), tryptophan ( @ ) (Ref. 10)
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of which ammonium species can form stable complexes with
crown ethers in the mobile phase tend to be retained on
the stationary phase by hydrophobic interaction. From
this point of view, the role of crown ether in the mobile
phase of liquid chromatography is similar to that of large
organic ions in so-called ion-pair chromatography.

However, crown ethers are hydrophobic non-electrolytes
which can interact specifically with some organic cations
unlike the organic salts for ion-pair chromatography.

In reversed-phase chromatography of the amide derivatives,
addition of crown ether to the mobile phase did not cause
any change in the chromatogram, which observation could

be anticipated readily from the fact that they caninteract
with crown ethers only by weak hydrogen bonding. In a
similar reversed-phase chromatography of biogenic amines
using 18-crown-8 in the mobile phase, selective group sep-
aration of primary and secondary amines was carried out,
which is based on the selective formation of primary amines
with the crown ether (11). In order to elucidate the
effect of crown ethers on normal-phase adsorption chromatog-
raphy of aromatic sulfonates, to the organic mobile phase
was again added 15-crown-5, 1l8-crown-6, or dicyclohexyl-
18-crown-6 (12). Sulfonic acid derivatives, which are
very ionic, generally interact strongly with the polar
stationary phases. Crown ethers can complex with the

; + + . .
countercation of the sulfonate, K or Na ;, resulting in
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increased solubility of the sulfonates in the organic mobile
phase, therefore, marked decrease of the capacity factor
of the sulfonates in liquid chromatography. This use of
crown ethers seems to successfully improve the separation
of various sulfonic acids by normal-phase liquid chromatog-

raphy.

IT-3. Miscellaneous Use in Liquid Chromatography

Besides the above-mentioned examples, there are several
interesting ways to use low-molecular-weight crown ethers
in liquid chromatography. Chromatographic behavior of
dibenzo-18-crown-6 complexes with mercury chloride, bromide,
and iodide was studiedin reversed-phase chromatography
(13). Typical chromatograms of the crown ether - mercury
halide systems are depicted in FIG. 3, showing good sep-
aration between the complexes and the crown ether itself.
In the case that the sample was prepared by extraction
of an aqueous solution of mercury halide mixture with the
crown ether in dichloromethane ( FIG. 3C ), a crown ether
complex with mixed halide, HgClBr, was also detected.

The extraction - chromatographic technique was tested for
the practical determination of mercury chloride in aqueous
samples. A straight line was obtained in the calibra-
tion plots over mercury concentration range of 5 - 100 ppm.
and the relative standard deviation in the mean value of

beak area was about 4 £ for 5 ppm.
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FIG. 3 Separation of dibenzo-18-crown-6( DBC ) - ng+

complexes by reversed-phase chromatography.

On chromatography C, the sample was obtained
by extraction of agqueous mixture of Cl and Br
with Hg2% and the crown ether. (Ref. 13)

It is possible to measure stability constants of crown
ether - metal complexes by means of reversed-phase chromatog-
raphy (14). Using the physicochemical basis of solute
retention in the stationary phase, the stability constants
of alkali metal complexes of dibenzo-18-crown-6 and dibenzo-
24-crown-8 were evaluated, which were in good agreement
with the literature data. This chromatographic method

may be very convenient for the determination of stability
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FIG. 4 Ion-dipole association chromatography of
photo-isomerized azocrown ether on ion-
exchanger gel ( Nat type ) ( A ) and poly-
styrene gel ( B ).
eluent: MeOH (Ref. 15)

constants, compared with the conventional methods like pH
and calorimetric titrations.

A new type of liquid chromatography for crown ethers
is "ion-dipole association chromatography" (15). This
chromatography of crown ether derivatives was run using
sulfonate-type cation-exchanger loaded with a specific metal
ion as the stationary phase and methanol or THF as the
mobile phase. The difference n the ion-dipole interac-
tion with a loaded metal ion between crown ether deriv-
atives brings about their separation on the stationary
phase. Obviously, the chromatographic behavior of crown
ethers is remarkably dependent on the kind of loaded metal

ion, because they generally have different cation-binding



234 KIMURA AND SHONO

selectivity. A typical example for this type of chroma-
tography, separation of azocrown ether isomers, is given

in FIG. 4. Photo-irradiation causes isomerization of the
azocrown ether from the trans- to the cis-form, which in
turn results in change of the crown ether cavity size,
therefore, that of the cation-binding selectivity of crown
ether. Thus, the crown ether isomers could be separated
easily in this chromatography. This type of liquid chro-
matography is probably applicable to the separation of

other crown ether derivatives.

ITI. INSOLUBLE CROWN ETHER RESINS

Low-molecular - weight crown ethers can be easily
purchased, so they are often applied for the liquid chro-
matography as mentioned above. There are, however, some
unresolved problems in using the crown ethers in liquid
chromatography. If crown ethers, which are still expen-
sive, are utilized as a component of mobile phase, a large
quantity of crown ether is eluted out. Even if they are
used as a component of stationary phase, some loss of crown
ethers, and then deterioration of the stationary phase,
are inevitable; also, it is generally accepted that
soluble crown ethers, notably water-soluble ones, are
highly toxic. A way to eliminate these problems is im-
mobilization of crown ethers on organic or inorganic sup-

ports. Therefore, insoluble crown ether resins or poly-
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meric crown ethers have been developed as the stationary

phase in liquid chromatography.

ITI-1. Condensation-type Poly(crown ether)s and Crown

Ethers Immobilized on Organic Support

Blasius and his coworkers have reported extensive
investigation of polymer resins bearing crown ethers and
cryptands for chromatographic application (16-25).
Various types of poly(crown ether)s and polycryptands
have been synthesized, typical ones of which are shown
in FIG. 5. Phenol-formaldehyde resins containing crown
ethers were obtained by condensation polymerization of
formaldehyde with dibenzocrown ethers in formic acid, or
with monobenzocrown ethers in a mixture of formic and
sulfuric acids, using crosslinking agents as phenol,
resorcinol, and xylol. Also, some crown ethers were
immobilized on crosslinked polystyrene by reaction of
hydroxymethylbenzocrown ethers with the chloromethylated
resin. Moreover, crosslinked poly(crown ether)s were
synthesized by copolymerization of vinylbenzocrown ethers
with divinylbenzene. Cryptands were employed instead of
crown ethers in some of these systems. These crown ether
resins were characterized in detail by means of pyroly-
sis - gas chromatography and - mass spectroscopy (25).
The cation-binding abilities of the crown ether resins were
examined by batch extraction of alkali and alkaline earth

metal salts in methanol, in order to obtain some prelim-
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FIG. 5 Typical condensation-type crown ether resins
and crown ether immobilized on crosslinked
polystyrene. (Ref. 20)

inary information about the chromatographic behavior of
the resins. Conceivably, the cation-binding ability

(the partition coeffient ) is dependent on the kind of
metal ion, its counterion, and solvent. - On the whole, the
resins containing benzo-15-crown-5 or dibenzo-18-crown-6
bind K+ efficiently in the group of alkali metal ions. The

dibenzo-24-crown-8 resins prefer Cs+, while Rb+ seems to
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be favored by the dibenzo-2l-crown-7 resins. it does

not seem to be bound very strongly by these crown ether
resins. For alkaline earth metal ions, Ba2+ is favored

in any of these resins. Although the anion dependence of
cation-binding ability for the crown ether resins varies
slightly from one resin to another, it follows, approximate-
ly, the polarizability sequence of the anions. For example,
the order of the anion dependence for the dibenzo-18-
crown-6 resin is SCN >I >Br >Cl >F >OH in methanol.

When methanol is replaced by water, the cation-binding
ability decreases drastically. Actually, these crown
ether resins were applied as the stationary phase of
liquid chromatography. FIG. 6 demonstrates a typical
chromatogram, in which thiocyanates of Li+, Na+, and K+

are separated excellently by dibenzo-2l-crown-7 resin 2
(m=1,n=0). Chromatographic separations of other cations
such as alkaline earth metal, transition metal, rare earth
metal, and alkylammonium ions were also attempted using the
crown ether resins. Moreover, separation and enrichment
of some radioisotopes have been reported. It is of much
interest that,unlike the conventional cation-exchangers,
these crown ether resins are capable of separating anions
besides the cations due to the marked anion dependence of
the cation-binding ability for the neutral ion-exchangers.
FIG. 7 depicts a chromatogram of a mixture of potassium

halides and thiocyanate on a column of crown ether resin
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FIG. 6 Chromatographic separation of alkali metal
thiocyanates on a column of crown ether resin
2 (m=1,n=0). LiSCN: 0.065 mg; NaSCN: 0.48 mg;
KSCN: 1.77 mg, eluent: Hy0. (Ref 20)

2 (m=1,n=0). In this connection, interconversion of mix-
tures of two salts is feasible. For instance, a mixture
of NH4SCN and RbCl can be interconverted to a mixture of
NH,Cl and RbSCN by liquid chromatography using benzo-15-

4
crown-5 resin ] (Rl=H,R2=OH,m=2). Another interesting
application of the crown ether resins is chromatographic
separation of neutral organic compounds. FIG. 8 reveals
a chromatogram of furan, thiophene, and pyrrole on a column

of dibenzo-30-crown-10 resin 2 (m=n=2). It is most like-

ly that sulfur- and nitrogen-containing solutes are bound more
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FIG. 7 Chromatographic separation of anions on a
column of crown ether resin 2 (m=1,n=0).
KCl: 0.42 mg; KBr: 0.60 mg; KI: 1.60 mg;
KSCN: 1.77 mg, eluent: HyO0. (Ref. 20)

H20

VE / ml

FIG. 8 Chromatographic separation of neutral organic
compounds on a column of crown ether resin 2
(m=n=2) . furan: 0.2 mg; thiophene: 0.2 mg;
pyrrole: 0.2 mg, eluent: MeOH. (Ref. 21)
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strongly than oxygen-containing ones on the crown ether
resin, althngh it has not been explained what the bind-
ing force is between the organic compounds and the crown
ether resins. Chromatographic separation of urea - thio-
urea mixture is also possible on the crown ether resins

in a similar way. In still another application, hydra-
tion water of salts can be determined by liquid chromatog-
raphy using the crown ether resins. When CaClz'tzo was
eluted with methanol on a column of dibenzo-2l-crown-7 resin
2 (m=1,n=0), CaCl, and the hydration water were separated

2
completely. The linear calibration plot afforded the

q
N
%

0 0]

FIG. 9 Epoxy-type and polyamide-type crown ether
resins. (Ref. 27 and 30)
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determination of water in the salt. A cryptand resin of
this type is commercially available now, and separation

48Ca/40Ca ) could be realized using

of calcium isotopes (
a column packed with the resin (26).

Gramain and Frere synthesized condensation-type poly-
(diazacrown ether)s 5 and polycryptands, which were im-
mobilized on chloromethylated polystyrene resin, and then
applied the resins for chromatographic separation of alkali
and alkaline earth metal ions (27). Other examples of
crown ether resins containing various supports ( except
silica gel ) for the stationary phase of liquid chromatog-
raphy are diazacrown ether - immobilized acrylamide gel
(28) , dibenzocrown ether - immobilized cellulose (29),
polyamide-type benzocrown ether § (30), and poly (glycidyl
methacrylate)-type crown ether resins coated on Chromo-

sorb (31).

III-2. Crown Ethers Immobilized on Silica Gel

The above-mentioned crown ether resins, which consist
of condensation-type poly(crown ether)s, crown ether -
modified polystyrene, and crosslinked poly (vinylcrown
ether)s, may not be suited for HPLC where high pressure
is required. Inorganic materials containing hard cores
like silica gel seem to be preferable to the packing sup-
port of liquid chromatography.

The synthesis and chromatographic behavior of poly-

(crown ether) - modified silicas have been reported by the
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FIG. 10 Structure and preparation of silicas modified
by poly- and bis(benzocrown ether)s.
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authors (32). The structure and preparation of the crown
ether silicas are shown in FIG. 10. Poly (crown ether) -
modified silicas 7 were prepared by incorporating vinyl
groups on silica gel ( 10up, for HPLC ), followed by radical
copolymerization of the vinyl-modified silica with an appro-
priate crown ether monomer. The HPLC of ions was coduct-
ed using columns which were packed with the crown ether
silicas by a conventional slurry packing method. The

poly (crown ether) silicas bind alkali metal salts, even

the halides, so strongly that methanol cannot elute out

k" and Rb® salts from the columns. Therefore, water, con-
taining a small quantity of methanol,is generally a good
eluent for the chromatography of alkali metal salts using
these crown ether silicas. Typical chromatographic sep-
arations of alkali metal halides by poly(benzo-15-crown-5)-
and poly(benzo-18-crown-6) - modified silicas are depicted
in FIGS. 11 and 12, respectively (32,33). The retention
sequence of alkali metal chlorides on 7 (n=1) is Li+<Na+<<
Cs+<Rb+<K+, and that of 7 (n=2) Li+<Na+<Rb+<K+<CsT
Poly(crown ether)s, which carry crown ether moieties in

the side chain, are known to possess attractive cation-
binding properties compared to their corresponding monomeric
analogs (34,35). That is to say, they are capable of
forming sandwich-type 2:1 ( crown ether ring/metal ion )
complexes with particular metal ions effectively by

cooperative action of two adjacent crown ether rings in
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FIG. 11 Separation of alkali metal chlorides on a
column of poly(crown ether)-modified silica
7 (n=1) by elution with H,0-MeOH (90/10).
LiCl: 6.4 ug; NaCl: 9.4 ug; KCl: 17.2 ug;
RbCl: 17.2 ug; CsCl: 26.9 ug.

the polymer chain, which often accounts for their excel-
lent cation-binding selectivity. For example, poly-
(benzo-15-crown-5) and poly(benzo-18-crown-6) exhibit
pronounced selectivities for K+ and Cs+, respectively.
The cation-binding properties of poly(crown ether)s seem
to be reflected in the chromatographic behavior of these
poly (crown ether) - modified silicas. The poly (crown
ether) silicas were also tested for their usefulness in
liguid chromatography of alkaline earth metal ions ( FIG.

13 ) (33). Moreover, chromatographic separation of var-



CROWN ETHERS 245

LiCl
NaCl
RbC1l
KC1l
CsCl

|

1 ]
0 10 20

VE / ml

FIG. 12 Separation of alkali metal chlorides on a
column of poly(crown ether)-modified silica
/ (n=2) by elution with H,0O-MeOH (90/10).
LiCl: 0.80 mg; NaCl: 0.12 mg; KCl: 0.15 mg;
RbCl: 0.24 mg; CsCl: 0.34 mg.

ious anions is feasible with the poly(crown ether) silicas,
by analogy with Blasius' crown ether resins. Bis (crown
ether)s, dimeric model compounds of the poly(crown ether)s,
also exhibit similar cation-binding properties to them
(35), and the bis(crown ether) - modified silicas are al-
most the same in chromatographic behavior for the alkali

and alkaline metal ions as the corresponding poly (crown
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FIG. 13 Separation of alkaline earth metal chlorides
on a column of poly(crown ether)-modified
silica 7 (n=2) by elution with H0-MeOH
(90/10). MgClpy: 0.10 mg; CaClp: 0.15 mg;
SrCl,y: 0.27 mg; BaCly: 0.63 mg.

ether) silicas (33). It was found that poly- and bis-
(12-crown-4) derivatives have Na+—selectivity in binding
alkali metal ions (36,37), so silicas modified by the
12-crown-4 derivatives may be expected to show different
chromatographic behavior from those of the silicas modified
by the 15-crown-5 and 18-crown-6 derivatives. Further,

poly (thiacrown ether)-modified silicas, in which some of
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oxygen atoms are replaced by sulfur atoms in the crown
ether ring of poly(crown ether) silica 7 (n=1,2), are
promising candidates of the stationary phase for chroma-
tographic separation of heavy metals , such as Ag, Hg,
Cd, and other transition metals (38).

A few additional ways have been reported to immobi-
lize crown ethers on silica gel (24,39). Benzo-15-
crown-5 [ neither poly- nor bis(crown ether) derivative ]
was also immobilized on silica gel by covalent bonding
(24). In liquid chromatography of alkali metal chlorides
using the benzo-15-crown-5 - modified silica, elution
with pure methanol allowed good separation among Li+, Na+
Cs+, and xt ( or Rb* ). The cation-binding ability of
the benzo-15-crown-5 silica is, however, not so good as
that of the foregoing poly (benzo-15-crown-5) silica.

In addition, the separation between K+ and Rb+ is incom-
bPlete on the monomeric crown ether silica unlike the poly-
meric crown ether silica, although the former seems to
resemble the latter in the retention sequence of alkali
metal ions. Another approach for immobilization of

Crown ethers on silica gel was attempted by Igawa et al.
(39). In that case, silica gel for HPLC was coated by
polyamide-type crown ether resin §. In liquid chromatog-
raphy of alkali metal salts using the crown ether-coated
silica, the metal ions were hardly separated, whereas

good separation between various anions was observed.
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In other words, unlike the foregoing crown ether resins,
this one permits only separationof anions, although the
reason has not been mentioned. A column of this crown
ether resin was tested for its usefulness in chromato-

graphic analysis of anions in sea water.

ITI-3. Optical Resolution by Chiral Crown Ether Resins

Some chiral crown ethers can form complementary
complexes with ammonium salts of chiral amines and amino
acids ( or the esters ) (40). The feasibility of re-
solving their racemic mixtures was demonstrated; using
resins incorporationg chiral crown ethers,by Cram and
coworkers (41,42). Bis (dinaphtho-22-crown-6) derivatives
were immobilized on silica gel or crosslinked polystyrene.
Excellent chromatographic separation of phenylglycine
perchlorate or methyl phenylalaninate hydrochloride was
attained with (R,R)—bis(dinaphtho—22—crown—6) resins, as
illustrated in FIG. 1l4. Some attempts were also made
to resolve racemic mixtures of threonine, aspartic acid,
histidine, tryptophan, phenylalanine, and valine by liquid
chromatography using phenol-formaldehyde resin of dibenzo-
18-crown-6 2 (m=n=0), which does not contain any chirality
in the chemical structure, as shown in 2 (m=n=0) of FIG.

5 (43). Sl}ght resolution of the racemates was observ-
ed in the chromatography, which might suggest that some
chirality was produced in the crown éther resin during

preparation.
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FIG. 14 Chromatographic optical resolution of methyl
phenylalaninate hydrochloride salt by (R,R)-
bis (dinaphtho-22-crown-6) - bound silica.
(Ref. 41)

III-4. Noncyclic Crown Ether Resins

Noncyclic polyethers like poly (oxyethylene) sometimes
act as if they were their macrocyclic analogs, and exhib-
it similar cation-binding abilities to crown ether deriv-
atives. Therefore, they are often referred to as non-
cyclic crown ethers. The synthesis and chromatographic
behavior of resins containing noncyclic crown ethers have

been reported by Fujita et al. (44). Poly (oxyethylene)
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FIG. 15 Noncyclic poly(oxyethylene) bound to
crosslinked polystyrene (noncyclic crown
ether resins) (Ref. 44 and 45)

with various chain lengthswere immobilized on crosslinked
polystyrene, as depicted in FIG. 15. The cation-binding
ability of the resins is likely to decrease with decreas-—
ing chain length of poly(oxyethylene) bound to the
support. The noncyclic crown ether resins cannot inter-
act with alkali metal ions so strongly as the "cyclic"
crown ether resins. Nevertheless, good separation of
thiocyanates of Li+, Na+, and K+ was attained in liquid

chromatography using a column of resin 9 (n=10) and water-
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acetone (10/90) eluent. Polymeric pseudocrown ethers,
synthesized and coined by Warshawsky et al., which are
essentially the same as resin ](Q in FIG. 15, could also
be a substitute for the crown ether resins as the station-
ary phase of liquid chromatography (45). Simon et al.
have immobilized 3,6-dioxaoctanedioic acid diamide deriv-

atives on crosslinked polystyrene or NH, -modified silica

2
gel for HPLC (46). The resins were applied to chroma-
tographic separation of alkali and alkaline earth metal
ions. Only poor separation of the chloride salts was
observed in liquid chromatography on the noncyclic crown
ether resins with elution of water or water-alcohol mix-
tures. However, successful separation of the iodide

salts was achieved on the resins, using a technique of

solvent gradient of water and alcohol.

IV. CONCLUSION

This work is a review on application of crown ethers
in liquid chromatography. The works published so far
indicate that crown ether is one of the most excellent
tools for separation chemistry using liquid chromatography.
The chromatography using crown ethers is useful for the
separations of not only metal ions but also amino com-
pounds such as amino acid derivatives. Also, it seems
feasible to separate some neutral organic compounds on
crown ether resins, taking advantage of the fact that

many crown ethers also form molecular complexes with them.



252 KIMURA AND SHONO

In order to attain highly efficient separations and anal-
yses of ions and neutral compounds, extensive investi-
gations concerning the application of crown ethers in
liquid chromatography will continue in the future.

It is, however, recommended that insoluble crown ether
resins are utilized for studying the separation chemistry
of crown ether in liquid chromatography, because the
recovery of soluble crown ethers will be a significant
problem.
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RECENT DEVELOPMENTS IN LC/MS INTERCONNECTION

Zorah F. Curry
Extranuclear Laboratories, Inc.
P.0. Box 11512
Pittsburgh, Pennsylvania 15238

ABSTRACT

Recent innovations in LC/MS interconnection and desirable
operating characteristics of an LC/MS interface are
discussed. Relative strengths and weaknesses are examined
for the three commercially available LC/MS interfaces and
for a number of experimental designs. Possible areas for
future research are suggested.

INTRODUCTION

The analysis of organic compounds by mass spectrometry provides
the capability of determining elemental composition, molecular
weight and molecular structure. Several techniques have

recently extended analytical mass spectrometry for the analysis
of compounds once considered intractable for reasons of
volatility or stability (1). These include desorption chemical
ionization (2), secondary ionization (3-4), fast atom bombardment
(5-6), field desorption (7), laser desorption (8), electro-

hydrodynamic ionization (9), and Cf-252 plasma desorption (10).

Combination of liquid chromatography with some of the newer
ionization techniques makes it possible to separate and identify

almost any organic compound. All except field desorption can be
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directly coupled to an LC/MS: and by collecting fractions, it is
possible to apply LC/MS to field desorption. Use of pyrolysis (11)
with liquid chromatography permits mass spectral analysis of
compounds with even less volatility. Coupling MS/MS (12-13) with
liquid chromatography further aids in structure elucidation

and provides additional separation for complex mixtures.

There are numerous ways to interconnect liquid chromatographs

and mass spectrometers. Recent reviews of liquid chromatography/
mass spectrometry (14-15) have discussed LC/MS coupling from a
historical standpoint whereas this paper stresses some of the
more recent developments in LC/MS interconnection. Direct liquid
introduction, continuous sample preconcentration, and mechanical
transfer are discussed first because they form the basis for
commercially available LC/MS interfaces. More esoteric methods

of LC/MS interconnection are also examined.

TABLE 1
Operating Characteristics Desired from an LC/MS Interface

LC Operation

No restriction on solvents
Gradient elution

Buffers: volatile and nonvolatile
Ion-pair reagents

Flow up to 2.0 ml/min.

MS Operation

Maintain vacuum

Tonization method: both EI and CI, FD desirable

Both positive and negative ion mode

Select reagent gas for CI

Unimpaired sensitivity, hence noise and
background must be minimized with little
interference from solvent impurities

Interface Operation

High sample enrichment

High transfer of sample to MS

No peak broadening

Vaporize low volatility solvents
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DESIRABLE FEATURES OF LC/MS INTERFACES

Desirable operating characteristics of an LC/MS interface are
summarized in Table 1 (15). In fact, none of the current LC/MS
interfaces meet all of these requirements. LC/MS interconnection
problems include poor material transfer and degradation of

labile compounds.

COMMERCTIALLY AVAILABLE LC/MS INTERFACES

Directly Coupled LC/MS

Directly coupled LC/MS can be accomplished by modification of a
solids probe inlet to fit any chemical ionization source. Micro
LC columns with a solvent flow rate of up to 10 pl/min. have been

directly coupled to CI mass spectrometers (14,16).

In early systems, the LC effluent was passed to the ion source
using a capillary tube. The capillary tube interface is easy
and economical to fabricate but low volatility solutes tend

to clog the tube. This difficulty is avoided by replacing the
capillary tube with a pinhole orifice positioned directly

adjacent to the ion source (17).

This method requires interruption of routine GC/MS only for the
period of the LC/MS experiment, since optimum conditions for

separating components of a mixture can be established off line.

Typical sensitivities are 50-500 ng injected onto the LC column
for a complete spectrum and 2-20 ng under selected ion monitoring
conditions (18). Although limited to CI ionization, negative

CI can be used to obtain complementary information on many
samples. Peak broadening is minimal (19). Good stability,
precision, and sensitivity have been demonstrated for thermally

labile and nonvolatile compounds (20).

Almost any solvent can be used if it acts as a good reagent for CI

and gives few interfering peaks in the mass spectrum. Since
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polar solvents readily yield reagent ions, the method matches well
the requirements of reversed-phase LC. The choice of mobile

phase for LC separation must exclude only highly chlorinated and
caustic materials (21). Acetate and formate buffers have bteen
successfully used with the technique (18). Since the solvent

acts as the CI reagent, sensitivity for each component may change

as a function of the solvent composition when gradients are used.

Flow diverting in the absence of peaks of interest keeps the

source cleaner when running biological samples (22). Efficient
volatilization of the solvent and reduction of ion source

background is accomplished by maintaining the ion source temperature

at 250°C (23).

Applications of directly coupled LC/MS include acids (13),
alkaloids (24-25), amides (18,26-28), aromatic hydrocarbons
(18,21,25,29), drugs (17-23,25-27,30-34), esters (21,35-36),
flavors (14,29), nitro compounds (37), nucleosides and nucleotides
(18,27), peptides (32,38), pesticides (14,18,23,25,27,33,39),
quinones (21,40), steroids (17-18,27,41-42), sugars (24), and

vitamins (21).

Continuous Sample Preconcentration

Continuous sample preconcentration is accomplished by allowing the
LC effluent to flow down an electrically heated tapered wire

in a stream of warm nitrogen (43). The current to the wire is
controlled by a feedback loop from a volume-sensing photocell.

The concentrated efflent flows through a very small needle valve
which regulates the flow into the mass spectrometer. The valve

is constructed such that liquid is sprayed into the ion source

of the mass spectrometer.

In normal phase operation, virtually the total sample reaches the

mass spectrometer without excess solvent. Approximately 957
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of the solvent is evaporated providing a signal enhancement

of about 20-fold and sensitivity in the low nanogram range (43,44).
With reversed phase solvents such as water, a modest split is
required (44). Typical acceptable flows to the concentrator for
some solvents are: n-pentane 3 ml/min; 2,2,4-trimethyl pentane

2.8 ml/min; methanol 1.7 ml/min; 50% methanol/water 0.7 ml/min.

The maximum flows obtained correlate inversely with the heats

of vaporization, but volatility, viscosity, and surface tension

also are important (43).

Almost any LC solvent can be used. The LC solvent may serve as
the CI reagent gas. Polar, mixed solvent, and linear gradient
capability are feasible. Use of a tandem source CI/EI mass
spectrometer allows both CI and EI spectra of the same LC
fraction with extremely high sensitivity (44). This feature is
of great value for structural elucidation of organic compounds

by mass spectrometry.

Relatively sharp sample peaks indicate transfer of the solute to
the mass spectrometer without substantial peak broadening. The
interface retains sample separation even for narrow LC peaks
with little or no tailing. The quantitative reproducibility

is excellent, indicating that the interface is free of memory

effects.

This interface can be readily incorporated into any mass
spectrometer. Since there are no moving parts, it is simple

in function and easy to operate. The interface shows less
tendency to clog than direct liquid introduction systems since a
mechanism is provided to unplug the orifice without breaking
vacuum. Fewer problems are encountered with contamination than
with belt interfaces. Reduced pyrolysis and degradation of
sensitive samples are observed. Neither fast pumping speeds

nor cryogenic pumps are needed for the vacuum system.
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Applications of continuous sample preconcentration LC/MS include
amines (43,45), aromatics (43,45), esters (44), ketomnes (44),
and phenols (43).

Mechanical Transport

Solvent separators in which effluent from the LC is introduced into
the mass spectrometer by a continuously moving transport system

are currently popular. Scott's initial work with a thin wire
limited uptake of LC effluent to around 10 pl/min, McFadden (47)
extended the flow range by using a moving belt of Kapton polyamide
or stainless steel in place of the wire. Stainless steel belts
have higher solvent capacity and are not damaged by vaporizer
temperatures above 300°C, but Kapton belts are more commonly used
because they permit vaporization of labile samples at lower

temperatures and have smoother mechanical operation (48).

A moving belt interface permits operation in EI and CI modes
without restricting conventional LC or MS except that the
background spectrum is of higher intensity (49). Sample to solvent
enrichment is in the 105 range and yields are 30-40% (50). The
detection limit is often below 1 ng with a dynamic range of

lO4 (49). The effluent capacities noted for some common

solvent types with moving belts are nonpolar solvents 1.5 - 2
cc/minute; intermediate solvents 0.8 - 1.2 cc/minute; polar
solvents 0.5 — 0.8 cc/minute; water and water solutions

0.1 - 0.3 cc/minute (50). A splitter allows higher solvent

flows. Microbore LC offers another effective solution to problems

requiring polar solvents (51).

There is considerable evidence that it is possible to produce
mass spectra from thermally unstable and relatively involatile
samples if they are vaporized very quickly and close to the
electron beam in the ion source. This "in-beam' vaporization is

easily accomplished with the moving belt. Aerosol deposition (52)
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increases the volatility range of samples that can be handled

by the moving belt method.

Reversed phase liquid chromatography, even with nonvolatile buffers,
is possible using segmented flow continuous liquid-liquid extraction
to transfer solutes from polar or strongly ionic solvents into

an immiscible volatile organic phase. The mixture is then admitted

to the mass spectrometer via a moving belt (53).

The moving belt can be used exclusively as an automatic sampling

probe. Alternatively it can be run separately and later introduced

to the MS at a fast rate to give sharp, sensitive peaks or a slow

rate for analysis of selected portions by MS/MS. Ribbon storage

is also used with conventional flash heating/electron impact

ifonization to remove increasingly less volatile components in successive
ribbon passes through the ion source (11). Use of a moving ribbon
interface with SIMS, FAB (12,54-55) or laser desorption (56) provides

subnanogram sensitivity for quite nonvolatile organic compounds.

Applications of mechanical transfer LC/MS include alfatoxins (50),
alkaloids (57-59), amides (49,60), aromatics (50,61-62), biochemicals
(63), drugs (46,49-50,57,59-60,64-71), esters (50,72), flavors (57,73),
halogenated compounds (61,74-75), liquid crystals (76-77),

natural products (46,57), nitro compounds (60), nucleosides and
nucleotides (59,68,78), organometallics (68), peptides (46,68),
pesticides (50,57,66,79-84), phenols (60), polymers (49), steroids
(46,49-50,60,66) , sugars (59,68), sulfur compounds (60), and

vitamins (46,61,66).

Applications of mechanipgl transfer LC/MS combined with continuous
liquid/liquid extraction include acids (53,85), alcohols (53,85),
amines (53,85), drugs (8@), ketones (53,85), pesticides (53,85,87),

and sulfur compounds (86).
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Applications of mechanical transfer LC/MS combined with secondary

ion mass spectrometry include amino acids (12,88-91), and drugs (88).

EXPERIMENTAL LC/MS INTERFACES

Explosive Evaporation

Among the most promising noncommercial LC/MS interfaces today are
the explosive evaporation methods which rapidly vaporize the
liquid jet as it emerges from the LC with a laser (92-93),
oxyhydrogen flames (94), or ultrasonically (95). Molecular beam
techniques efficiently transport and ionize the sample with

minimal contact with solid surfaces.

Flow rates of up to 1 ml/min for a number of common solvents

such as methanol, acetonitrile, hexane, and chloroform, and
approximately 0.5 ml/min of water may be used (92). At least 50%
of the sample can be transferred to the ion source of the mass
spectrometer along with, at most, 5% of the solvent vapor (94).
Low microgram quantities of sample injected into the LC can be
detected (92). The system is applicable to all of the separation
techniques presently employed in modern LC including reversed
phase. TIon exchange using a phosphate buffer builds up deposits

inside the vacuum but acetate buffer presents no difficulties (92).

An interesting sidelight was the discovery that ions are produced
spontaneously in the interface. No ionizing source such as an

electron beam or strong electric field is required (96). Underivatized
pentapeptide and dinucleotide spectra are very similar to those

obtained by field desorption (97).

Applications of the explosive evaporation LC/MS interface include
acids (98), amines (98-100), amino acids (94,101-103), aromatics
(92,95,98-100,104), drugs (103), esters (98-100), halogenated
compounds (99-100,105), nucleic acid bases (92,94,106-109),
nucleosides and nucleotides (92,94,97,99,101-104,106-109), peptides
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(94,97,101-103), pesticides (92,98,100), phenols {98-100), and
phosphorus compounds (92).

Atmospheric Pressure Tonization

The use of atmospheric pressure ionization (API) provides a novel
solution to the design of the LC/MS systems. The entire effluent
stream may be vaporized and directed through the source. Since a
pressure change is not required, the mechanical and physical problems
of transferring the solute from the LC column to the source are

not great. The ionization is solvent mediated, but there is much

choice in the way in which ionization can be effected (110).

The API source restricts the method to solvents of low proton or
electron affinity. Severe interferences can occur from solvent
impurities. Such a restriction has limited the general applicability

of the system, and it has not yet been widely applied in LC/MS (14).

Applications of atmospheric pressure ionization LC/MS interface
include amines (43,45), aromatics (43,45,110), drugs (111), and
phenols (43).

Jet Separator

On-line coupling of a micro liquid chromatograph and mass spectrometer
through a jet separator of the type commonly used for GC/MS has been
reported (112). Significant sample enrichment is not achieved,
ionization is restricted to CI mode and a large diffusion pump is

necessary to obtain a free expanding jet (14).

Applications of jet separator LC/MS include amines (113-115), amino
acids (115-116), aromatics (112), drugs (113-114,116), esters
(112,116), pesticides (115), polymers (116), and steroids (115).

Membrane
A silicon rubber membrane molecular separator has been used for the

coupling of a mass spectrometer to a liquid chromatograph. The use
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of the membrane device limits the solvents to readily volatile, polar
compounds (117). High enrichment of sample to solvent is not
achieved, and significant peak broadening is experienced in the
interface system. The lack of versatility of the interface with

respect to solvent selection has discouraged further development (14).

PROBABLE FUTURE TRENDS

A round table discussion (118) emphasized the advantages of

LC/MS for samples that cannot be separated by gas chromatography.
LC/MS coupling techniques directed toward analysis of nonvolatile
or thermally labile compounds will be stressed in the future.

A combination of interfaces seems likely, such as continuous sample
preconcentration with either direct liquid introduction or the
moving belt. The moving belt may be combined with some ionization
method involving a reactive plasma. Methods which eliminate the
solvent as the sample is ionized, such as electrohydrodynamic
ionization, laser desorption, Cf-252 plasma desorption, fast atom
bombardment, secondary ion mass spectrometry, and thermospray
procedures may receive more attention in coming years. LC column
technology may simplify interfacing by providing columns that
require nothing more polar than water to elute polar compounds.
Whatever direction LC/MS interfacing takes, it is likely to be a
prolific field of research due to the advantages of mass spectrometry

as a detector for liquid chromatography.
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ABSTRACT

In this paper the determination of anticonvulsants by high per-
formance liquid chromatography is reviewed. The paper is not an
all-inclusive review but an authorb selection of those publica-
tions dealing with the determination of common-used anticonvul-
sants in serum. Attention is given to detection,selection of
the chromatographic system,sample pretreatment and to the quan-
titative aspects.

Introduction

The primary use of anticonvulsant drugs is in the prevention

and the control of epileptic seizures (1).In most cases the treat-
ment is symptomatic and frequently whole life. Since a feeling

of inferiority and selfconsciousness often causes a withdrawl

from society,this disease constitutes a major public health pro-
blem. Clinical studies have shown a strong correlation between
serum anticonvulsant concentration and seizure control(z). Im-
proving patient compliance as well as adjusting the prescribed
dosage based on serum anticonvulsant levels,enhancement of
seizure control has been acquired.
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With respect to pharmacological properties of anticonvulsants it
can be mentioned that besides quantitative and fast resorption
after oral doseand small sedative or hypnotic activity,attention
nust be paid in particular to acceptable tolerance,prolonged the-
rapeutic action and lack of drug addiction(s). Since rarely a
single preparation meets all these requirements,several active
compounds are prescribed to approach the ideal case.

Physical conditions favourable for seizure prevention are dehy-
dration,systematic acidosis and freedom from stress(1). For this
reason adjuncts to anticonvulsants therapy include drugs such as
tranquilizers and diuretic agents with concommittant acidifying
activity.

When determining the concentration of anticonvulsants in biolo-
gical samples,one must be aware that co-administered drugs and
metabolites of whatever origin might interfere seriously.

A variety of analytical methods(z)has been applied for the de-
termination of anticonvulsants in serum,such as spectrophoto-
metry, thin layer-,gas - and liquid chromatography,enzyme mul-
tiplied immumno technique (EMIT) and radio immuno assay (RIA) .

In the present paper high performance liquid chromatography
(HPLC), as analytical technique for the determination of anti-
convulsants, will be reviewed. When analyzing drugs in serum

by HPLC,one can distinguish three optimization steps: detec-
tion,separation and sample treatment. All these steps are lin-
ked together and have to be tuned to each other to meet the re-
quirements of optimal quantitation. Therefore,the state of art

of these three optimization steps will be discussed separately.

DETECTION OF ANTICONVULSANTS

Accurate quantitative analysis of trace amounts of solutes in
complex matrices by chromatography requires the registration of
the solute of interest resolved from other substances present in

the sample at a large signal to noise ratio.
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The relation between the resolution Rji of two successively elu-

ting compounds i,j and the chromatographic variables is given by

equation 1
“ 1
Rj ~ tRi k;
1
Ri. =+ =(r..-1)(——)( L/H )2 1
15— (e ) ) (1) (1
ti i
inwhich: tRj,tRi = retention time of j and i ( tRj > tRi )
Opi = standard deviation of peak i
1 1
rji = selectivity factor ( = kj/ki )
1
ki = capacity factor of i
L = column length
Hi = theoretical plate height of i

The maximal concentration of a solute i ( height of the peak-
maximum) in the mobile phase at the column end ( c?aﬁ ) is given
by the following relation:

Vios « €5
inj i,sample
X = (2)

i,m ! i :
€y - A. (1 + ki)(2ﬂ) ( L.H)

inwhich: Vinj = injection volume

Ci,sample = concentration of i in the sample injected
€, = interstitial porosity of the column
A = cross sectional area of the column

With respect to detectability C?aﬁ should be as large as possible
4

According to equation 2 this can be realized by choosing Vi+Ci sam

as large as possible and the column diameter,capacity factor ,

column length and theoretical plate height as small as possible.
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However, these requirements contradict those put on the resolution
and are in conflict with some practical limitations. For instance
in order to realize the desired resolution a certain number of
theoretical plates N (N=L/H) or,at a given theoretical plate
height,a certain column length is required. Also very small k;
values cannot be easy realized in practice,as usually a distur-
bance occurs in the first part of the chromatogram ,particularly
at sensitive detector settings,and therefore ki should have a cer-
tain minimum value in order to allow for undisturbed detection.
Reduction of the column diameter is also limited in practice due
to the relative increase of the contribution of the injection and
detection systems to the overall peakbroadening which affects the
resolution unfavourably. The same unfavourable effect occurs when
the injection volume (vinj) is increased above a certain limit.
Moreover, injection of too large quantities of the sample mixture
can overload the colum and,hence,may result in loss of resolution.
Because of the above mentioned reasons,in practice the choice of
the column dimensions and chromatographic conditions will be based
on a compromise between resolution and detection.

UV detection is by far the most applied detection principle in HPLC
and its suitability to monitor the anticonvulsant concentration
levels in serum can be estimated from equation 2 and table 1.
Equation 2 can be rewritten in terms of injected amount of solute
Qi and the void volume of the column VO :

Ly chf‘n LV, L(2mE LM -
(1 + k) (N)?

=

where: Mi = the molecular weight of solute i

By means of equation 3 the minimal amount of solute i that must be
injected into a selected HPLC system to obtain a peakheight that
exceeds the noise of the detector by a desired factor can be cal-
culated providing the molecular absorption coefficient e of the

solute is known. The relation between VO » € and Q.1 ,at constant
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MAX (ng ) Q
Vln] VO (ml) Eo 1 :
. 200 1+k;
Py 10
(ul) i
T -20 100-
1.25+01 250x0.8mm -50 5o
-100
2.540.2 -200
-500 20
5 T L
le——100Xx2.8mm 1000
2000 10
12.5+1 -5000
10000 5]
25+2«150X4.6mm B
le—250X4.6 mm B 2-
0T 10°
1.4
1254-10«250x 8 mm 5
- =97

Fig.1 Nomogram representing the relation between the column
void volume (VO) ,the molecular extinction coefficient (eo) of a
solute and the minimal amount of solute (Qi) which must be in-
jected to obtain a signal to noise ratio of 50 for a column with
6400 theoretical plates and a UV detector with a noise level of

107% Au.
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TABLE 2

MOLECULAR EXTINCTION COEFFICIENT OF ANTICONVULSANTS

WAVELENGTH (nm) MOL.EXTINCTION COEFF.
phenytoin 258 740
ethotoin 259 225
trimethadion 226 1220
phensuximide 257 280
methsuximide 256 370
ethosuximide 248 200
carbamazepine 255 6500
phenacemide 257 285
primidone 258 220
phenobarbital 240 14701
e 240 100002

1) at pH = 2

2) at pH = 10

N,can be represented in a nomogram as given in Fig.1. The plate
nurber (6400) , the noise level of the UV detector ( 1.107% b
the signal to noise ratio (50) and the molecular weight (200)

used to compose this nomogram are representative for a common
practical HPLC system with UV detection. When further assuming that
1 ml of serum is available for the analysis of anticonvulsants or
another drug ,then the minimum amount of drug which must be present
in 1 ml serum for accurate determination with the selected HPLC
System can be estimated from this chromatogram,using the molar ab-
sorption coefficients as given in Table 2. When comparing the Q
values,estimated with a maximal allowable k of about 10,with the
therapeutic levels of anticonvulsants as glven,ln’rable 1,the fol-
lowing conclusions can be drawn:
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- on basis of the expected therapeutic serum concentration levels
most common anticonvulsants can be accurately analyzed when mo-
nitoring at their UV molecular absorption maximum.

- in most cases an injection,equivalent to 0.01 - 0.1 ml of serum
will be sufficient to detect the drugs with a signal to noise
ratio of about 50.

- for the analysis of MSM,CLZP and DZP an injection,equivalent to

1 - 2 ml of serun will be necessary to obtain accurate results.

the therapeutic levels of several anticonvulsants can be accura-

tely measured with a simple 254 nm wavelength detector.

- the use of a variable wavelength UV detector has some advantages
compared to the fixed wavelength detector. For a number of drugs
the absorptivity at 254 nm is too small and measurement at their
UV maximum is required. Further,a 2-40 fold increase of the sen-
sitivity can be obtained if detection at 195 - 200 is applied.
Under these circumstances one measures the absorptivity of the
single chromophoric groups as present in the molecules of anti-
convulsants. At this low UV wavelength all anticonvulsants can
be detected with good sensitivity(4’5). However,one must be aware
that also the co-extracted interfering substances might show in-
creased UV absorptivity. A drawback of monitoring at 195-200 nm
is the fact that many common-used solvents for liquid chromato-
graphy cannot be used because of their strong UV absorption in
the low UV range.

-UV detection fails in detecting valproic acid ,as this compound
show very little UV absorptivity. However, this drug can be sen-
sitively detected at 280 nm,after pre-column derivatization with
a bromomethylarylketone(é’7).

Another advantage of the use of a variable wavelength detector is

the possibility to monitor the sample at different wavelengths.

Comparison of the ratio of the absorptivity ( via the peakheights)

at the selected wavelengths with the ratio measured with the pure

compounds ,might give valuable informationwhether the registered
peaks can be attributed to the drugs of interest or are interfered
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by coextracted UV-active compounds eluting with the same retention
as the drug(8-10).

It is convenient when the applied detection system can be used

over a large concentration range. In this respect sthe common-used
UV detectors show a linear behaviour up to an extinction of about 1.
This range is large enough to cover the expected concentrations

of the anticonvulsants in serum(11). The maximal allowable injected
amount can be estimated from FHg.l by calculation of the estimated
minimal injected amount with a factor of 100-200. However,it must

be noticed that no column overloading may occur .

SELECTION OF THE CHROMATOGRAPHIC PHASE SYSTEM

Of the separation modes available for HPLC , normal phase and rever-
sed phase adsorption systems have shown to be the most suitable for
the analysis of anticonvulsants.

In normal phase chromatography the retention is caused by the di-
stribution of the solute between an organic mobile phase and the
surface of a solid bearing active polar sites. The degree of reten-
tion depends on the type and number of functional groups in the
solute molecule,the composition of the mobile phase and on the

type of adsorbent. The distribution process can be very well de-
scribed by a competition between solute and mobile phase molecules

(12)

retention can be varied by changing the mobile phase composition.

to be adsorbed on the active sites . This means that the solute
Silica gel is by far the most suitable adsorbent for normal phase
liquid chromatography. The mobile phase is usually composed of a
non polar or medium polar organic solvent ( alkanes,chlorinated
alkanes) and a small amount of a polar solvent ( alcohols,tetra-
hydrofuran,dioxan,ethylacetate). In some cases the mobile phase is
buffered with acetic acid or ammonia.
Until now normal phase liquid chromatography has fou??so?%¥ 1i-

, de-

spite it s unique potential. This is partly caused by the fact that

mited application for the analysis of anticonvulsants

the commonly used mobile phases show considerable UV absorption
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in the low UV range which limits the accurate detection of a number
of anticonvulsants as was mentioned before. Also, the large reten-
tion of co-extracted polar serum constituents is mentioned to be a
drawback,as this may lead to undesired long analysis times or even
severe colum contamination. However,this is not yet properly con-
firmed by investigations and is further not a specific problem for
normal phase itself. A significant part of these problems might be
solved by proper selection of the clean up procedure.

The applicability of normal phase liquid chromatography for the de-
termination of carbamazepine and some other commonly used anticon-

(141

These authors used a mixture of dichloromethane and tetrahydrofuran

vulsants in serum has been nicely demonstrated by Westenberg

as mobile phase. The retention of the anticonvulsants can be varied
over a wide range by the tetrahydrofuran content as is shown in
Fig.2. The complete analysis route is very simple and involves se-
Tum extraction with dichloromethane and injection of the organic
phase directly into the HPLC system. Fig.3 shows a chromatogram of
a serum extract obtained by this method. The described analysis
method lends itself to automatic sample clean up coupled to HPLC.(ls)
A drawback of normal phase chromatography is the fact that rela-
tive polar metabolites of the drugs will be more retained than the
parent drug. In those cases where small metabolite concentrations
have to be measured this might lead to detection problems.

Bugge(15) demonstrated the use of normal phase for the determina-
tion of diazepam and it's main metabolite in blood,using a mix-

ture of heptane/iso-propanol/methanol (40/10/1) as the mobile

phase. This mobile phase is rather UV transparent, which allows de-
tection at 232 nm.

Others preferred to use more complicated mobile phases consisting

(17)

of propanol/diethylether/hexane/ammonia or chloroform/dioxane

(15) for the separation of phenobarbital,

/isopropanol/acetic acid
phenytoin and carbamazepine. However,such complicated mobile pha-
ses don't seem to be necessary when comparing those as used inRef.

14,15.
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Fig.2 Effect of the percentage of tetrahydrofuran in dichloro-
methane on the capacity factor ( ki ) of some anticonvulsants.
1 = carbamazepine ; 2 = nitrazepam ; 3 = phenytoine ; 3 = etho-
suximide ; 5 = phenobarbital ; 6 = methylphenobarbital.
Stationary phase : Lichrosorb SI 100, (taken from ref.14 )
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10 98766543210
TIME, minutes

Fig.3 Chromatogram of a plasma extract. 1 = solvent front

2 = phenobarbital ; 3 = phenytoin ; 4 = nitrazepam ; 5 = carbama-
zepine ; 6 = carbamazepine 10,11- epoxide.

Stationary phase : Lichrosorb SI 100  250x2.71 mm

Mobile phase : dichloromethane + 5% tetrahydrofuran

(taken from ref. 14 )
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For the analysis of anticonvulsants ,the normal phase mode is com-
pletely overruled by the reversed phase mode. However,in our opi-
nion the potential of normal phase chromatography on silica gel
has not yet been fully developed and is most probably underesti-
mated.

Reversed phase liquid chromatography has been applied in about 95%
of all described HPLC methods for the analysis of anticonvulsants

in 1iterature(4’5’7’9’1o’]9 - 41

. In this separation mode the
colum packing consists of an alkyl-modified silica gel. An alkyl-
chain ( usually C8’C18 ) is. chemically bonded to the silica which
makes the surface non polar*“/ In contrast to normal phase systems ,
where the retention increases with increasing polarity of the so-
lute (type and number of functional groups),in reversed phase sy-
stems the retention increases with increasing size of the hydro-
phobic moiety in the solute molecule. Although the distribution
process in reversed phase systems is not yet well elucidated,the
system can be described satifactorily as a reversed phase adsorp-
tion system. Just as is the case in normal phase systems,the re-
tention of solutes can be changed by varying the mobile phase com-
position. Water is, in nearly all cases,one of the mobile phase
constituents. Organic solvents are added in order to regulate the
retention. These organic, less polar, solvents are often indicated
as modifiers because they decrease the retention.

Acetonitrile and aliphatic alcohols have proved to be favourable
organic modifiers. An additional advantage of these solvents is
their good UV transparency which allows detection down to 195-200
nm.

The degree of retention in reversed phase systems,at fixed mobile
phase composition,is also dependent on the type of packing (length
of the alkyl chain,surface area etc.). As ionic species are hardly
retained on reversed phase packings,the retention of ionizable
substances can sometimes also be regulated by proper adjustment of
the pH of the mobile phase by means of buffers. However,it must be
noticed that,inpractice,the upper limit of pH is 7-8,as the silica

structure is broken down in alkaline medium(42). The pH of the mo-
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Fig.4 Effect of the percentage of methanol in water on the capa-
city factor of some anticonvulsants. 1 = sulthiam ; 2 = phenyl-
ethyl malon diamide ; 3 = ethyl-methyl suximide ; 4 = primidon ;
5 = carbamazepine 10,11 - epoxide ; 6 = phenobarbital ; 7 = phe-
nytoin ; 8 = 5- (4—hydroxypheny1)—S—phenyl—hydantoin ; 9 = car-
bamazepine ; 10 = gluthemide ; 11 = diphenyl hydantoin ; 12 =
diazepam.

Stationary phase : Lichrosorb RP-8
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bile phase might also significantly diminish the background caused
by co-extracted interfering ionizable substances,as they can be
shifted into the front peak.

For the analysis of anticonvulsants,acetonitrile and methanol have
been most frequently applied. In many cases,the mobile phase is
buffered with phosphate at pH 3-7. The reported modifier concen-
trations ranges between 15-50% (v/v) for acetonitrile and 25-55%
(v/v) for methanol. This relatively large concentration range de-
pends on the type and number of anticonvulsants to be separated
and on the type of commercially available reversed phase packings.
The effect of the modifier concentration on the retention of anti-
convulsants on a Cg-modified silica gel is shown in Fig.4. As can
be seen from this figure,the order of retention of some solutes
differs significantly with different methanol contents. The sepa-
ration of all anticonvulsants with one mobile phase composition

is difficult. However,in practice ,only a few combinations of anti-
convulsants are used together which simplifies the selection of
the mobile phase composition. The commonly used anticonvulsants
can be easily separated on reversed phase systems as is shown in
Hg.5.

For the analysis of possibly formed metabolites,reversed phase
systems offer advantages compared to normal phase, as the metabo-
lites are more polar and ,therefore elute in front of the parent
drug. This favours their detection when present at low levels.

As in normal phase systems,one must be aware of colum contamina-
tion by irreversible adsorption of strongly retained serum con-
stituents like lipids. Often,a colum washing with pure acetoni-
trile,dimethylsulfoxide or tetrahydrofuran after a number of ana-
lyses is required to maintain the separation efficiency of the co-
1umn(16’20’22). Despite these treatments, usually a limited num-
ber of analyses (2000-5000) can be realized with one column be-
cause the reversed phase packing slowly decomposes in the pre-

sence of polar solvents(42). In this respect,the normal phase sy-

stems behave more favourably.
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Fig.5 A), Chromatogram of a test mixture of anticonvulsants.
B), Chromatogram of an extract of a spiked serum.

Stationary phase : ODS-Sil-X-I 250 x 2.6 mm

Mobile phase : water + 15% (v/v) of acetonitrile

(taken from ref. 29)

Table 3 gives an overview of the mobile phase compositions and
type of reversed phase packings applied for the separation and
analysis of anticonvulsants and some of their metabolites in serum.
Summarizing the selection of the chromatographic system it can be
stated that the separation efficiency of normal and reversed phase

systems is sufficient for the simultaneous separation of the common-
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1y used anticonvulsants. The possibly formed metabolites are
usually completely separated from the parent drug. However, if
more anticonvulsants are co-administered,one must be aware that
the metabolites might interfere. The same might occur when other

drugs are co-administered as was extensively investigated by se-
(4,5,19,32,39,41)

(43,44)

veral authors

(5)

In a few papers ,ion-exchange and ion-pair chromatography
has been applied as separation mode. However,there seems to be
very few reasons to apply these less efficient separation modes

for the determination of anticonvulsants.

SAMPLE PRE TREATMENT

The pre-treatment of samples prior to injection into the HPLC sy-

stem will be necessary in most cases for the following reasons:

- The separation power of the chromatographic system is limited.

To match the separation power of the selected chromatographic
system, the large number of interfering compounds present in body
fluids usually has to be decreased by selective pre-fractionation
of the sample components.

- Due to the presence of many compounds in body fluids,widely dif-
fering in structure and thus in retention behaviour,there might
be a chance that the column is slowly detoriated with strongly
adsorbed compounds after injection of a number of samples. To
maintain the separation efficiency these substances have to be
removed before the sample is injected.

- In certain cases the concentration of the drugs of interest in
the sample is too small to be detected directly in the sample,
accounting for the limit put on the injection volume (see pig.1).
In these situations pre-concentration is necessary.

- Sample components which might precipitate in the chromatographic
system (proteins) must be removed before injection of the sample
as otherwise serious and often irreparable blockage of the in-

jection valve and colum occurs.
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The extent of sample pre-treatment for the analysis of drugs in bo-
dy fluids ranges between just deproteinization and complicated pro-
cedures involving all four steps as mentioned before.

There are two ways to realize the requirements put on the sample
composition suitable for injection into an HPLC system. The sam-
ple is treated in such way that either the interfering substances
are removed from the sample,leaving the solutes of interest in the
original sample fluid, or the solutes are selectively withdrawn from
the sample leaving the interfering substances in the original sam-
ple fluid. In practice,however,often both ways have to be applied
successively in order to obtain clean samples.

Solvent and solid extraction are the separation methods of choice
to realize the clean up steps as mentioned above. Although both
separation methods have been applied for sample pre-treatment of
anticonvulsants in serum,solvent extraction is by far most fre-
quently used.

Most chromatographic systems deteriorate in performance when the
sample solution differs much in solvent composition from the mo-
bile phase. In many pretreatment procedures,one ends up with a
solution of analytes in a solvent which is not compatable with the
chromatography. Evaporation to (near) dryness and redissolution

in the mobile phase is then inevitable. When ethosuximide is pre-
sent in the sample ,the evaporation temperature must be kept be-

low 35°C. For reversed phase systems it is possible to inject

the analytes if finally present in an aqueous solution.

Of course,losses of analyte due to the clean up manipulations with
the sample (less than 100% recovery) have to be avoided as much as
possible. However,this is often difficult in practice and one has
to accept a certain percentage of loss. As long as the whole pro-
cedure is reproducible this does not invalidate the value of the
analysis. Even in some cases,the acceptance of a somewhat lower
recovery might be profitable with respect to co-extraction of in-
terfering substances. If the sample clean up procedure may have an
impredictable volumetric manipulation with phases and aliquets,the
use of an internal standard is indispensable.
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SOLVENT EXTRACTION: Various organic solvents of different polarity
have been applied as extractant for the isolation of anticonvulsant
(45) studied the distribu-

tion behaviour of a number of anticonvulsants in water-organic sol-

drugs from serum and urine. Meijer e.a.

vent mixtures as function of the pH of the aqueous phase ( see
Table 4 ). From this table it can be seen that the effect of the
pH of the aqueous phase on the partition coefficient is insignifi-
cant at pH below 7.4 . As can be expected, the partition coeffi-
cient of the drugs with acidic character (phenobarbital and phe-
nytoin ) becomes very small when the aqueous phase is strongly al-
kaline. The influence of pH on the distribution of drugs can be
used to separate acidic from neutral or basic drugs as was demon-
strated by Eichelbaum (46)
HPLC. Phenytoin and phenobarbital interfered with the analysis,

who determined carbamazepine by

but these drugs could be removed from the organic extract by sha-
king the organic phase with an alkaline aqueous solution bywhich
the acidic drugs are completely extracted into the aqueous phase.
Also,significant differences in partition coefficients are found
with various extraction solvents. Acetone,in the presence of a
large amount of ammoniumsulfate in the aqueous phase,seems to be
the solvent which gives the largest partition coefficients. How-
ever,it must be noticed that still a considerable amount of water,
which originally belongs to the biological sample,remains dissolved
in the acetone phase bywhich a significant number of water soluble
substances can be co-extracted. The amount of water in acetone and
thus the co-extraction of water soluble substances can be signi-
ficantly decreased by repeated salting out techniques as was de-

(10) |

According to Tible 4 ,ethylacetate seems to be a more or less uni-

monstrated recently

versal extraction solvent for the common anticonvulsants. However,
it is advantageous to keep the polarity of the extraction solvent
not toohigh in order to minimize the co-extraction of interfering
substances. This is,in particular,the case when applying normal
phase chromatography where the retention increases with increasing
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polarity of the solute and thus might cause long analysis times or
even severe column contamination.

Toluene seems to be a less suitable extraction solvent,while hexane
does mot extract the anticonvulsants at all. This shows that hexane
can be used to remove possibly interfering lipids from serum as was
recommended by some authors(36)to prolong the life time of reversed
phase columns.

Until now,chloroform(16’21’25’29’44),dichloromethane

,diethylether(26’27’38),sometimes containing a small amount of pro-

(13,14,32,34,46

panol,are the most frequently used extraction solvents. For the
more polar drugs and the metabolites of the liphophilic drugss

ethylacetate(5’31’37’43)

,chloroform/propanol mixtures ,acetone
and acetonitrile(10’36) have been successfully applied.

Tn most reports the organic phase/sample ratio ranges between

5 - 10. In some applications repeated extractions are recommended.
The reported absolute recoveries of anticonvulsants vary between

70 - 100%.

The solvent extraction can also be performed on a so—called extrac-

tion column(17’47)

. Such colums are filled with large sized dia-
tomite earth with a large pore volume. The aqueous sample is ap-
plied to a dry column which adsorbs the aqueous phase as a statio-
nary liquid phase on the porous support. The column is then eluted
with an organic solvent not miscible with water (usually one of
the solvents used in table 4 ). The lipophilic drugs are extracted
from the aqueous phase ( the sample ) into the organic eluent. An
advantage of this mode of solvent extraction is an emulsion free
organic extract which is sometimes not the case with conventional
solvent extractions.

The solvent extraction,deproteinization,evaporation and rediiggg

In this report a complete automated sample clean up unit,suitable

lution lends itself to automation as was shown by Snyder

for anticonvulsants,was directly coupled to HPLC (see Fig.6). The
drugs are on line extracted from the serum sample. After phase se-

paration the organic solvent flows onto a continuously moving te-
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ANALYTICAL CARTRIDGE
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mixing ]
air _.@_ coil
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(NH,),50, —(C)—

organic (4)
solvent

waste

column €= “~

e

N\
sample \ < @ -( :)_— \
valve phase separator

I A
Of o O

Pick-up /Ca/ \ teflon wire

Solvent EVAPORATION-TO-DRYNESS MODULE

Fig.6 Flow diagram of sample pretreatment module for Fully Auto-
mated Sample Treatment - Liquid Chromatography ( FAST-1.C System)
————— sample pathway ;
ref. 39 )

other liquid streams. ( taken from

flon wire and is evaporated by hot air. After this,the Teflon wire
is washed withapick-up solvent of composition suitable for injec-
tion into the HPLC system. The pick-up solvent is pumped through
the sample loop of the injection valve of the HPLC system. Fig.7
shows a chromatogram of a human serum obtained by this FAST-LC

system.
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HUMAN SERUM 1

CALIBRATOR

2

A 200

|

-2 16 min

time

Fig.7 Chromatograms provided by FAST-LC assay for anticonvul-
sants and metabolites. ( see fig.6 )

1 = phenyl ethyl malonamide ; 2 = ethosuximide ; 3 = primidone ;
4 = phenobarbital ; 5 = carbamazepine 10,11-epoxide ; 6 = phe-
nytoin ; 7 = carbamazepine ; IS = hexobarbital. ( taken from
ref. 39 )

DEPROTEINIZATION: Direct injection of deproteinized serum has been
(20,22,28,35,40,41) o corm came
20,22,28,35) (41

or perchloric acid(40), centrifuged and 25 - 100 ul of the super-

applied by a number of authors
ples are deproteinized with acetonitrile ,acetone
natant is injected in a reversed phase system. This method is
only applicable when the drug serum concentrations are relatively
large. A drawback is the fact that almost all serum constituents
are injected onto the colum,which might give problems with the

background and column contamination. For instance,when using per-
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1

10 20 min 0 0 20 min

olk

o4

Fig.8 Chromatogram of a test mixture of anticonvulsant (A) , of
a deproteinized blank serum (B) and of a deproteinized serum of
a patient receiving daily primidone,carbamazepine and diphenyl-
hydentoine (C). ( the numbers correspond to those in fig.4 )

The serum samples were deproteinized with perchloric acid ,cen-
trifuged and 100 ul of the supernatant injected. ( taken from
ref. 40 )

chloric acid as deproteinizating agent,a large disturbance occurs
in the beginning of the chromatogram as is shown in Fig.8. This
disturbance prevents the analysis of the more polar drugs and me-
tabolites. When using acetonitrile as deproteinizating agent a
significantly better background is obtained as is shown in Fig.9.
All the described methods,where direct injection of deproteinized
serum is applied,suffer from serious column contamination after

a limited number of injections. To maintain the separation effi-
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Fig.9 Chromatogram of a test mixture of anticonvulsants (A) ;

of a spiked serum (B) and of a blank serum spiked with the in-
ternal standard (C).

The serum samples were deproteinized with acetonitrile,centrifu-

ged and 20 ul of the supernatant injected. ( taken from ref. 22)

ciency,the column has to be washed regularly with pure organic
solvents as recommended in Ref.20,22. Another way to protect the
analytical column is the installation of a small disposable pre-
column(36) which can be replaced after a number of injections.
SOLID PHASE EXTRACTION: mother way to simplify the matrix of the
sample is by adsorbing the solutes at an adsorbent. This way of
sample clean up has been applied with polystyrene resins (XAD)(gsq
charcoa1(4’]9) and alkylmodified silicas(48). The serum sample is

applied to a small column filled with the solid material onwhich
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AN

| I | I
0 2 4 6 MIN

Fig.10 Chromatogram of a solid phase extract of a patient serum.
1 = phenylethylmalonamide ; 2 = primidone ; 3 = phenobarbital ;
5 = alphenal ; 6 = phenytoin. ( taken from ref. 33 )

the drugs of interest are strongly adsorbed. The column is then
washed with a solvent (usually water) to elute weakly retained se-
rum constituents. Than the drugs are eluted from the column with

an organic solvent. The organic solvent is collected and evaporated
and the residue dissolved in the eluent. The recoveries with solid



300 KRAAK AND CROMBEEN

extraction techniques ranges between 60 - 100%. The extracts ob-
tained with solid extraction are rather clean as is shown inFig.10
The described clean-up procedures have also been successfully ap-
plied to urine(zg’:ﬂ’30 and saliva ( 24 )samples. However,as the
urine samples contain considerably larger concentrations of inter-
fering substances, the clean-up is more laborious than for serum

samples.

QUANTITATIVE ASPECTS

The precision of HPLC for the determination of anticonvulsants in
serum is determined by the accuracy of the various steps in the
analysis route ( e.g. sample manipulations,chromatography,detec-
tion ). With respect to chromatography,the constancy of the flow-
rate and the retention characteristics are the main sources which
might affect the precision. Modern liquid chromatographs and co-
lumn packings enable reproduction of retention data with a coef-
ficient of variation less than 1-2%. The influence of the detec-
tion system on the precision becomes significant when measuring

at a small signal to noise ratio or out of the linear dynamic
range. For the determination of anticonvulsants at therapeutic
levels,this is hardly the case,as the solutes can easily be detec-
ted at a signal-to-noise ratio of 50 - 100 (see also Fig.1). Un-
der these conditions,the reproducibility of the peakheight or
peak area is usually 1 - 2%. The chromatographic and detection sy-
stem are minor error sources compared with those introduced by
the clean-up manipulations. The often unpredictable phenomena
occuring during the sample preparation require, in most casessthe
use of an internal standard to obtain acceptable precision. In
these proceduresa compound with similar physical and chemical pro-
perties as the solutes,is added to to the original sample and pro-
cessed through the complete analysis route. The serum drug concen-
trations are determined by comparison of the ratio of the peak-
heights or peak areas of the solute and internal standard with a

calibration curve composed from ratios obtained by analysis of
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drug free serum samples spiked with known amounts of pure solute
and internal standard. The precision of the linear calibration
curve can be characterized by a regression coefficient or prefera-
bly by a standard deviation of error(49). Unfortunately ,values of
regression analysis of calibration curves of anticonvulsants are
seldomly reported(TS’Zg). Despite this lack of information,data
about the precision of the determination of anticonvulsants by
HPLC ,using internal standardization, have been published. For

therapeutic levels the reported coefficients of variation for
69(13,17,19,20—22,31—33,39

9%(5,16,20,2231,39)

within-day analyses ranges between 2 -
7,14,28,29,38,41) and for day to day between 6 -
From the reproducibility of the recovery,which have been reported

(4,13,14,19,31,33,35,39,40,44) it can be

to range between 2 - 6%
concluded that the coefficients of variation ultimately achieved
can be greatly ascribed to the irreproducibility of the isolation
method. This pleads in favour of completely automated sample treat
ment systems as applied in Ref.39.

When analyzing samples with lower concentration levels,the coeffi-
cients of variation increases considerably and are of the order of

10 - 153 at levels < 0.1 ug/mi (24,3839

CONCLUSIONS

From the many reports which have appeared in 1it erature,it can be
concluded that HPLC,combined with UV detection,is very suitable
for the analysis of anticonvulsants in serum. The separation effi-
ciency of the available phase systems enables the simultaneous
analysis of a large number of anticonvulsants and some of their
metabolites. In contrast to gas chromatography,the sample pre-
treatment for HPLC is simple. Sample pretreatment by means of sol-
vent extraction lends itself to automation , coupled to HPLC. In
this respect automated on line solid extraction coupled to HPLC

might have advantages compared to solvent extraction and is worth
investigating.
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The anticonvulsant concentrations ,determined by HPLC,correlate

well with those obtained by means of other techniques like EMIT

and G

c (5,13,17,19,20-21,25,31,32,38,39)
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HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY OF BILE PIGMENTS

C.K.Lim,
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M.R.C. Clinical Research Centre,
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ABSTRACT

The application of high-performance liquid chromatography (HPLC) to the analysis of
bile pigments is reviewed with particular references to the characterization and determination
of bilirubin and its conjugates in body fluids. A comparison of phase systems for
the separation of bile pigments is given.

INTRODUCTION

Bile pigments are linear tetrapyrroles formed in the cells of the reticulo—endothelial
system by enzymic oxidation of the haem of haem protein with loss of the protein
moiety, fission of the haem IX ring mainly at the a-bridge and removai of the iron
atom ( Fig.1 ). The first bile pigment formed. biliverdin IXa , is rapidly reduced
in the tissue to bilirubin IXa . Bilirubin is excreted in the bile mainly as diglucuronide
after conjugation in the liver. In the gut bilirubin is hydrogenated by intestinal flora
either before or after deconjugation to a mixture of urobilinogens which are oxidised
to stercobilin, half-stercobilin and urobilin. Stercobilin is stable while half-stercobilin
and urobilin may be oxidised to half-stercoviolin and mesobiliviolin respectively. Further

oxidation of mesobiliviolin to mesobiliverdin or glaucobilin may also occur ( Fig.2 ).

305
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The bile pigments are classified primarily according to the extent of conjugation ranging
from the colourless urobilinogens with no conjugation to the orange-red "urobilins”,
violet biliviolins and the green or blue biliverdins. The most important bile pigment

being the yellow bilirubin IXa

SEPARATION OF SYNTHETIC BILE PIGMENTS

There is need for a wide range of pure model bile pigments for comparative study
in chemistry and biochemistry with the increasing number of new compunds being isolated
from natural sources. High—performance liquid chromatography ( HPLC ) with its superior
resolving power and sensitive detectors is increasingly being used for the analytical
and preparative separation of bile pigments in place of the widely used thin-layer

chromatography ( tl.c.).

Separation of biliverdin IXa, IX@8. IXy, and IX6 dimethyl esters

The oxidative cleavage of haem either enzymically or chemically to biliverdin IXa is
accompanied by the formation of the IX8 . IXy and IX6 isomers as minor products
( Fig.1 ). These isomers which may be important biologically have been separated
by adsorption and reversed-phase chromatography. A reverrsed—phase system (1) with
methanol-water (78:22) as mobile phase on a C18 column was shown to be superior
to resolution obtained on a silica column eluted with toluene-acetone—pyridine (90:10:1).
The bile pigment dimethyl esters, however. are usually better separated by adsorption
chromatography. This was demonstrated by the improved separation of the isomers

on silica with dichloromethane-methanol-water (90:0.9:0.1) as the eluent (2).

Separation of llla .IXa and Xllla isomers of verdins and violins

Bile pigments containing a central methylene bridge. i.e. rubins and urobilinogens.
undergo acid-catalysed rearrangement so that compounds with the natural IXa order
of side-chains give symmetrical llla and Xllla isomers (3.4). This reaction has been
used to prepare a large number of verdins and violins of the llla ., IXa and Xllla
series. The separation of these compounds as dimethyl esters has been successfully

performed on a u-Porasil column with isooctane-methyl acetate in various proportion
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min

FIGURE 3. Separation of IIIa(1). IXa(2) and Xllla(d) isomers of
biliverdin dimethyl esters.

Column.u—Porasil; mobile phase.heptane-methyl acetate (2:1);
detection.370nm.

as the mobile phase (5). Apart from being able to separate the bile pigments into
their major classes the system is also capable of separating the llie . IXa and Xllla
isomers ( Fig.3 ) of each compound. The capacity ratio (k) of these compounds increases

with decreasing conjugation, and the elution order of the isomers is- la < IXa < Xlla.

Separation of i-urobilin _dimethyl esters

The separation of i-urobilin dimethyl ester on silica ( u-Porasil ) is particularly interesting.
A benzene-ethanol (29:1) solvent mixture containing trace amount of diethylamine not
only separated the llle, IXa and Xllla isomers but also resolved each isomer into
pairs of diastereoisomers (6,7). The order of elution of the isomers reverses that of
the verdins and violins and the RR.SS forms eluted before the RS.SR forms. The presence

of diethylamine is essential for the separation.
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Separation of bilirubin llle, IXa and Xllla isomers

Bihrubin llle and Xllla isomers can be prepared by acid-catalysed rearrangement of
bilirubin IXa (3.4). Commercially available bilirubin also contains variable quantity of

lle and Xllla isomers as impurities.

A 20-minute gradient elution on a silica column (25cm x 4.6mm) with acetic acid
in chloroform (0.2% to 0.999%) as the gradient mixture has been described for the
separation of bilirubin isomers (8). Apart from requiring gradient elution separation of

the IXa and Xllla isomers was incomplete due to peak tailing.

N

| 1 ! |

0] 5 10 15
min

FIGURE 4. Separation of bilirubin Xilla(1), IXa(2) and 1la(3)
isomers.

Column,S8AS—Hypersil;mobile phase.acetonitrile—dimethyl
sulphoxide—water(32:32:36) ;detection.450nm.
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An exceedingly long (120 minutes) gradient elution ion—pairing system was employed
by Onishi et al (9) using acetonitrile (10% to 40% ) in 0.01M phosphate buffer containing
0.1% tetrabutylammonium hydroxide as the mobile phase. A 25cm x 4.6mm Shimadzu

PCH column was used as the stationary phase.

Reversed-phase chromatography appeared to give the best results in terms of speed
and resolution. Lim et al (10) achieved complete separation of the isomers in less
than 15 minutes by isocratic elution on a 10cm x Smm SAS-Hypersil ( C1 ) or ODS-Hypersil
( C18 ) column. A ternary solvent mixture of acetonitrile- dimethyl sulphoxide-water
(typically 30:30:40) was used ( Fig.4 ). The presence of dimethyl sulphoxide improved
the solubility of the bile pigments as well as altered the selectivity of the column leading

to superior resolution,

CHARACTERIZATION OF BILE PIGMENTS IN BILE

The slandard procedure for the characterization of bilirubin and its conjugates in biological
fluids 1s by various modifications of the diazo reaction followed by analysis of the azopigments
formed. Littie (11) analysed bilirubin p-iodophenyl azopigments from dog bile by
reversed—-phase ion—-pair chromatography on a u-Bondapak C18 column using

tetrabutylammonium ion as the counter ion. The nine peaks separated were not characterised.

Onishi et al separated the bile pigments in dog bile as ethyl anthranilate azopigments
(12). A reversed-phase gradient elution system on a Shimadzu PCH column eluted with
acetonitrile (20% to 60% in 80 minutes) in 0.1M acetate buffer also separated the
azopigments into nine peaks. These were identified as the exo— and endo-vinyl isomers
of ethyl anthranilate azodipyrrole ( designated «0), azodipyrrole-8-D-monoxyloside (a2),
azodipyrrole-8-D-monoglucoside (a3) and azodipyrrole-B-D-monoglucuronide (86). The
last peak was not characterised. The peaks obtained by Little (11) were probably

of similar nature.

Conjugated and unconjugated bilirubin in bile can also be separated directly. Lim (13) -
demonstrated the presence of mono- and di—-glucuronide conjugates in rat bile by separation
on a p—-Bondapak carbohydrate column. The stability and reproducibility of the column,
however,were unsatisfactory. In an attempt to overcome these problemé a liquid-liquid

partition system with in situ loading of a silica column with tetraethylenepentamine and
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eluted with acetonitrile-water containing 0.05% tetraethylenepentamine was developed
for the separation of the bile pigments (10). The separation of unconjugated bilirubin
was satisfactory but its application to the separation of conjugated bilirubin has not
been described. The column while stable required long equilibration for reproducible
retention and a small change in solvent composition could led to a large variation
of the k' values. A better approach to the direct separation of conjugated and unconjugated
pilirubin in bile is by reversed-phase ion-pair chromatography. Jansen and Tangerman
(14) and Jansen (15) separated the bile pigments on a C18 column with acetonitrile—0.01M
tris HC! buffer (40:60) containing tetrabutylammonium sulphate as the mobile phase.
Conjugated and unconjugated bilirubins in the bile of human, monkey, dog. pig and

rat have been analysed by this method.

Onishi et al (16) seperated bilirubin, bilirubin diglucuronide and two isomeric bilirubin
monoglucuronides in human bile using two C18 columns in series and a 100-minute
gradient elution with acetonitrile in 0.1M acetate buffer containing sodium pentanesuiphonate
as the gradient mixture. The resolution achieved by this system was better than others.
however, the much longer retention time plus the need for gradieny elution made

it a less praticable method.

ESTIMATION OF URIDINE DIPHOSPHOGLUCURONATE GLUCURONOSYL TRANSFERASE
(_UDP-GLUCURONYL TRANSFERASE ) ACTIVITY

The separation of conjugated and unconjugated bilirubin has been applied by Onishi
et al (16) to estmate lhe actvity of the enzyme UDP-glucuronyl transferase.This enzyme.
concentrated In the liver microsomes. is essential for the conjugation and biliary excretion
of bilirubin. The sensitivity of the HPLC method was over a 100 times that of the
Ll.c. densitometric or spectrophotometric method. It is therefore possible to determine

very low activity of the enzyme as in liver biopsy specimens of neonates.

Chowdhury et al (17) also developed an assay of human liver UDP-glucuronyl transferase
and bilirubin monoglucuronide dismutase based on HPLC separation of bilirubin mono-
and di-glucuronide by reversed-phase ion-pair chromatography. The method is readily
adaptable to radioassay using labelled bilirubin or UDP-glucuronic acid making it very

sensitive and requiring only small specimens.
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DETERMINATION OF BILIRUBIN IN PLASMA OR SERUM

The determination of biirubin in plasma or serum is mainly concerned with the diagnosis
ana control of treatment of diseases associated with jaundice. The diazo reaction methods
currently used in clinical laboratories are probably adequate for the estimation of total
bilirubin. Their use for the determination of conjugated and unconjugated bilirubin based
on the direct and indirect diazo reactions, however. is very unreliable. The direct
spectrophotometric method employed in many paediatric departments measures only

total birubin and is unable to differentiate bilirubin from photobilirubins (see below).

HPLC 1s an ideal technique for the simultaneous determination of conjugated and unconjugated
bilirubin in plasma. However. while unconjugated bilirubin can be recovered easily from
plasma the quantiative extraction of conjugated bilirubin is difficult although their extraction
and HPLC separation has been reported (15). Blanckaert et al (18) overcome the extraction
problem by converting bilirubin mono- and di-conjugates into mono- and di-methyl
ester respectively by alkaline methanolysis. Unconjugated bilirubin was unaffected by
the reaction. This elegant and simple procedure is an important advancement in the
apphcation of HPLC to the analysis of conjugated and unconjugated bilirubin in plasma.
The pigments were then separated by gradient elution on a silica column with

chloroform-acetic acid-methanol as the gradient mixture.

To make Blanckaert’'s method more acceptable for routine appiications with possible
automation the isocratic reversed-phase system developed by Lim et al (10) for unconjugated
bilirubin in serum has been modified (19) for the separation of bilirubin, bilirubin
monomethyl ester and bilirubin dimethyl ester ( Fig.5 ). The method does not allow
identification of the nature of conjugating groups but is nevertheless useful for routine

diagnostic purposes.

In pathological sera containing high concentration of conjugated bilirubin Lauff et al
(20) separated four bilirubin species. These were identified as unconjugated bilirubin,
bilirubin monoglucuronide, bilirubin diglucuronide and bilirubin tightly bound to albumin.
The last of these. the & fraction, was though to be bilirubin covalently bonded to albumin.
It was negligible in serum with only unconjugated bilirubin or with little conjugated
bilirubin. The artifactual formation of the &6 fraction during the manipulation of sera

containing high concentrations of conjugated bilirubin cannot be ruled out. The
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FIGURE 5. Separation of bilirubin monomethyl ester(1), bilirubin(2),
and bilirubin dimethyl ester(3) exiracted from serum of a patient
after alkaline-methanolysis.

Column,SAS-Hypersil:mobile phase.acetonitrile-dimethyl sulphoxide—
water(32.5:32.5:35) ;detection.430nm.

transesterification of such a serum usually leaves a slightly yellow precipitate. presumely
containing the & fraction. In these cases the alkaline methanolysis—-HPLC procedure
will certainly underestimate the total bilirubin content. The clinical significance of the

6 fraction awaits futher investigation.

Bilirubin undergoes photochemical rearrangement when irradiated with UV light giving
a mixture of geometric isomers, the photobilirubins (21-25). The presence of photobilirubin
in serum of neonates undergoing phototherapy has been demonstrated by Onishi et
al (24.25). The separation of bilirubin from photobilirubins is important clinically in monitoring
the effectiveness of phototherapy since the spectrophotometric absorption of these compounds
are similar and some photobilirubins are diazo positive. The direct spectrophotometric

and the diazo methods will therefore give falsely high results for unconjugated bilirubin.



ANALYSIS OF BILIRUBIN IN AMNIOTIC FLUID

The analysis of bilirubin in amniotic fluid was a valuable method of detecting and preventing

haemolytic disease in the newborn.

The alkaline methanolysis-HPLC procedure for plasma bilirubin (18) has been applied
to the determination of bilirubin in human amniotic fluid (26). Unconjugated bilirubin
was detected in the amniotic fluid from normal and rhesus—sensitized pregnancies. Conjugated
bilirubin was only found occasionally in amniotic fluid from blood-group—incompatible
pregnancies proving the antenatal conjugation of bilirubin by fetuses with excessive

bilirubin production.

STUDY OF FAECAL BILE PIGMENTS

In haemolytic diseases the estimation of the daily excretion of faecal bile pigments
has been used as an index of the severity of haemolysis. However. due to the complexity

and instability of some of the "urobilins”, faecal bile pigments are now rarely estimated.

The HPLC analysis of faecal urobilinoids on Hypersil eluted with acetonlitrile-
water-tetraethylenepentamine (85:15:0.05) showed that they were mixtures of I-stercobllin,
half-stercobilin and d-or i-urobilin in various proportions (27). Each of these compounds
has been isolated and converted into their dimethyl esters for further separation of
the diastereoisomers by adsorption chromatography on Hypersil with heptane-methyl
acetate-methanol containing 1% diethylamine (75:25:2) as eluent. Stercobilin dimethyl
ester gave a single peak confirming previous observation (28) that it was entirely in
the SS forms. Half- stercobilin and urobilin dimethyl esters were resolved into pairs
of diasteroisomers, the RR,SS and the RS.SR forms. A mixture of "urobilin® dimethyl
esters extracted from faeces will therefore separated into five peaks ( Fig.6 ). The

lla. IXa and Xllla isomers of these compounds were not resolved by this system.

It has been shown that synthetic i-urobilin dimethyl ester was separated into pairs
of llla. IXa and Xilla diasterecisomers when u—Porasil eluted with
benzene-ethanol-diethylamine was used (6.7): natural stercobilin was separated into

the 8S forms of llla. IXa and Xllla isomers. The superior resolution of this system
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FIGURE 6. Separation of dimethyl esters of (SS)-stercobilin(1),
(RR,S8)-half-stercobiiin(2), (RR.SS)-urobilin(3),
(RS,SR)-half-stercobilin(4), and (RS.SR)-urobilin(5).
Column,Hypersil:mobile phase.heptane-methyl acetate-methanol
containing 1% diethylamine(75:25:2).detection,490nm.

was unfortunately disadvantageous in actual applications as in samples containing a
mixture of "urobilins” the increased number of peaks resuited in overlapping of some
of the isomer peaks of stercobilin, half- stercobilin and urobilin. This severely limited
its usefulness as a method for faecal bile pigment estimation because the molar absorptivitiy
of stercobilin, half-stercobilin and urobilin are different. A complete separation is therefore
essential. The molar absorptivities of the llla, IXa and Xllla isomers of each compound.
on the other hand. are very similar. Their separation is unimportant in faecal bile pigment
determination. The heptane-methyl acetate- diethylamine system (6.7) is therefore
recommended for the quantitative analysis of faecal bile pigments. A combination of
the two systems. however, is necessary for the Isolation of pure compounds for

physico-chemical characterization.
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COMPARISON OF HPLC SYSTEMS FOR BILE PIGMENT SEPARATION

It is well known that adsorption chromatography has the unique ability to obtain class

separations and to resolve isomers. This is also true for bile pigment separation.

A complication in bile pigment chemistry is that naturally occurring IXa bile pigments
such as bilirubin and urobilinogens are partially rearranged in acid solution to lllia
and Xllla isomers (3,4). The abiiity to separate these isomers as dimethyl esters is
invaluable in chemical synthesis and in the characterization of pigments isolated from
natural sources. Silica is the only adsorbent used in the separation of bile pigment
methyl esters. Chemically bonded normal phase packings like amino- and cyano-bonded
silica have not been investigated. It is likely that they are equally good for the separation
of bile pigment methyl esters and in addition may possess special selectivity for a

partucular group of pigments.

Reversed-phase chromatography is well suited for the separation of underivatised bile
pigments but is generally unable to resolve the isomers except for bilirubin isomers.
The best reversed-phase system for the resolution of bilirubin isomers is by use of
a ternary solvent mixture ( acetonitrile- dimethyl sulphoxide-water ) on C1, C8 or C18
bonded silica (10). The separation of llle, IXa and Xllla isomers is unimportant in clinical
bile pigment analysis. Reversed-phase chromatography is therefore useful for the rapid
group separation of bile pigments. The group separation of verdins, violins and urobilins,
for example, is useful for the preparative isolation of bile pigments in haem turnover

studies using labelled precursors.

Reversed-phase (19) and adsorption chromatography (18) have both been used for
determination of conjugated and unconjugated bilirubin in serum. The reversed—phase

isocratic system, which is simpler and faster, is preferred.

Reversed-phase ion-pair chromatography is the method of choice in the separation
of bile pigments with conjugated groups including the azodipyrroles of conjugated bilirubin.
It has been successfully applied to the analysis of conjugated bilirubin in bile (14-16)

and to the estimation of the activity of UDP-glucuronyl transferase (16,17).

The normal phase separation of conjugated bilirubin on a w-Bondapak carbohydrate

column is possible (13) but efficiency and reproducibility are poor.
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CONCLUSION

HPLC has become an important technique for bile pigment studies. In chemistry it is
ideal for the separation and elucidation of structures, particularly for bile pigments
with limited stability such as the photobilirubins. In biochemistry and physiology it provides
a fast and sensitive method for the study of bile pigment function and metabolism.
It has important applications in clinical chemistry and clinical medicine, allowing the
identification and quantitation of conjugated and unconjugated bilirubin and differentiation

of bilirubin from photobilirubin.

The use of HPLC for bile pigment analysis will no doubt be increased. One area not
yet been fully exploited by HPLC is the study of plant bile pigments: another is the
used of HPLC for optical resolution of the pigments. The study of conjugated bilirubin

other than sugar conjugates will also be greatly facilitated by HPLC.
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OLIGOMER ANALYSIS BY HPLC AND GPC
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INTRODUCTION

When a substance, such as styrene, is polymerized, a mixture of
oligomers is formed. Even though one can calculate an average
molecular weight on the order of 2000, oligomers of much smaller
molecular weight, some of them fairly small, are always found in
the product. Because many physical properties change with the
molecular weight, the properties of the polymer preparation may
depend to an important extent on the percentages of the small

oligomers that are present.

In some cases, low molecular weight oligomers are deliberately
used in some of the newer coating systems that are required by
government regulations (1,2). For example, in powder coatings, a
low molecular weight polymer is reacted with an oligomeric cross-

linking agent. Similarly, in UV-curable coatings, low molecular
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weight multi-functional oligomers are mixed with reactive monomers
and a photosensitizer. In both cases, the molecular weight distri-
bution of the mixture of oligomers used in the synthesis must be
controlled carefully so as to obtain the desired mechanical pro-
perties in the finished coating. Because a small difference in the
distribution of a low molecular weight oligomer represents greater
relative changes in the molecular weight than in a high molecular
weight polymer, the physical properties are much more sensitive to
changes in distribution. 1In addition to properties such as mechani-
cal strength and softening point, solubility as reflected by the
leaching of smaller polymers by a liquid in contact with the plas-

tic, can be a serious problem (3).

Before discussing the separations carried out by High Performance

Liquid Chromatography (HPLC) and Gel Permeation Chromatography

(GPC), it is important to note that other chromatographic systems
have been applied to fractionations of oligomers. 1In an early
example of oligomer fractionation using capillary columns and gas
chromatography, silicone oligomers were shown to be separable by
Averill (4). Although that separation was spectacularly good, gas
chromatography is generally of limited applicability compared to

HPLC due to restrictions related to volatility.

Supercritical Fluid Chromatography (SFC) is a technique that
has been shown to overcome the problem of volatility. Ten years
ago, Jentoft and Gauw (5) in a classic study, demonstrated that a
2100 molecular weight polystyrene sample could be fractionated into
more that 25 oligomers in a relatively short period of time by
programming the pressure to change the density of the mobile phase
and, hence, the "solubility" of the partitioning species. More
recently, Hartman, et al, (6) have shown that 45 species could be

isolated by having a further refinement that the flow was main-



OLIGOMER ANALYSIS 321

tained constant as the pressure increased, thereby gaining effi-
ciency. The power of the technique was also demonstrated by Nieman
and Rogers (7) who were able to fractionate a methylphenyl silicone
into two series of oligomers, cyclic and linear. It was later
shown (8), through the isolation of pure cyclic tetramer, pure
silic pentamer, pure linear tetramer and pure linear pentamer that
the partitioning behavior of volatile species into those phases was
quite similar for three but markedly different for the cyclic pen-
tamer. This served to emphasize that structure as well as molec-
ular weight of the oligomer affects certain physical properties

signficantly.

Finally, thin layer chromatography (TLC) is obviously applic-
able to oligomers having low volatility (9,10). In general, the
application of TLC to mixtures of oligomers has been less widely
applied than HPLC though high performance TLC may increase its use

in the future.

GEL PERMEATION CHROMATOGRAPHY

GPC has an important advantage in that it can be performed
relatively quickly. All compounds should, in theory, elute at or
before the total permeation (internal) volume. If a column has
been calibrated with standards of the same material or the hydro-
dynamic radius can be estimated, characterization of polymer prep-
arations as a whole can be carried out easily. However, when
fractionating a mixture of oligomers, one encounters the very
limited peak capacity of GPC because of the limited elution range
of the retained species. Although recycling (11) can be used to
overcome this drawback to some extent, the improved separation is
obtained at a cost of increased time for the analysis. Another

way to extend the apparent peak capacity is to use larger columns,
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thereby otaining larger permeation volumes and providing the
opportunity for better resolution. The larger column volumes also
tend to minimize the effects of dead volume, which further improves
the resolution. However, the use of longer columns entails consid-
erable increases in the amount of solvent and stationary phase used
as well as increased analysis time. Another problem that may be
encountered in GPC is the absorption of components by the stationary
phase. This can be particularly important when using silica pack-
ings though it can be minimized by modifying the surface chemi-

cally.

High Performance GPC (HPGPC) (12,13) involves the use of rigid
microparticles having narrow pore size distributions that are also
well defined. The rigidity of the particles permits higher pres-
sures to be used thereby insuring faster flow rates and rapid
analysis times while still obtaining high resolution due to the
small particle size. Cross linked organic polymers as well as
porous silicas have been used as packings. Cross linked poly-
styrenes are used with organic solvents while crosslinked poly-
ethers containing hydroxyl groups (TSK-type PW) (14) or porous
silicas derivatized with hydrophilic functional groups (TSK-type
SW) (15) are used with aqueous mobile phases Kato, et al, (16) have
shown that type PW gel provides superior resolution for lower
oligomers (MW 500) due to its smaller pore size relative to type
SW. The increased column efficiency obtained with these newer
packings has made HPGPC a practical method for the analysis of

oligomer mixtures.

The fact that smaller (3-10 micron), rigid particles, are now
available makes possible the use of micro-packed columns for GPC.
Ishii, et al, (17) have shown that one can use injection volumes of

0.02 ul or less with a detector cell having a volume of 0.1 ul. or
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less., The small extra column volumes are necessary because of the
relatively low retention of GPC as compared to HPLC. The technique
was applied to polystyrene and polyepoxide oligomers. Promising

results were obtained in that initial report.

Among the applications of High Performance GPC are those to
fractionations of polyethylene glycols (18) on TSK type PW gel with
water as the eluent as well as polystyrene, polyethylene glycols,
PCR novolaks (phenol-formaldehyde polymers), and epoxy resins (19),
all on cross linked polystryene gels. In the latter work, elution
volumes and the gel capacity (pore volume divided by exclusion
limit) for all samples except the epoxy resins were increased upon
changing from THF to chloroform as the mobile phase. For the epoxy
resins, the reverse was observed. These phenomena have been at-
tributed to solute-solvent interactions increasing the apparent
molecular size. In other HPGPC work, polyethylene terpthalate
cyclic oligomers up to the pentamer (20) and polysulfones (21),
specifically the cyclic dimer residue, have been separated on cross
linked polystyrene gels using THF and chloroform, respectively, as
eluents. Applications of HPGPC in the coatings industry have been

reviewed by Kuo and Prouder (2).

The analysis of oligosaccharides is of considerable importance
to the food and beverage industry. Size exclusion chromatography
has long been used to fractionate such mixtures. One approach has
been to use ion exchange resins. Kesler (22) and Lee (23) used
anion exchange resins with a borate buffer. Fitt, et al, (24) used
a cation exchange resin in the calcium form with water as the
mobile phase. Separations of oligosaccarides from corn syrup up to
degree of polymerigation (DP) 8 were achieved. Scobel and Brobst
(25) later showed that cation exchange resins in the silver form

gave much better results, resolving corn syrup oligosaccharides up



324 CURTIS AND ROGERS

to DP 15. 1In all of these separations, size exclusion is the
dominant mechanism as shown by the elution order which follows

decreasing molecular size.

Gel filtration packings have also been used for oligosaccharide
fractionations. John, et al, (26) separated glucose oligomers up
to DP 13 on polyacrylamide gel. Brown (27) separated cellodextrins
on both dextran and polyacrylamide gels. It was shown that both
steric exclusion and solute gel interactions play a role in these

separations.

HIGH PERFORMANCE LIQUID CHROMATOGRAPHY

HPLC, like High Performance GPC, has benefited greatly by the
use of small-diameter rigid particles which lead to highly effi-
cient, rapid separations. The fact that different types of derivi-
tized silica as well as conventional silica, alumina and other
packings can be used contributes to the already broad selectivity
that is available through the use of different solvents including
mixed solvents. In the case of oligomers there is also a general
elution problem which results from the broad range of solubilities
within a given series of oligomers. Although limited success can
be obtained using isocratic conditions, as Kirkland showed by sep-
arating 12 polystyrene oligomers (28), gradient elution, in which a
changing composition forms the eluent, provides a convenient means
for solving that problem. Snyder and Kirkland (29) have shown that
convex gradients are preferred for optimum resolution of homologous
series such as oligomers. Although flow programming has been used
to speed up the fractionation of oligosaccharides (30), it appears

to be of more limited applicability.
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As indicated earlier, a series of oligomers can represent a
very broad range of solubilities. 1If too "strong" a solvent is
used for the sample, it can noticeably degrade the resolution
(31,32). Clearly, the larger the volume of sample solution

injected, the greater the effect.

However, it should be noted that the important feature is the
difference in strength between the eluent and the sample solvent.
Gradient elution reverse phase separations of polystyrene and epoxy
oligomers by Curtis (32) and Shiono (33), respectively have shown
no sample solvent effect. In both cases, the initial eluent had a
rather high solvent strength. The closer the strength of the elu-
ent to that of the sample solvent, the less the effect of using the
strong solvent. Often a compromise must be reached between sample
solubility and compatibility of the sample solvent with the initial

mobile phase.

Many years ago, Billiet (34) showed when using conventional ion
exchange for the fractionation of polyglycine oligomers, that the
elution times increased with oligomer size only up to a certain
point before size exclusion produced a reversal. The counterpart
of this effect in HPLC has been reported by Van Der Maeden, et al,
(30) who observed steric exclusion for higher oligomers when elut-
ing polystyrene standards with THF on a C-18 column. The size
exclusion effect is particularly noticeable on long chain reverse
phase packings since derivatization with alkyl chains reduces the
average pore size, the effect being greater with longer alkyl
chains (35). While the use of packings having a larger average
pore sizes will tend to overcome the size-exclusion effect, it
should reach the point of diminishing returns due to the reduced

surface area of packings with larger pore sizes.
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A number of typical applications can be cited for the use of
HPLC to fractionate oligomers. In one example, linear and cyclic
PET (Polyethylene Terephthalate) oligomers were separated on silica
using a hexane/chloroform gradient (36). Zaborsky (37) separated
polyester prepolymer oligomers on silica using ethanol modified
chloroform. Polycaprolactam oligomers have been fractionated using
silica in combination with butanol, acetic acid, and water (38).
Shiono, et al, (33) have separated oligomers of epoxy by-products
on an octadecyl silica packing, with an acetonitrile/ water gradi-
ent using acetonitrile/tetrahydroforan as the sample solvent.

Van Der Maeden, et al, (31l) have separated novolaks using tetra-
hydrofuran/water, and poly (2,6-diphenyl-p-phenylene oxide) oligo-
mers using dioxane/water, both on an octadecyl bonded phase as well
as ethoxylated octylphenols using a hexane/THF gradient on an amino
bonded phase. Molnar and Horvath (39) have separated alanine oligo-
mers using an aqueous phosphate buffer and phenylalanine oligomers
using a water/acetonitrile gradient containing perchloric acid,

both on octadecylsilica.

HPLC has also been applied to the analysis of oligosaccharide
mixtures. Amino bonded phase columns using acetonitrile/water
eluents have been used by Linden and Lawhead (40) to fractionate
maltose oligomers of up to DP 8 and by Schwarzenbach (41) to re-
solve dextrose oligomers of up to DP 7. Rabel and coworkers (42)
obtained excellent separations of oligosaccharide of up to DP 10
using an amino/cyano mixed bonded phase column with an acetonitrile/
acetate buffer eluent. Aitzetmuller (43,44) has shown that ordi-
nary silica columns can be used for oligosaccharide separations by

adding a polyfunctional amine modifier to the mobile phase.

Chetham, et al, (45) have recently shown the utility of a new

reverse phase packing for oligosaccharide analysis using a commer-
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cially made octadecylsilica designed specifically for carbohydrate
separations. This material uses water as the mobile phase and thus
avoids the solubility problems of higher oligosaccharides in ace-
tonitrile/water mixtures. It is also free from the column degra-
dation associated with amino bonded phase columns (43). This
reverse phase technique also resolves anomers having of the same

degree of polymerization.

Finally, it is important to note that isomers of synthetic
polymeric species having the same degree of oligomerization have
been resolved by two different groups. Scheuing (45) separated
isomers of polyester oligomers using a C-8 derivitized silica pack-
ing in conjunction with acetonitrile/water gradient at 70°C.

Van Der Maeden, et al, (30) showed an even more spectacular frac-
tionation involving the isomers produced by O-cresol and formal-
dehyde using an octodecyl derivatized silica and a tetrahydrofuran/
water gradient. In these cases, there is no question that the
larger peak capacity and greater selectivity of HPLC compared to

high performance GPC is advantageous.

CONCLUSION

The studies reported in this review were selected as represen-
tative ones that should serve to convince the reader that High
Performance Liquid Chromatography and, to a lesser extent High
Performance Gel Permeation Chromatography, are capable of perform-
ing fractionations of oligomers for a variety of species. This

review was not intended to be exhaustive.
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LC NEWS

LIGUID CHROMATOGRAPH/MASS SPECTROMETER INTERFACE
continucusly concentrates the effluent from a
canverntional liguid chromatograph and delivers the
concentrated saclution into the mase spectrometer.
Combivnation with a mass spectrometer/data system
provides capability for analysis of complex and
intractable biclogical, envirornmental, and
petrachemical samples. Extranuclear Laboratories,
Inc., JLC/82/11, P. 0. Box 11518, Pittsburgh, PR,
15238, UGBA.

NEW COLUMNS FOR OLD coclumn  replacement service
permits chromatcographers to send in  their old,
ocbsclete columns to be emptied, cleaned, and
repacked with the packing material of their
chaoice. Columns are returved with a full
evaluation report, as for new HPLC columns. HPLC
Techvnolegy, JLC/82/11, P.0O.Box 7@0@-196, Palos
Verdes Peninsula, CA, 290274, USA.

EXPANDAEBLE COMMUNICATION GSYSTEM for the
chromatography lab uses a simple 3-wire cormection
to  integrate chromatographs and data systems into
an irntegrated retwork. This approcach eliminates
the reed for a system controller or host computer
te cortral communications. It can be interfaced
with CRT terminals, printers, modems, computers
via a communications interface board.
Spectra-Physics, JLC/82/1I, 3333 Nooth  First
Street, San Jose, CA, 95134, USA.

SHORT HPLC COLUMNS perform many analyses faster
and with reduced salvent consumpt iar.

331
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Three-micron diameter packing materials yield
efficiencies comparable to longer conventional
columns. Advarced bonding and packing techwnology
combinme to assure long caolumr lifetimes and
consistent performance. Rairnin Instrument Co.,
JLC/B2/11, Mack Rd., Waburn, MA, @18@1, USA.

PROTEIN SEQUENCING SOLVENTS elimimate saclvent
impurities that contribute to losses iv PTH amino
acid derivatives during protein sequencing even at
the picomale level. Each solvernt undergoes
recaovery testing using a representative mixture of
16 different PTH amino acid derivatives. This
assures highey yields far Edmars Degradation
procedures. Burdick & Jackson Laboratories,
JLC/82/11, 1953 5. Harvey 8t., Muskegon, MI,
49442, USA.

GUIDE TO MEMERANE SEPARATION TECHNOLOGY is

applications ariented. A unique "Applicaticns
Guide" leads orne to the proper praduct for his
needs, plus available literature. Millipore

Corp., JLC/88/11, Bedford, MA, @1730, USA.

LC COLUMN SELECTOR switches five columns. It
enables the user to exchange columns rapidly,
without wrenches, and without subjecting fittings

ta repeated wear. A columr  that is switched
aff-line is sealed at baoth ends. Orme carm be sure
that no column is exposed to a salvent that is

intended for ancther. Rhecdyre, Inc., JLC/B2/11,
P. 0. Bax 996, Cotati, CA, 94928, USA.

PROGRAMMAERLE WAVELENGTH DETECTOR is microprocessar
contralled. It permits selection of any rumbeyr of
wavelengths in cne—-narnometer increments from 19@
ta 378 rm fooo optimal detection of all components.
Utilizes keybocard entry that may be charged at any
paint  and as often as desired. Varian Instrument
Group, JLC/82/11, 2700 Mitchell Drive, Walrnut
Creek, CA, 94598, USA.

SEPARATE OPTICAL ISOMERS by HPLC with chiral
columns. Preparative chiral sorbents are also
available for scale—-up of separations. J.T.Raker
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Research Praducts, JLC/82/11, 282 Red School Lane,
Phillipsburgh, NJ, 28865, USA.

AUTOMATED LC SYSTEM cambines chromatograph with an
advarnced computer with high resclution  graphics.
1t features a pulse—free pump, ternary gradiernt
capability and a variety of sernsitive detectors.
Up to fouwr chromatographs can be contraolled with

user—-written software. A wide ranpe of data
calculations can be performed, including area
pct., normalizatian, internal arid external
standards, single or multilevel and lirnear or

non—linear calibrations. IBM Instruments, Inc.,
JLc/82/11, Orchard Park, P. 0. BOX 332, Danbury,
CT, @e81@, USA.

HIGBH PRESSURE FLUID CELLE for UV monmitors  are
rated at 12902 psi back pressure and incorporate
erharnced chramatographic flow characteristics to
optimize the plate cournt  in microparticulate
colummns without sacrificing detector sensitivity.
The cells also improve bubble clearing and allow
additional detectors to be added downstream
without excessive band spreading. LDC/Milton Ray
Co., JLC/BE/1I, P. 0. Bax 12235, Riviera Reach,
CA, 33404, USA.

APPLICATIONS DEVELOPMENT KIT permits application
of sclid phase techrolegy in the development of
new sample preparation methods. One can
experiment with new methods or solve existing
prablems with the phases included in the kit.

Included are octadecyl, phenyl, cyancpropyl,
aminopropyl, bernzenesulfonic acid, gquaternary
amine, dicl, and unbonded silica. Aralytichem
Irternat? 1, Irnc., JLEC/82/11, 242@1 framptom

Averue, Harbor City, CA, 20712, USA.

HPLC GRADIENT PROGRAMMER/SYSTEM CONTROLLER uses a
microcomputer based on the Zenith/Heath Z-89 and
cortrals up ta 3 pumps to produce virtually any
type of gradient or flow profile. Comtral
functions include sample ingection, solvent
selectiown, irntegraticon, fraction collecticn, and
recorder speed. The Anspec Co., JLC/B2/11, P. O.
Box 7@44, PArm Arbor, MI, 481027, USA.
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QUALITY ANALYZER, an LC system desigred
specifically for quality control applicaticoms will
aperate unattended 24 hours/day. It reguires half
the bernch space of a canventional HPLC system and
one carn learn to operate it in 2@ mirnutes. Waters
Assaciates, Ivec., JLC/B2/11, 34 Maple street,
Milford, MA, A1757, USA.

TLC TECHNICAL SERIES VOLUME, by Dr. Joseph Sherma
at Lafayette College, deals with practice and
applications of TLC. This volume is part of a

Technical Series consisting af individual
comprehensive volumes on current techrnigues of
TLC. Each is the work  of  an ocutstanding

scientist, and each is confired to a single area.
Whatmarn Chemical Separatiorn, Inc., JLC/82/1I, 93
Bridewell Place, Clifton, NJ, @7@l14, USA.

SEPARATION OF RIOPOLYMERS such as  proteins,
peptides, aligonmuclectides, are performed with the

FPLC system. Separation times as low as orne
mirute have been achieved with high yields of
protein mass and activity. Pharmacia Firne

Chemicals, Inc., JLC/B2/11, 8872 centermial Averue,
Piscataway, NJ, @8854, USA.

POSITIVE DISPLACEMENT MICROPIPETTORS are available

in 3 models ranging from S to 1000 microliters.
Featured are snap—on, snap—off, precision plastic

tips. They are precalibrated, but can be
recalibrated with a calibration rad stored iv the
handle. Labindustries, Inc., JLEs82/11, &2Z@

Hearst Avernue, Rerkeley, CA, 9471@, USA.

ARSOREBANCE DETECTOR FOR HPLC offers extremely high
sensitivity, is a continucocusly variable wavelength
system suited for microbore LC, analytical scale
HPLLC, and semi-preparative L.C applications.
Kratos Arnalytical Instruments, JLEC/82/11, 24
Booker Street, Westwood, NJ, @7675, USA.

POST COLUMN REACTOR can be usewd to determine
metals. It features a preumatic pump, mixing tee,
and a packed bed reactor in a self-contaived unit.
Dicrex, JLC/82/1I, 1288 Titan Way, Surmyvale, CA,
94086, USA.
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LC CALENDAR

1982

OCTORER 4-6: Capillary Chramatography '82&:
Internaticnal Symposium, Tarrytowr, NY. Cortact:
Dr. A. Zlatkis, Chemistry Department, University
of Houstown, Houston, TX, 77004, USA.

OCTORER 1@ - 13: 2ist Armual Mtg. of ASTM
Committee E-19 on the Practice of Chromatography,
Marrictt Hotel, New Orleans. Contact M K.

Riley, ASTM Headquarters, 1916 Race Street,
Philadelphia, PA, 1916G3, USA.

OCTORER 18 - 14: 3rd International Symposium On
Chlorinated Dioxins and Related Compounds,
Irternatiornal Congress Center, Salzburg, Austria.
Contact: Praof. 0. Hut zinger, Urniversity of
Amsterdam, Nieuwe Achtergracht 166, 1@a16wv
Amsterdam, The Netherlands.

OCTOBER 14: Ninth ANACHEM Symposium, sponsored by
The Asscciation of Analytical Chemists, Dearborn
I'wiy  Dearborn, MI, USA. Corntact: J. W. Auld,
Detrcit Edisan Co., Detrait, MI, 48226, USA.

OCTORER 14 - 15: "New Perspectives ivn Racemic
Coumpcound Separation” sponscored by CNR-PF Chimica
Fine e Secondaria, Societa Chimica Italiana, arnd
Universita degli Studi di Roma, iw Rame, Italy.
Cortact: Prof. Domenico Misiti, Inst. di Chimica
Organica, Via del Castro Lauwrenzianc 9, Q@161
Roma, Italy.
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OCTORER 19 - 2@: short Course an LC/MS, Maison
des Congres, Montreux, Switzerland. Spornsored by
Irt?1 Asscc. of Ervircenmental Arnal. Chem.
Contact: Dr. RAlain Donzel, Workshop Office, Case
Postal 5, CH-1@52 Le Mot —-sur  Lausanne,
Switzerland.

OCTOEBER 21 - 22: &2nd Workshop On LC/MS and MS/MS,
Maison des Congres, Mcoritreux, Switzerland.
Sponscred by Int?l. Assoc. of Environmental Anal.
Chem. Contact: Dr. Alain Donzel, Workshop Office,
Case Postale 5, CH-1252 Le Mont-sur Lausanne,
Switzerland.

NOVEMEBER 2 -— S: 1st Inter—American Congress in
Forensic Medicine and Sciences, Pan—RAmerican

Asscc. of Forensic Sci., Sacramentoc, CA. Contact:
Johv  D. DeHaarn, Calif. Departmernt of Justice Lab.
Box 13337, Sacramenta, CA 393813, USA.

NOVEMBER 11 - 14 Applied Semiwar for the
Assaciaticon of Clincial Scientists, Chicago, IL.
Contact: Dr. F. M. Sunderman, Jr., Dept. of Lab.
Medicine, Univ. of Cormecticut School of Medicine,
263 Farmingtorn Avenue, Farmington, CT @6@Q3Z2.

NOVEMBER 16 - 18: Medical and Laboratory
Irstrumentaticn Soc. Armual Int?’l. Congress and
Exhibition, Sheraton—-Washingtcr Hotel, Washington,
DC. Contact: John Wolf, MLIS, 1131@ Palisades
Court, Kensingtorn, MD, 2@835, USA.

NOVEMEER 17 - 19: Eastern Analytical Symposium,
Statler—Hiltorn Hotel, New York. Contact: Dr. H.
Issag, Frederick Cancer Res. Facility, P.0. Box R,
Frederick, ™MD, g17@al, uUS5R, or Dvr. D. Strumeyer,
Rutgers University, Chem. Dept, New Brurnswick, NJ
@83a3.

DECEMBER &6 -— 8= 3rd Biernmial TLC
Sympasium—RAdvances in  TLC, Hilton Hotel,
Parsippany, NJ. Cortact: J.C. Touchstone,

Hospital of the Uriiversity of Permsylvania,
Philadelphia, PA, 191@4, USA.
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1983

MARCH 28 — 25: Natiornal Amer. Chem. Scc. Meeting,
Seattle, WA, USA. Contact: A. T. Winstead, Amer.
Chem. Soc., 1155 Sixteernth 5t., NW, Washirngton,
Dc, =@a3e, USA.

MaY & - 6: VIIth International OSymposium On
Calumn Liquid Chromatcography, Badern—Baden, West
Germary. Cortact: K. BRegitt, Ges. Deutscher

Chemiker, Pastfach 92 @4 4@, Varrentrappstrasse
4@-42, D-602@ Frarkfurt (Main), West Germany.

MAY 3@ - JUNE 3: International Conference on
Chromatographic Detectors, Melbourne Uriiversity.
Carntact: The Secretary, International Conference
orn  Chromatographic Detectors, Uriiversity of
Melbcurrne, Parkville, Victoria, Australia 3@052.

JULY: 3rd Int'l. Flavor Conf., Amer. Chem. Scc.,
The Corfu Hilton, Corfu, Greece. Contact: Dr. S.
8. HKazeniac, Campbell Inst. for Food Research,
Campbell Place, Camdern, NJ, @81@l, USsA.

JULY 17 - £3: SAC 1983 Interrnaticnal Conference
arnd Exhibiticon on Analytical Chemistry, The
University of Edinburgh, United Kingdcm. Contact:s
The Secretary, Analytical Division, Royal Society
of Chemistry, FBurlington House, London Wiv @aRv,
United Kingdor.

1984

OCTORER 1 - S5: 15th International Symposium  on
Chromatography, Nurenberg, West Germany. Contact:
K. Begitt, Ges. Deutscher Chemiker, Postfach 9@ vhH
4@, Varrentrappstrasse 4@-42, D-60@w Frankfurt
(Mair), West Germany.

The Journal of Ligquid Chromatography
will publish arncouncements af LC
meetings and symposia in each 1ssue af
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The Jourmal. To be listed inn the LC
Calendar, we will need to know: Name of
meeting or SYMpOSsium, spansoring

arganization, when and where it will be
held, and whom to contact for additional
details. You are invited to send
armouncements for  inclusiorn in the LC
Calendar to Dr. Jack Cazes, Editor,
Journal of Liquid Chromatography, P. 0.
Box 144@-8MS, Fairfield, CT, 26430, USA.



270 MADISON AVENUE, NEW YORK, N.Y. 10016

PRESS RELEASE FOR DR. MAURITS DEKKER

FOR IMMEDIATE RELEASE

Maurits Dekker, Ph.D., chairman of the board of Marcel Dekker, Inc.,
received the honorary degree of Doctor of Science from Polytechnic Institute

on June 3, 1982 at ceremonies held at Carnegie Hall.

Dr. Dekker has spent all of his professional life - 59 years - in
scientific and technical publishing. After his graduation in 1923 from the
University of Amsterdam with a doctoral degree in chemistry, physics and
microbiology, he joined a small scientific publishing firm. Five years later
he founded Dekker and Nordemann in Amsterdam, specializing in translating and
publishing works of the European "giants of science" for the international

market.

In 1939 the Dekker family sailed for the United States. Dr. Dekker has
gained unprecedented achievements in the field of technical and scholarly
publishing, including the presidency of Interscience Publishers, Inc. Yet, his
work at Marcel Dekker, Inc., as chairman of the board since 1966, has clearly

been his highest professional distinction.

While at Interscience, Dr. Dekker collaborated with Dr. Ray Kirk, dean of
the Graduate School at Brooklyn Polytechnic, for seven years, to bring forth
"The Encyclopedia of Chemical Technology," edited by Kirk-Othmer. This
monumental reference work, regarded as a classic in its field, is now in its

third edition.

Dr. Guy Donaruma, provost of Polytechnic Institute, cites Dr. Dekker's
lifetime contribution to scientific publishing, and particularly the renown
which the Encyclopedia has earned, as the criteria for bestowing the honorary
degree. He said, "Dr. Dekker's reputation in the field of scientific publishing
and his long and close association with Polytechnic will be acknowledged by this

scholarly award."”
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an instructive laboratory guide to . ..

STEROID ANALYSIS
BY HPLC

Recent Applications

(Chromatographic Science Series, Volume 16)

edited by

MARIE P. KAUTSKY
University of Colorado
School of Medicine
Denver

Smroid Analysis by HPLC: Recent
Applications is a laboratory guide for
clinical researchers, pharmaceutical manu-
facturers, food and drug analysts, and ste-
roid chemists who need to be able to per-
form successful separations and analyses
of steroids and related compounds. This
manual is written by leading chromato-
graphers in the field who describe in pre-
cise detail the methodologies used in their
laboratories. Scientists involved in the sep-
aration, isolation, or quantitation of ste-
roids should take immediate advantage of
the instructive material contained in this
authoritative workbook.

Steroids are difficult compounds to
isolate and analyze. The widespread use
of HPLC for purifying and analyzing ste-
roids is a recent development. Steroid
Analysis by HPLC: Recent Applications
covers the two major uses of HPLC in ste-
roid separation and analysis: the analysis
of specific steroid groups; and the utiliza-
tion of HPLC in solving analytical prob-
lems common to all steroid-like com-
pounds. Concise methods for the separa-

tion and analysis of bile acids, cardiac gly-
cosides, progestins, adrenal and testicular
steroids estrogens, D vitamins, steroid epi-
mers, and hormones found in feed and
food are presented. Complete procedures
for the HPLC of sterol intermediates in
cholesterol biosynthesis and the study of
enzymatic steroid reactions are also in-
cluded. Flow sheets and typical chromato-
gram scans accompany the articles. An ap-
pendix identifying various types of column
packing will be especially helpful to scien-
tists unfamiliar with the new column no-
menclature.

The use of HPLC has developed rapid-
ly over the past few years. This collection
of papers by practicing chromatographers
presents tested approaches to problems in
steroid separation and quantitation. With
Steroid Analvsis by IH{PLC: Recent Appli-
cations, analytical chemists, clinical ana-
lysts, endocrinologists, organic chemists,
and biochemists have at their disposal a
practical, concise guide for successful iso-
lation and analysis of steroids.

CONTENTS

HPLC Separation of Bile Acids
William H. Elliott and Roger Shaw
HPLC Analysis of Cardiac Glycosides and
Related Steroids
James N. Seiber, Carolyn J. Nelson,
and Janer M. Benson
Analysis of Progestins by HPLC
Robert H. Purdy, Constance K
Durocher, Perry H. Moore, Jr., and P.
Narasimha Rao

Determination of Syrthetic Adrenocorti-
costeroids in Pharmaceutical Preparations
and Biological Fluids by HPLC
Marilyn Dix Smith
Analysis of Estrogens by HPLC
Gary J. Schmidt
Separation and Determination of the D
Vitamins by HPLC "
Renee Vanhaelen-Fastre and Maurice
Vanhaelen
HPLC of Sterol Intermediates in
Cholesterol Biosynthesis
Elizabeth Hansbury and Terence J.
Scallen
Analysis of Steroid Hormones in Adrenal
and Testicular Cells and Tissues
Michael J. O’Hare and Edouard C. Nice
The Study of Enzymic Steroid Reactions
by HPLC
Joel F. Studebaker
Separation of Steroid Epimers by HPLC
Joseph J. Redel and Joél Capillon

HPLC Analysis of Natural and Synthetic
Hormones in Food and Feeds
Prem S Jaglan and l.co F. Krzeminski

ISBN: 0-8247-1324-9

MARCEL
DEKKER,
INC.

270 MADISON AVENUE
NEW YORK, N.Y. 10016

(212) 696-9000




INSTRUCTIONS FOR PREPARATION OF MANUSCRIPTS
FOR DIRECT REPRODUCTION

Journal of Liquid Chromatography is a bimonthly
publication in the English language for the rapid com-
munication of liquid chromatographic research.

Directions for Submission

One typewritten manuscript suitable for direct
reproduction, carefully inserted in a folder, and two
(2) copies of the manuscript must be submitted. Since
all contributions are reproduced by direct photography
of the manuscripts, the typing and format instructions
must be strictly adhered to. Noncompliance will result
in return of the manuscript to the authors and delay
its publication. To avoid creasing, manuscripts should
be placed between heavy cardboards and securely
bound before mailing.

Manuscripts should be mailed to the Editor:

Dr. Jack Cazes

Journal of Liquid Chromatography
P. O. Box 1440-SMS

Fairfield, Connecticut 06430

Reprints

Owing to the short production time for articles in
this journal, it is essential to indicate the number of
reprints required upon notification of acceptance of
the manuscript. Reprints are available in guantities
of 100 and multiples thereof. For orders of 100 or
more reprints, twenty (20) free copies are provided.
A reprint order form and price list will be sent to the
author with the notification of acceptance of the
manuscript.

Format of Manuscript

1. The general format of the manuscript should be
as follows: title of article; names and addresses of
authors; abstract; and text discussion.

2. Title and Authors: The entire title should be in
capital letters and centered on the width of the typing
area at least 2 inches (5.1 cm) from the top of the
page. This should be followed by three lines of space
and then by the names and addresses of the authors in
the following way (also centered):

A SEMI-AUTOMATIC TECHNIQUE FOR THE
SEPARATION AND DETERMINATION OF
BARIUM AND STRONTIUM IN SURFACE WATERS
BY ION EXCHANGE CHROMATOGRAPHY AND
ATOMIC EMISSION SPECTROMETRY

F. D. Pierce and H. R. Brown
Utah Biomedical Test Laboratory
520 Wakra Way
Salt Lake City, Utah 84108

3. Abstract: Three lines below the addresses, the
titte ABSTRACT should be tvped (capitalized and cen-
tered on the page). This should be followed by a
single-spaced, concise, abstract comprising less than
10% of the length of the text of the article. Allow three
lines of space below the abstract before beginning the
article itself.

4. Text Discussion: Whenever possible, the text dis-
cussion should be divided into such major sections as
INTRODUCTION, MATERIALS, METHODS, RE-
SULTS, DISCUSSION, ACKNOWLEDGMENTS, and
REFERENCES. These major headings should be sepa-
rated from the text by two lines of space above and
one line of space below. Each heading should be in
capital letters, centered, and underlined. Secondary
headings, if any, should be flush with the left margin,
underscored, and have the first letter of all main words
capitalized. Leave two lines of space above and one
line of space below secondary headings.

5. Paragraphs should be indented five (5) typewriter
spaces.

6. Acknowledgment of collaboration, sources of re-
search funds, and address changes for an author should
be listed in a separate section at the end of the paper.

7. References (including footnotes) in the text will
be numbered consecutively by numbers in parentheses.
All references (and footnotes) should then be aggre-
gated in sequence at the end of the communication.
No footnotes should be shown at the bottom of pages.
The reference list follows immediately after the text.
The word REFERENCES should be capitalized and
centered above the reference list. It should be noted
thatall reference lists should contain initials and names
of all authors; et al. will not be used in reference lists.
Abbreviations of journal titles and styles of reference
lists will follow the American Chemical Society’s
Chemical Abstracts List of Periodicals. References
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