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ABSTRACT

The retention of 39 molecular probes was measured on chemically bonded dense layers of (3,3-dimethylbutyl)dimethylsiloxy (DMB)
and tetradecyldimethylsiloxy (C, ) substituents on silica as a function of ‘the composition of the binary acetonitrile-water eluent. The
sign of the “associated system peak” was also noted. The composition dependence of retention, measured as areal retention volume,
could be described on both non-polar stationary phases by the two-parameter Snyder-Soczewinski equation and by the three parameter
Schoenmakers equation in a broad but restricted composition range. The areal retention volume on the surface with grafted alkyl chains
was equal to or higher than that on the non-swellable, smooth, non-polar DMB surface. Additional retention on the C,, surface
increased with increasing adsorption force (retention) on the DMB surface and it was a function of the composition of the eluent. A
possible interpretation of the sign of the “‘associated system peak” generated by the injection of a pure solute is also given in terms of
solvation of the solute in the mobile phase and in terms of the modification of the non-polar adsorbent by the adsorbed solute.

INTRODUCTION

The problem of the effect of surface-bonded alkyl
chains on retention will be addressed by comparing
retention data measured on a tetradecyldimethyl-
siloxy (C,4)-covered silica with those measured on a
surface covered with a dense layer of (3,3-dimethyl-
butyl)dimethylsiloxy (DMB) substituents, depicted
in Fig. 1. Several arguments speak in favour of the
use of this special pair of adsorbents together with
acetonitrile—water (AN-W) as a binary eluent for
the study of this problem. First, with the corre-
sponding dimethylaminosilanes as silylating agents,
reproducible, dense layers of C;4 and DMB can be

Correspgndence to: E. sz. Kovats, Laboratoire de Chimie Tech-
nique, Ecole Polytechnique Fédérale de Lausanne, CH-1015
Lausanne, Switzerland.

0021-9673/93/$06.00 ©

grafted on widely differing silicon dioxide prepara-
tions [1]. Second, the excess adsorption isotherm
from acetonitrile-~water mixtures is nearly the same
at the liquid-C, 4 and the liquid-DMB interface, as
shown in Fig. 1 [2]. Third, the suitability of the
DMB-covered surface as a smooth, non-swellable,
non-polar standard has already been demonstrated
by wetting experiments [3,4]. In fact, the DMB layer
doubly shields the underlying matrix. The first dense
layer formed by the methylenedimethylsiloxy base
of the substituent implies a second dense layer
formed by the fert.-butyl umbrella of the 3,3-di-
methylbutyl group. Fourth, tetradecyldimethylsil-
oxy graft was preferred in this study to the widely
used octadecyldimethylsiloxy (C,g) graft because
latter shows a quasi-liquid—solid transition around
20°C. The corresponding transition of the C, 4 phase
is around 0°C.

On the basis of these premises, differences in

1993 Elsevier Science Publishers B.V. All rights reserved



FwiNa [ Wm?
A

G. Féti et al. | J. Chromatogr. 630 (1993} 1-20

0.0

”h;? | -0.2 f
Oty %A ﬁg

- 04 Si‘CHa
o “CHs - 5 O( “/CH,
s Siwmmmm Al X o Sl
s
DMB -06 Cia

0.0 ow

1.0

Fig. 1. Excess adsorption isotherms of water at the liquid-solid interface between acetonitrile-water as binary eluent and a dense layer of
(O) (3,3-dimethylbutyl)dimethylsiloxy (DMB)- and ( A) tetradecyldimethylsiloxy (C, 4)-covered silica as solid adsorbent as a function of
the volume fraction of water, ¢w. Adsorption isotherms are given in terms of volume adsorbed per unit surface area with reference to the
vNA: Gibbs convention, i.e., nothing is adsorbed in terms of volume (Z¥,na =0).

retention on the C,, phase compared with those on
the DMB standard at the same AN-W eluent
composition can be clearly attributed to the presence
of the C,, chains at the surface if retention is
expressed using a column-independent intensive
quantity. Consequently, following the proposal of
Kiselev and Yashin [5], retention data will be given
as areal retention volumes, Vg (ul/m? = nm), derived
from a net retention volume which is in accordance
with Gibbs’ description of excess adsorption at the
liquid—solid interface [6,7]. Arguments in favour of
the areal retention volume and the unsuitability of
the widely applied capacity factor, k', are expressed
hereafter (see below).

Successful application of adsorbents with grafted
n-alkyl chains in liquid-solid chromatography has
largely stimulated the study of their adsorption
properties. Primitively, they have been considered as
solids covered with a chemically immobilized liquid
monolayer at their surface. Early investigations
have demonstrated that retention increases with
increasing ‘“carbon loading”, i.e., on grafts with
longer chain length and/or increasing density (ligand
surface concentration) of the surface layer [8-21].
Unger and co-workers [22,23] were the first to point

out that retention must also depend on the available
surface area of the stationary phase in the column, S,
and proposed to examine the dependence of log(re-
tention/S) as a function of the chain length of the
graft. It has been shown that this normalized
logarithmic retention is a linear function of the chain
length and/or the carbon content per unit surface
area. The drawback of these and subsequent studies
had been the use of ill-defined or incompletely
surface-substituted adsorbents. Scott and Kucera
[11] demonstrated the lack of correlation between
retention and surface coverage or chain length for
commercial adsorbents. In several studies, labora-
tory-made silica-based alkyldimethylsiloxy-covered
adsorbents have been applied, but surface treatment
was made with inefficient silylating agents such as
chloro- or methoxyalkyldimethylsilanes. With such
agents, the ligand surface concentration decreases
with increasing chain length of the alkyl substituent.
It has been shown that retention increases with
increasing chain length of the graft up to about ten
carbons, then retention levels off for longer alkyl
chain grafts [24]. This type of dependence may be
due to the combined effect of increasing chain length
and, parallel to that, a decreasing surface coverage.
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Lork [25] confirmed this dependence on a series of
stationary phases with constant but very low (I's,, =
2.1 umol/m?) areal concentration of the alkyldi-
methylsiloxy graft. In fact, the surface concentration
amounted to about 60% of that obtained with alkyl-
dimethyl(dimethylamino)silane as silylating agent
[1]. This general picture is even more confusing
considering the observation of several workers that
the nature of the function describing the dependence
of retention on chain length or on areal concentra-
tion of the graft is different for different types of
solutes [26,27].

In summary, despite numerous efforts to measure
and understand the influence of the chain length and
areal concentration of the grafted chains, interpreta-
tion of the results of these studies is difficult.
Experiments have always been conducted either on
incompletely silylated surfaces or on surfaces where
the areal concentration of the alkyl graft depended
on the chain length. Even on surfaces with the
densest layers, silanol groups contribute to adsorp-
tion. In Fig. 1 the slight positive water adsorption at
low water concentrations has been shown to be due
to specific adsorption of water on silanols ““visible”
across the graft by the small water molecule [2].
Therefore, incompletely silylated silica is certainly a
heterogeneous adsorbent, hence it is not surprising
that the areal concentration of the graft influences
retention. Also, it is unfortunate that retention has
generally been reported in terms of the capacity
factor, k', which is essentially the relative retention
of the solute referred to that of a solute believed to be
unretained. Considering the multitude of “unre-
tained” solutes proposed and applied in these stud-
ies, one has to conclude that the capacity factor only
allows comparison of retention data obtained in one
study by a given worker on a given column at a given
eluent composition. It is important to note that
capacity factor is not an intensive quantity even if
the zero retention is determined relative to a hold-up
volume defined by a given Gibbs convention.

The aim of this paper is to report retention data of
a series of solutes of differing polarity on two
silica-based adsorbents covered with a dense, chemi-
cally bonded, non-polar monolayer, one with and
the other without grafted C,, alkyl chains. Reten-
tion will be given as areal retention volume referred
to the BET surface area of the stationary phase in the
column.

THEORETICAL BACKGROUND

The relationship between adsorption and reten-
tion in liquid—solid chromatography with binary
eluents has been treated extensively [6,7,28]. In this
section will be summarized the underlying principles
and the necessary equations for the evaluation and
interpretation of the experimental data.

The Gibbs convention

Mixtures of non-electrolytes are nearly ideal
concerning the additivity of the volume of the
components, i.e., the partial volumes can be equated
to those of the pure components with sufficient
precision. Therefore, the mass balance of a compo-
nent, i, in the column at equilibrium with a multi-
component mixture can be replaced by the volume
balance

Vii=@iVyex + SPicx ¢))

where V, ; is the total material content of compo-
nent, i, in terms of volume at adsorption equilibrium
under isocratic conditions (the isocratic capacity, x,
of i), ¢; is the volume fraction of i in the bulk liquid
(eluent), V,cx is the volume of the eluent in the
column (u: mobile phase), Sis the surface area of the
adsorbent and ¥;cx is the adsorbed volume of
component i per unit surface area. The bulk liquid
volume and the adsorbed volume are defined quan-
tities only if a “‘convention” is agreed upon (CX:
Convention X). For a system consisting of a binary
eluent of components A and B and a solute (su),
eqn. 1 represents three independent relationships
with four unknowns, ¥,.cx, Pajcx, ¥piex and ¥eaycx.
Following Gibbs’ proposal, a convention has to be
stated in order to obtain the fourth equation. For
several reasons the convention expressed in eqn. 2 is
particularily attractive:

¥ na=0 @

i.e., the sum of the adsorbed amount in terms of
volume is zero. This convention is named the
vNA-convention; Nothing is Adsorbed in terms of
volume. Obviously, with this convention the total
liquid in the column is considered as the mobile
phase and eqn. 3 holds:

VK/lol = Vu/vNA (3)
where V,,na is the hold-up volume. This hold-up



volume is independent of the eluent composition if
the partial molar volumes of all components in the
mixture as well as in the adsorbed state are equal to
the molar volume of the pure components.

Retention
With a binary eluent, A/B, the retention volume,
Vi, of a component, i (= su, A, B), is given by [2,6]

OV, V1o
Vr,i= <T> o @? <T:> o @)
Pi /pa Pi Jpa

where the superscript zero refers to concentrations
at equilibrium in the column before injection. Com-
bination of eqns. 1, 3 and 4 gives the retention
volume of a solute, su:

aqlsu/vNA

Vesu=Vigna + S
R,s u/vNA < a(ﬂsu

> o P00 (5)
DA

and the retention volume of the injection of compo-
nent A or B of the binary eluent:

Vea=Ves=Vyma+ S (%) o (6)
Pa /oA

called the system peak (SP) or concentration peak.

Application of eqn. 4 to labelled components of the

eluent, A* and B*, and combination of the results

give the necessary relationship for the experimental

determination of the hold-up volume:

Vipna = @aVr ax + @pVy p+ )

The hold-up volume, V4, has been shown to be
independent of eluent composition [2,29]. Its knowl-
edge allows the calculation of the net retention
volume:

VN,su/vNA = VR,su - Vu/vNA (8)

The areal retention volume is defined as

VS,su/vNA = % . VN,su/vNA = <%) 0 (9)
Psu DA

The areal retention volume, Vg wna, can be
identified as the slope of the areal excess isotherm of
the solute at the eluent composition. It is an inten-
sive, model-independent characteristic of solute re-
tention. It is related to the solute adsorption equilib-
rium at the eluent composition, ¢%, and as such it
can be a positive or a negative quantity. This
representation of solute retention does not suppose
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the existence of any autonomous liquid stationary
phase, and implies that solute retention in liquid—
solid chromatography is an interfacial phenomenon
necessarily proportional to the extent of the ad-
sorbent surface area in the column, S. Obviously, the
determination of S requires the use of a non-chro-
matographic technique. Nevertheless, using this
representation, areal retention volumes are indepen-
dent of column construction and adsorbent mor-
phology. Hence they allow comparison of retention
data between different laboratories.

Capacity factor

The widely used capacity factor of a solute, kg, is
the ratio of a reduced retention volume, Vy,, and
the retention of a substance believed to traverse the
column with the same velocity as that of the mobile
phase, Vy:

VR,su - VO _ VN,su
Vo Vo

k= (10)

Obviously, the capacity factor is not suitable to
report system-independent retention data, for sev-
eral reasons. When using eqn. 10, it is believed that
Vo is a correct hold-up volume equal to the volume
of a mobile bulk liquid in the column. However, in a
liquid-solid adsorption system there is no possibility
of identifying a liquid of bulk composition and a
distinct layer at the interface having a different
composition. Therefore, the proposal to determine
the hold-up volume by injection of a ‘“non-ad-
sorbed” component leads to a wide variety of
hold-up volume definitions. Hold-up volume differ-
ences of up to 100% can be found following different
methods proposed for its determination [6,7,11,23,
30-35]. Moreover, this hold-up volume also includes
column tubing contributions making it dependent
on the actual measuring system. Even if everyone
agreed to report capacity factors using a hold-up
volume belonging only to the column and referring
to a given Gibbs convention (e.g., Vo = V,na), the
resulting kg,na Wwould still not be an intensive
property of the solute. In fact, the net retention
volume, ¥y qu/na, 1S proportional to the surface area
of the adsorbent but the hold-up volume, V,xuna, 1S
not. As an example, in two columns of similar
volume packed with two adsorbents having surface
areas of S and 25, the net retention will differ by a
factor of 2 whereas the hold-up volume may be
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about the same. For reasons outlined above, it is
proposed that liquid chromatographic data be re-
ported in terms of areal retention volumes instead of
the capacity factor.

The capacity factor or “mass distribution coeffi-
cient” is defined as the ratio of the amounts of solute
in the stationary phase and in the mobile phase.
Based on this definition, the capacity factor related
to the vNA convention, kg,yna, can be interpreted as
follows. The relationship of eqn. 9 between the
adsorption isotherm of the solute, ¥q,wna, at the
eluent composition ¢ and its concentration in the
eluent can be written as

Pou—0 (1

In fact, the value of the derivative of the solute
isotherm, ¥, ;,na{@s), With respect to the volume
fraction of the solute is equal to the ratio given in
eqn. 11 at g, — 0. Use of the experimental definition
of the capacity factor given in eqn. 10 with V=
V,.na and eqns. 1, 8 and 11 gives

VN,su/vNA/S = ¥Isu/vNA/quu;

k, _ VN,su/vNA - Sqlsu/vNA _
su/vNA — -
Vunna OsuV uvNa

S'Psu/vNA
Vx,su - STsu/vNA

(12)

Eqn. 12 shows that this capacity factor is the ratio
of the excess adsorbed amount of the solute (ex-
pressed as volume) and of the non-adsorbed part
contained in the total liquid volume [36]. The excess
adsorbed amount of the solute, and hence also the
capacity factor related to the vNA convention,
ksuwna, can be positive or negative.

Areal retention volume, capacity factor and distribu-
tion coefficient

The relationship between the capacity factor and
the areal retention volume referring to the vNA
convention is obtained from eqns. 9 and 10 to give

SVS,su/vNA = k;u/vNA VM/VNA (13)

the link being given by the adsorbent surface area
and the hold-up volume. With the necessary changes,
eqn. 13 is of general validity for any hold-up
definition.

Unlike the capacity factor, the distribution coeffi-
cient of the solute, Kp ., defined as the ratio of the
solute concentration near the interface and that in

the bulk liquid, would be a correct intensive quantity
to characterize solute retention. However, with
convention VNA it is meaningless. In fact, Gibbs’
interpretation of adsorption by defining excess
quantities is not a model, it does not locate anywhere
the adsorbed excess of the solute and it does not
define any liquid stationary phase. Application of
the vNA (or any other) Gibbs convention does not
allow the calculation of a distribution coefficient,
Kp sujvna, because only knowledge of an adsorption
excess isotherm does not permit the calculation of a
local concentration near the interface.

In order to compare our data with literature
values, a retention volume is needed that permits the
calculation of a distribution coefficient. This can be
found by introducing an unusual Gibbs convention
as follows. As has been shown, if the partial molar
volumes of eluent components in both the bulk
liquid and the adsorbed state are the same as their
molar volume in the pure state, the hold-up volume,
V. wnas 15 equal to the volume of the total liquid
phase in the column. Let us now define a film of
thickness t parallel to the surface of the adsorbent as
stationary phase, designated by 9, and attribute all
adsorption to this film of uniform composition.
Applying this T convention, derived from the vNA
convention, the volume of the stationary liquid, V.,
is equal to ©S. The remaining volume of the total
liquid is now considered as the mobile phase, and
consequently the hold-up volume is given by

V”/t = Vﬂ/vNA —15 (14)

i.e., it is defined with reference to the hold-up
volume, V,;,na- The necessary relationships for the
calculation of the corresponding areal retention
volume, Vs .., the related capacity factor, k., and
the distribution coefficient, Kp s, are as follows:

VS,su/r = VS,su/VNA +7 (l 5)

Vs suvna + T
W= T o 16
! (VM/VNA/S) -1 ( )

KD,su/r = k;u/r Vu/r/ VS/r =1+ VS,SU/VNA/T (17)

On the areal retention volume scale, transforma-
tion of the vNA convention to the t convention
represents a simple shift by the arbitrarily chosen
layer thickness, 7. On the capacity factor scale,
however, not only the zero point but also the units
change owing to such a transformation, as illus-
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Fig. 2. Illustration of eqns. 14-17 on a hypothetical example
where @, = @p = 0.5. In this case the hold-up volume, Vna, is
exactly mid-way between the retention volumes of the labelled
components of the binary eluent, Vg s« and Vg g+. The scale of the
capacity factor, k_, . is related to this hold-up volume. The
volume of the hypothetical stationary phase, V. = 1S, is deduced
from the total mobile phase volume, V,.na, to give a new
hypothetical mobile phase volume, ¥, which is the unit of the
second capacity factor scale, k'

suft’

trated in Fig. 2. For a solute having zero excess
adsorption, Vs nna is equal to zero. Such a solute
has a uniform concentration in the whole liquid
phase (“mobile, ¢ and “stationary, $*) and eqn. 16
gives kg, = Vgp/ Ve, the phase ratio, and eqn. 17
gives Kp gy =1

Choice of the stationary layer thickness, t

For the columns applied in this study a column
hold-up volume corrected for the extra-column
volumes of tubings and connections was measured
and reported in ref. 2 to give V,na =2.1-2.3 ml.
The surface area of the adsorbent in the column was
around S = 340 m?, giving a liquid volume per unit
surface area of V,,na/S = 6.5 ul/m? =65 A. Obvi-
ously, to avoid negative mobile phase volumes, the
value of the thickness, 7, must be less than 65 A. On
the other hand, there is also a lower limit of the layer
thickness to ensure that surface concentrations are
always positive and monotonously increasing func-
tions of bulk concentrations, which is a thermo-
dynamic necessity [7]. This minimum thickness is
about 15 A in AN-W mixtures on both surfaces (Cia
and DMB) as shown by the corresponding excess
adsorption isotherms [2]. In conclusion, a. value of
15 A is proposed for 7. With this layer thickness, the
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volume of the stationary phase in our columns is
Vge/S=1.5 ul/m? and that of the mobile phase
Vel S~ 6.5—1.5=5.0 ul/m?, both referred to unit
surface area, to give a phase ratio of Vy,/¥,, = 0.30.
As an example, for a solute retained with Vs gy vna =
2.0 pl/m?, the fraction in the 7 interfacial layer is
41% of the total.

Obviously, the choice of the thickness t = 15 A is
only valid for the actual working system, i.e., AN-W
binary eluent mixtures on DMB and C, , surfaces. In
other systems the choice of a different thickness may
be necessary.

Concluding remarks

It should be emphasized that the introduction of
the 7 convention was simply a device to enable
literature proposals to be applied for the description
of the composition dependence of retention. In fact,
these proposals are based on models assuming the
existence of a stationary phase of given volume.
Such a model implies that negative net retention
volumes do not exist and leads to equations relating
the logarithm of net retention to the eluent composi-
tion. It was therefore necessary to transform the
areal retention volumes related to the viNA conven-
tion (which permits negative values) to areal reten-
tion volumes referred to an appropriate T conven-
tion which excludes negative values. Actually, the
minimum of such a layer thickness identified as the
minimum slope of the binary excess isotherm, and
this choice implies that areal retention volumes of
any solute calculated with the corresponding hold-
up volume are never negative. This statement re-
mains valid as long as the binary adsorption equilib-
rium is not considerably altered by the solute, which
is always supposed to be present in infinite dilution.
All solutes used in this study fulfilled this require-
ment, and consequently eqn. 17 for the calculation
of a distribution coefficient will always be applic-
able.

EXPERIMENTAL

Materials

The precipitated silica for the preparation of the
stationary phases was LiChrosorb Si 100 from
Merck (Darmstadt, Germany) with a nominal par-
ticle diameter of 10 um and a pore diameter of 100 A.
Nitrogen adsorption isotherms were measured at
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77 K. BET evaluation of the isotherm in the relative
pressure range 0.05 < P./P, <0.23 gave a specific
surface area of s =298 + 3 m?/g (average of three
determinations). Nitrogen for adsorption experi-
ments (99.999%) and liquid nitrogen for thermo-
stating (99.8%) were obtained from Carbagas (Lau-
sanne, Switzerland). The silylating agents (purity
>98%) N-[(3,3-dimethylbutyl)dimethylsilyl]-N,N-
dimethylamine and N-(tetradecyldimethylsilyl)-N,
N-dimethylamine were synthesized in our labora-
tory [37]. Acetonitrile (AN) for HPLC from Am-
mann Technik (Kdlliken, Switzerland) was used as
received. Doubly distilled water (W) was prepared
by distilling deionized water over potassium per-
manganate in a Fontavapor-285 Pyrex glass still
from Biichi (Flawil, Switzerland). The solutes, re-
search-grade deuterated compounds (isotope purity
>99.5%) D?H,0 and CD?*H,;CN (W* and AN¥*)
from Chemie Uetikon (Uetikon, Switzerland) and
research-grade 1-alkanols, 2-alkanols, 2-alkanones,
1-alkyl acetates, n-alkanes and 2,2-dimethylalkanes
from Fluka (Buchs, Switzerland), were used as
received.

Chromatographic columns

Column materials were prepared by reaction of
vacuum-dried (103 Torr at 120°C for 10 h) LiChro-
sorb Si 100 with R-dimethyl(dimethylamino)silane
(ca. 15 umol/m?) at 180°C for 100 h, following the
reported procedure [1]. Surface concentrations of
the siloxy substituents, Iy, listed in Table I were
calculated with the carbon content of the silylated
products measured by elemental analysis and with
the BET specific surface area of the unreacted silica,
using the equation given previously [38]. The col-
umns used and the procedure for column packing
were described in detail previously [39]. Columns
were dried at 120°C in a stream of argon and the
mass of the stationary phase in the column, m,, was
determined by weighing (see TableI). This operation
was repeated after having finished all chromato-
graphic experiments. After 2 years of use no signifi-
cant loss of the stationary phase mass was observed
[39]. The surface area of the adsorbent in the
columns was assumed to be equal to that of the
unmodified silica [40], given by

S = smg{1l + 107 T, S[M(R) — corr]} 7! (18)

where 5 (m?/g) is the specific surface area of the

TABLE 1

CHARACTERISTICS OF THE STATIONARY PHASES
AND COLUMNS USED

I, is the surface concentration of the akyldimethylsiloxy
substituent, my is the mass of the adsorbent and S is the surface
area of the adsorbent, assumed to be equal to the surface area of
the silicon dioxide in the column. Standard deviations are given in
the bottom row.

Stationary phase Column

Graft Iy, mg S
(umol/m?)  (g) (m?)

DMB 3.85 1.302 334

Cia 4.09 1.547 352

S.D. +0.02 +0.002 +4

unmodified silica, 'y, (umol/m?) is the surface
concentration of the graft, M(R) is the molar mass
of the trialkylsilyl substituent and corr (= 2.5) is
a correction for proton substituted and water de-
sorbed during silylation [38]. Column characteristics
are listed in Table 1.

Apparatus

Nitrogen adsorption isotherms were measured
with a modified Sorptomatic 1800 apparatus from
Carlo Erba (Milan, Italy) [38]. The carbon contents
of the column materials were determined with a
Model 240B elemental analyser (Perkin-Elmer, Nor-
walk, CT, USA).

The chromatographic apparatus was described in
detail previously [41]. It was an assembly -of a
Model 510 solvent-delivery pump, a Model U6K
injector (loop volume 1 ml) and a Model 410
differentialrefractometer detector (cell volume 10 ul),
all from Waters (Milford, MA, USA). Columns
were mounted in parallel in a thermostated bath at
20.0 + 0.1°C. Retention times (fr) were measured
with a Model SP4290 integrator (Spectra-Physics,
Santa Clara, CA, USA). The flow-rate of the eluent,
V,,, was measured at 20.0 + 0.1°C with a reproduc-
ibility of 0.005 ml/min; it had a long-term stability of
+0.2%. The nominal flow-rate was 2.0 ml/min
throughout. Retention volumes (V) were calculated
from retention times and the actual flow-rate. The
mean column pressure (P.) was approximately half
of the inlet pressure (typical values P, = 20-50 bar).



Experiments

General. The binary AN-W eluent mixture of the
appropriate composition, prepared by weighing an
amount sufficient for all experiments on both col-
umns, was degassed by bubbling helium through the
mixture and kept under a slight helium overpressure
(0.07 bar) during the experiments. The columns were
equilibrated with the eluent of a given composition
for 10 min.

Hold-up volume. First, pure W and AN were
injected in order to identify the binary concentration
peak (system peak), followed by mixtures of AN-
W* and AN*-W of the same composition (mol/mol)
as that of the eluent to give the retention volumes
Vi, weand Vg an« (W* and AN* represent deuterated
water and acetonitrile, respectively). The system
hold-up volume, ¥, na, Was calculated with eqn. 7.

Solutes. Members of different homologous series
(1-alkanols, 2-alkanols, 2-alkanones, l-alkyl ace-
tates, n-alkanes and 2,2-dimethylalkanes) were in-
jected and their retention times were measured.
Weakly retained solutes were dissolved in the binary
eluent in a ratio of up to 1:20 (v/v); solid solutes were
injected in ethanol solution. Typical volumes in-
jected were 0.5~1.5 ul, always aiming at the smallest
possible reproducible signal. Measurements were
made on both surfaces at eluent compositions listed
in Table II and repeated at least seven times at each
eluent composition. The reproducibility of the reten-
tion volume of the deuterated eluent components
was o= 1+0.4% and that of the solutes was
0:a < £0.8%. Each solute, except solids, was also
injected as a pure substance for the determination of
the sign of the associated system peak.

Evaluation of asymmetric peaks

In Fig. 3 are shown chromatograms of n-heptane
on the DMB surface at the eluent composition
ow =10.293. It was observed that the chromato-
grams obtained with different amounts injected
followed the same trace at the fronting side. In order
to determine the retention time at zero sample
volume, it was assumed that the peak broadening in
the column could be estimated from the narrow rear
side of the peak. If this side corresponded to half of a
Gaussian distribution, the standard deviation of the
peak broadening can be determined from the dis-
tance between the mode and the intercept of the
tangent of the rear side of the peak with the baseline,
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tR,max

inj

Fig. 3. Evaluation of the retention time of a solute eluting with
asymmetric peaks. It shows the superposition of a series of
fronting peaks obtained by injecting different volumes of n-hep-
tane (2.0-0.1 pl) at pw = 0.293 onto the DMB-covered surface. It
was assumed that the contribution to the standard deviation of
the peak dispersion on the fronting side can be estimated from the
dispersion of the (non-tailing) rear side of the peak. With this
hypothesis, the retention time of an infinitesimal sample, /g corr
could be constructed.

equalling 20 (see Fig. 3). Admitting that the same
peak broadening is valid for the front side, the
correct peak position should be at a distance of 26
from the intercept of the tangent of the front side
with the baseline. This evaluation was applied to all
n-alkanes and 2,2-dimethylalkanes.

In several instances the opposite situation was
found, with tailing peaks. Injection of different
amounts of [-butyl acetate onto the C,, surface at
the eluent composition gw = 0.602 gave the mirror
image of Fig. 3. For the determination of the peak.
position at zero amount injected, the analogous
evaluation was applied. Tailing peaks were observed
on both columns for 1-alkanols and 2-alkanols at
Vs,suwna > 12-15 pl/m?, for 2-alkanones at Vs ., na >
3-4 ul/m? and for l-alkyl acetates at Vs cupuna > 7—
8 ul/m?2,

Retention data

In Table II are listed the experimental areal
retention volumes of solutes at different eluent
compositions, @, referring to the vNA convention
on the DMB-covered surface, VEM? 1, and on the
C,4-covered surface, V<1 na, calculated with eqn. 9.
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TABLE 11

AREAL RETENTION VOLUMES, ¥ .x4 (1/m?), ON DMB- AND C,,-COVERED STATIONARY PHASES AT DIFFER-
ENT VOLUME FRACTIONS OF WATER, ¢y, IN THE ACETONITRILE-WATER BINARY ELUENT

The column temperature was 20.0 + 0.1°C. Data on the C,,-covered adsorbent are in the second rows in italics. The sign of the
associated system peak (* if it is rich in AN) given as superscript.

Solute Py

0.028 0.057 0.095 0.193 0.293 0.373 0.445 0.518 0.602 0.685 0.757 0.829 0.908 0.946 0.973

1-Alkanols
Methanol 0.34~ 0.14- 0.05- -0.36* -0.43% -046% -0.50% -0.39* -0.48- -0.20- -0.19- 0.14~ 044~ 0.79° 1.24°
0.200 0.05- -0.05- -0.33* -045* -046* -051* 047* -040- -0.18 -0.17- 0.09- 032~ 070~ 1.08
Ethanol 0.16- 0.10% 0.09* -0.18% -0.26% -0.24% -0.22* -0.13* 0.12* 0.19* 034 076~ 1.32° 253~ 3.66~
0.25- 0.08* 0.03* -0.17* -0.23* -0.25* -0.20* -0.15* 020" 0.18* 0.30- 0.68~ 1.21- 265~ 3.80°
1-Propanol 022+ 0.17* 0.16% 0.00* 0.10% 023* 057 058* 099" 1.39% 204" 3.04* 603+ 9.25% 12.1*
0.42* 024* 020* 0.06* 017t 029* 055* 0.61* 1.13* 1.36% 1.96% 258* 6.05* 9.72* 14.8*
1-Butanol 0.34% 031% 031t 030% 051t 090 141t 2.10* 293* 428 638" 10.0* 194% 289" 404"
0.58* 045* 038* 039* 056* 1.01* 152* 208" 3.13* 452 6.59*10.0* 22.0* 357 573*
1-Pentanol 051* 048" 049* 059* 1.04* 1.74* 267t 3.73* 588° 9.28* 161 267" 60.8* 943% 143*
0.86* 074* 070* 095* 1.29* 2.10* 3.01* 4.18* 6.77* 107+ 17.7* 31.6* 80.9* 143* 231*
1-Hexanol 063 067t 0.75% 1.01% 176" 2.84* 433* 647" 11.2* 183* 367" 73.1* - - -
1.20* 1.16% 1.19* 1.62* 241* 3.68* 532* 7.71* 13.9* 234* 486* 1017 - - -
1-Heptanol 0.87* 091% 1.02% 154 252% 3.96% 6.14* 104% 17.0* 364" - - - - -
1.53* 154* 1.84* 235* 3.53* 5.19* 7.61* 14.3* 21.6* 543* - - - - -
1-Nonanol 1.40% 158* 1.79* 3.26* 548" 9.50* 14.8* 232% - - - - - - -

3.14* 3.54*% 4.03* 6.26* 104* 15.8* 27.6* 445 - - - - - - -

1-Undecanol 2.11% 261% 298 6.11* 104% 17.0* 366 542V - - - - - - -
581* 692* 843*151% 261* 42.9* - - - - - - - - -

1-Tridecanol 282 381 439 937 175 309 - - - - - - - - -
104 133 171 320 611 108 - - - - - - - - -

1-Tetradecanol 336 459 574 - - - - - - - - - - - .
139 182 240

1-Hexadecanol 478 702 104 - - - - - - . - - - - _
231 337 440 - - - - - - - - - - - -

1-Octadecanol 679 959 - - - - - - - - - - - - -

381 57.0 - - - - - - - - - - - - -
1-Eicosanol 9.57 14.1 - - - - - - - - - - - - -
613 994 - - - - - - - - - - - - -
2-Alkanols
2-Propanol 0.28* 0.18* 0.17* 0.00% -0.02* 0.05* 0.14* 031* 056* 1.04* 137" 228* 462 717" 10.0%
042* 0.18* 0.17* 0.06* 0.00* 0.06* 015% 031* 071* 0.90* 1.32* 2.04* 449* 7.72* 115*
2-Butanol 0.34% 031* 023% 024 040* 073* 1.09* 1.64* 214% 3.20* 448" 7.20% 143* 209" 30.6*
0.58* 040* 0.37* 034* 045* 0.77* 112*% 1.68* 2.39* 3.20* 4.52* 6.93* 152* 24.6* 405*
2-Pentanol 051* 049% o0.4* 059* 093* 150% 225% 3.12% 472* 7.05% 11.3* 19.9* 434% 67.7% 109*
0.86% 0.64* 067t 079" 1.12* 1.75% 246* 3.48* 520% 7.53* 11.9* 21.2*% 531* 92.0* 161*
2-Hexanol 0.63* 067 0.66* 1.01* 1.64* 256 3.84* 547" 9.05* 15.0* 27.5* 53.7% - - -

1.14* 1.05* 1.09* 145* 207* 3.22* 494* 6.15% 11.1* 176* 32.0% 649* - - -

( Continued on p. 10)
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TABLE 1I (continued)

Solute Ow

0.028 0.057 0.095 0.193 0.293 0.373 0.445 0.518 0.602 0.685 0.757 0.829 0.908 0.946 0.973

2-Alkanones

Propanone 0.16* 0.18% 0.26* 0.12* 028t 044 070 089" 108" 157¢ 181* 251 391* 584" 869
0.31* 0.18* 0.20* 0.17* 0.28* 053* 060* 0.80* 1.39* 1.54* 1.81* 2.35* 4.20* 6.46* 953*

Butanone 0.28% 031* 032% 047 0.83* 1.25% 172 235% 316 3.79% 475" 743* 127t 179t 276%

047* 038* 043* 062* 090* 147t 1.72* 228* 350% 4.01* 554+ 773* 135* 200" 33.6*
2-Pentanone 040* 047% 056 077 146% 207" 307 417t 635t 953* 129* 19.3* 369* 531 84.0%
0.70* 0.64* 076 1.01* 1.74* 249* 3.84* 447% 765% 105~ 147 221* 44.0* 679" 115*
2-Hexanone 057% 0.64% 0.83* 124% 229* 338 501 720 125 19.2° 309" 523~ - - -
097 096* 1.17* 168* 2.86* 3.99% 6507 9.09% 14.9- 235 394 659 - - -
2-Heptanone 075 0.88* 1.08% 1.84* 329* 499* 7.77f 13.0- 23.8- 395 - - - - -
1.31% 139* 1.73* 263* 4.66% 647% 114% 163~ 304 530 - - - - -
2-Nonanone 117+ 148* 193* 344% 655° 10.6° 200% 313 - - - - - - -
231* 271* 3.59* 581* 121* 189 313 5200 - - - - - - -

1-Alkylacetates

Ethylacetate 0.34* 035° 050" 071 122t 1.88* 260f 353t 523- 7.02- 9.89* 135° 239* 336 537"
053t 052* 059 0.84* 1.40* 201* 2.65% 3.75¢ 6.00% 7.92% 10.9* 14.6* 27.3* 42.7* 694*

1-Propylacetate  051* 0.61* 077t 1.07% 1.99* 3.04% 448% 622% 11.6- 155- 23.7- 37.7F 754% - -
0.86* 0.82* 095* 145* 247* 351* 4.85% 7.98% 120%f 178 28.7- 44.7% 100* - -

1-Butylacetate  0.63* 0.81* 1.02* 166 294* 4.52* 7.02% 11.7- 21.0- 312" 557-101- - - -
1.14* 121* 149* 224* 3.98* 5.66% 959% 14.0% 246~ 40.7- 79.7- 142¢ - - -

1-Pentylacetate  0.87* 1.07% 1.32% 225% 4.18* 6.64% 1157 183~ 369- 623~ - - - - -
147 171* 2.10* 341* 612* 8871 159 244 488 924 - - - - -
1-Heptylacetate  1.34* 172+ 245% 427+ 826* 139 26.0% 41.7- - - - - - - -
2.70* 331 4.23* 860* 159* 25.7% 439t 784 - - - - - - -
1-Decylacetate 247+ 345% 4.43* 106° 204 37.0- 513 - - - - - - - -
6.36* 103+ 122t 273* 565 101- - - - - - - - - -

n-Alkanes
Pentane 1.07- 241 348 533" 1000 15.5~ 265 474 - - - - - - -
442° 581° 6.93° 12.8° 228 37.0° - - - - - - - - -
Hexane 2170 277 390° 6.81° 134~ - - - - - - - - - -
6.08° 793° 10.1° 19.8° 359° - - - - - - - - - -
Heptane 276> 342 421 889 185 - - - - - - - - - -
820° 11.0° 13.9° 283° 55.6° - - - - - - - - - -
Octane 3.47- 417 522" 11.77 26.2° - - - - - - - - - -
11.0° 151° 19.7° 41.7° 881° - - - - - - - - - -
Nonane 430° 487° 6.6% 151° 330- - - - - - - - - - -
14.6° 204° 274° 63.5° 137° - - - - - - - - - -
Dodecane 6.56° 9.04° - - - - - - - - - - - - -

325° 51.0° - - - - - - - - - - - - -
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TABLE 1I (continued)

11

Solute P

0.028 0.057 0.095 0.193 0.293 0.373° 0.445- 0.518 0.602 0.685 0.757 0.829 0.908 0.946 0.973

2,2-Dimethylalkanes

2,2-Dimethyl- 1.94- 277- 3.38" 6.16- 11.6~ 18.8
butane 486° 650° 797° 154° 27.9° 455°

2,2-Dimethyl 247- 3.59° 445" 8.12° 156~ 26.8°
pentane 6.64° 9.09° 11.3° 19.7° 43.8° 72.9°

2,2-Dimethyl- 3.18" 3.82- 4927108~ 216~ -
hexane 864° 12.3° 155° 31.8° 652° -

The standard deviation of the areal retention vol-
umes was calculated to be oy, = +(0.08 +
0.012 Vsguwna) ul/m?. The sign of the associated
system peak is given as a superscript (* and ~ for a
system peak rich and poor in AN, respectively).

RESULTS AND DISCUSSION

As indicated in the Introduction, adsorption
isotherms from AN-W mixtures are almost congru-
ent on the two chemically modified (DMB and C,,)
surfaces. Hence, the ““hard” DMB surface can be
considered as a reference, and a difference in areal
retention volume on the C,, surface at the same
cluent composition can unequivocally be attributed
to the presence of the bonded alkyl chains. In the
following, first the dependence of areal retention on
composition on the DMB surface will be discussed,
then the additional retention on the Cy4 surface. The
system peak accompanying the injection of a pure
solute can be positive or negative, i.e., rich or poor in
AN. An interpretation of the sign of this system
peak will also be given.

Solute retention as a function of eluent composition

The dependence of the areal retention volume,
Vs,suwna, On eluent composition shows the often
reported general trend of increasing retention with
increasing water content and also with increasing
carbon number of the homologues. In Fig. 4 are
plotted, as an illustration, areal retention volumes
on the DMB surface, Vimpna, for homologous
l-alkanols as a function of the volume fraction of

water in the eluent, ¢w. This example is particularly
interesting because several homologues could be
measured in the whole or in a broad concentration
range. This general trend is the same for other
homologous series and is also observed for data on
the C, 4 surface. The plot suggests that the composi-
tion dependence- of the retention of all solutes
follows a similar law when choosing an individual
starting point for each solute on the composition
scale.
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Fig. 4. Areal retention volumes, Vs'?s”"’,?vm, of 1-alkanols,

C.H,.+,OH with z = 1-20 as indicated, on the DMB-covered
surface as a function of the volume fraction of water, @, in the
binary AN-W eluent.
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Two equations are widely used to describe reten-
tion as a function of eluent composition. The most
often used, due to Snyder [42] and Soczewinski [43],
proposes that the logarithm of retention is a linear
function of the logarithm of the volume fraction of
the organic component. The second equation, due to
Schoenmakers et al. [44], proposes a quadratic
expression for the dependence of the logarithm of
retention on the eluent composition. Neither equa-
tion is applicable to areal retention volumes in the
vNA convention, Vg, na, because this retention
characteristic can be negative (e.g., methanol and
ethanol; see Fig. 4).

Areal retention volumes determined with refer-
ence to the vNA convention, Vg, na, differ from
those referring to a hold-up volume with a station-
ary layer of =15 A, Vs,su1s, by a constant of
1.5 pl/m?, as ‘explained under Theoretical Back-
ground (see eqn. 15). This areal retention is never
negative because it corresponds to the minimum
layer thickness determined by the minimum slope of
the excess adsorption isotherm of the eluent compo-
nents [7]. Further, the areal t retention volume with

DMB
KD,su/'l:
A
* 100
*
v
v
O
®
A
A
]
]

0.01

PAN

Fig. 5. Tllustration of the use of eqn. 19 for the description of the composition dependence of the logarithm of the distribution coefficient,

DMB
11‘lI(D,su/\"
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1=154A, Vs,su/15, 18 roughly proportional to capac-
ity factors reported in the literature where the
hold-up volume has been determined with a solute
which at all compositions has been believed to be less
adsorbed than either component of the eluent.
Consequently, this areal retention volume and/or
the related distribution coefficient, Kp 15, is suit-
able for examining the validity of the Snyder—
Soczewinski and the Schoenmakers equations:

In KD,Su/lS =4 + Bln(pAN (19)

In Kp gu15 = a+ bow + c(pw)? (20)

Eqns. 19 and 20 were originally formulated for the
logarithm of the capacity factor. The distribution
coefficient, Kp .15, 18 proportional to the areal
retention volume, hence it is also roughly propor-
tional to literature capacity factors. Consequently,
the original equations differ from eqns. 19 and 20 by
a common constant for all solutes.

At first sight, it is obvious that neither equation
can describe retention in the whole composition
range. Fig. 5 shows the plot of the logarithm of the

V]S).mr /Wm?

[ |

with a stationary phase thickness of 7 =15 A on the example of 1-alkanols, C,H,. ; ;OH with z = 1-13 as indicated, on the

DMB-covered surface. Solid lines are traces of the linear regression of angrﬁt fitted to experimental points in the composition range
@an =0.1-0.9. The scale of the areal 1 retention volumes is also shown.
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distribution coefficient on the DMB surface, In
KpMBis, of the l-alkanols as a function of the
logarithm of the volume fraction of acetonitrile in
the eluent, Ing,n. For comparison, the logarithmic
areal 7 retention volume scale, InV@M% s, is also
shown in Fig. 5. It is seen that the plot is fairly linear
in the composition range 0.1 < gan < 0.9, with the
exception of weakly retained homologues. The
Snyder—Soczewinski plot for other solutes confirms
these qualitative conclusions. Based on the under-
lying model the slope, B, of eqn. 19 should be
proportional to the molar volume of the solutes.
Fig. 6 shows the plot of the constant B of all solutes
on the DMB surface as a function of the molar
volume. The plot is strongly curved for weakly
retained solutes, and further, the constant B seems
to depend also on the polarity of the solutes.

The applicability of eqn. 20 is illustrated in Fig. 7,
where solid lines represent quadratic regressions in
the composition range 0.0 < ¢w < 0.9, where the
representation of experimental points by eqn. 20 is
very satisfactory as was pointed out by Schoen-
makers et al. [45]. The dotted lines show the
quadratic regressions if all points are included in the
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Fig. 6. Value of the constant B2¥® (slope) in the linear regression
eqn. 19 (the logarithm of the distribution coefficient, InKp%y
with 7 = 15 A vs. the logarithm of the volume fraction of AN in
the eluent, In@ay) as a function of the molar volume of the solutes,
Vo Experimental points outside the composition range @an =
0.1-0.9 were not considered for the regression (see text and
Fig. 5). A =n-Alkanes; ¥ = 2,2-dimethylalkanes; [] = 1-alka-
nols; & = 2-alkanols; A = 2-alkanones; V = l-alkyl acetates.

V]S)'hsdu]/at / M m2

)

Fig. 7. llustration of the description of the composition dependence of the logarithm of the distribution coefficients, an[')"‘ffj‘, calculated
with = 15 A, by eqn. 20 as a function of the volume fraction of water, @y, in the binary AN-W eluent on the example of 1-alkanols,
C.H;.+(OH with z = 1-13 as indicated, on the DMB-covered surface. Solid lines are traces of the quadratic eqn. 20 fitted to pointsin the
range @w = 0.0-0.9; dotted lines are traces of eqn. 20 fitted to all experimental points including those in the water-rich region. The scale of

the areal t retention volumes is also shown.
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whole composition domain. It is interesting that this
regression is suitable for extrapolation to pure
acetonitrile as eluent but gives erroneous results for
pure water. Based on the underlying model [44], the
value of the volume fraction of water at the mini-
mum retention, @w, min, €ither real or hypothetical,
calculated from the quadratic regression for moder-
ately retained solutes, should be related to the
Hildebrand solubility parameter of the eluent com-
ponents, d,n and dw, and that of the solute, g,
according to

OW,min = —b/2¢ = (05u — 0aN)/(Ow — dan) 21

In Fig. 8 the experimental value of the volume
fraction of water at minimum retention, @w min(€XP),
is plotted as a function of the value predicted by
eqn. 21 for weakly retained solutes. The correlation
is poor.

In summary, the two-parameter eqn. 19 describes
solute retention as a function of eluent composition
in the domain ¢@w =0.1-0.9, whereas the three-
parameter eqn. 20 is applicable in the range gw =
0.0-0.9. With these restrictions in mind, both equa-
tions are well suited for interpolation but are poorly
related to their respective underlying models.
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Fig. 8. Composition of the binary AN-W mixture at which
retention is minimum on the DMB-covered surface, oo, | as a
function of its theoretical value. Experimental minima are
calculated from eqn. 20 fitted to experimental points in the range
ow =0.0-0.9; theoretical composition of the binary eluent at
minimum retention is calculated with eqn. 21. ] = 1-Alkanols;

O = 2-alkanols; O = 2-alkanones.
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Additional retention on the C,4 surface

Areal retention volumes as a function of eluent
composition show similar trends on the C;4 and
DMB surfaces. For a first comparison, regression
coefficient of the Snyder—Soczewinski equation were
calculated in the range ¢@w =0.1-0.9 on both ad-
sorbents by using distribution coefficients, Kp qu/15-
In Fig. 9 is shown the plot of the intercept, A, of
eqn. 19 on the C,4 surface as a function of the
intercept, A, obtained on the reference surface,
DMB. Fig. 10 shows the analogous plot of the
constant B in eqn. 19, showing that the value of the
constant is about the same on both surfaces. The
value of the intercept A4 is also the same on both
surfaces for weakly retained solutes, whereas for
more strongly adsorbed solutes the intercept 4 on
the C;,4 surface is about twice that on the DMB
reference. Intercept A4 is interpreted as the logarithm
of the distribution coefficient in a hypothetical pure
acetonitrile (recall that eqn. 19 is only valid up to
@an = 0.9). In summary, the distribution coefficient
at @an = | of weakly retained solutes is the same on
both surfaces, whereas for strongly retained solutes
they are related by

C _ (wDMB 32 _
K415 = (Kpsuiis) (pan=1) (22)
AGH
3
4
:H’V
2 T10
=
u-:"l:l
g
1 g
&
0 ARMSB
1
1 0 1 2 3

Fig. 9. Plot of coefficients 4 of the Snyder—Soczewinski equation
(eqn. 19) fitted to experimental points determined on the C,,4
graft as a function of those found on the DMB reference surface.
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Fig. 10. Plot of the slope B of the Snyder-Soczewinski equation
(eqn. 19) fitted to experimental points determined on the Cy4
graft as a function of those found on the DMB reference surface.
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Fig. 11. Additional areal retention volumes on the C,,-covered
surface, 4 VC“, plotted as a function of areal retention volumes
measured on the DMB reference surface, Ve .. at the
composition gy = 6% of the AN-W binary eluent. The scale of
the areal t retention volumes, with t=15 A, is also shown.
A =n-Alkanes; ¥ = 2 2-dimethylalkanes; A = 1-alkanols; V =
2-alkanols; O = 2-alkanones; < = 1-alkyl acetates.
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.The change in correlation laws suggests different
retention mechanisms for weakly and strongly re-
tained (adsorbed) solutes.

In order to examine differences in retention in the
whole composition range, let us examine the behav-

iour of the function 4V}, defined as

DMB

c _ pC
AV = Vi na — VS,su/vNA =Vskie— Vs

(23)

i.e., the additional areal retention volume on the C; 4
surface at the same eluent composition. This addi-
tional retention is independent of the hold-up vol-
ume definition. As examples, in Figs. 11 and 12
additional retention volumes are plotted as a func-
tion of the areal retention volumes on the reference
surface, VEMbna, at two different eluent composi-
tions. The latter retention measures the adsorption
strength of the solute on a “hard” non-polar surface.
1t is seen that the additional retention is independent
of the nature of the solute. As a main effect, the
additional retention is proportional to retention on
the reference surface, DMB, where its dependence

(@w = constant)
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Fig. 12. Additional areal retention volumes on the C;,4-covered
surface, AVC“, plotted as a function of areal retentlon volumes
measured on the DMB reference surface, VS wjoNA> At the
composition @w = 29% of the AN-W binary eluent. The scale of
the areal t retention volumes, with t=15 A, is also shown.
Symbols as in Fig. 11.
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can be approximated by the following one-param-
eter equation:

AV = C(‘Pw)(Vs]?x?vNA)z (24)

In Fig. 13 the coefficient C(pw) is plotted as a
function of the composition of the eluent, @w. It is
seen that the dependence of the additional retention
on adsorption strength decreases with increasing
water content in the eluent. In Fig. 14 the additional
retention is plotted as a function of composition,
¢@w, and areal retention volume on the reference
surface, VPMP 4, as a three-dimensional graph. As a
general rule the retention increasing effect of the C, 4
graft is zero for slightly retained solutes and is less
and less pronounced with increasing water concen-
tration in the AN-W mixture.

The sign of the system peak

The slight perturbation of the composition of an
m-component eluent gives rise to a set of m—1
system peaks (also called concentration peaks [6] or
eigenpeaks [46]). Injection of a small amount of an
n-component solute mixture also perturbs the com-
position and will result in m + n — 1 peaks, of which
n are cdlled solute peaks and the remaining m — 1 are

C
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0.10 ®
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0% 0
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Fig. 13. Plot of coefficient Cin eqn. 24 (logarithmic scale) relating
additional retention on the C,, surface to the square of areal
retention on the DMB surface as a function of the volume
fraction of water in the binary AN-W eluent. The dotted line is
the trace of the cubic polynomial regression of the logarithm of C
on the volume fraction of water.
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Fig. 14. Additional retention volume on the C,, surface, AV
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as a function of the areal retention volume of solutes on the DMB

reference surface, V9w . , and of the volume fraction of water in

the binary AN-W eluent, ¢w. The surface is calculated with
eqn. 24 using coefficients C(pw) obtained by the regression
shown in Fig. 13.

the associated system peaks. A solute peak will
comprise one of the solutes contained in the solute
mixture together with the m components of the
eluent but, as a general rule, the concentration ratio
of the eluent components will be different from that
of the eluent mixture. The m — 1 associated system
peaks, each having a different composition, contain
only the n components of the eluent. The mathemat-
ical treatment of such a general case leads to the
DeVault matrix [47]. An eigenvalue of the matrix
corresponds to the retention characteristics of a
peak [6,35,46,48] whereas the associated eigenvector
is the composition in the column section where the
peak is located [47,49,50]. Although the mathemat-
ical solution is known, *... it remains difficult to
develop an intuitive direct understanding of the
phenomena”, as pointed out by Poppe [50]. Never-
theless, several attempts have been made to relate
concentration changes under the peak to solvent
displacement by the solute at the liquid—adsorbent
interface [51,52] or to its preferential solvation in the
eluent [53] or to a combination of both [46].

In a binary eluent mixture the phenomenon is
greatly simplified as there will be only one system
peak with invariant retention. Its retention volume is
proportional to the slope of the excess adsorption
isotherm of the binary eluent (see eqn. 6). In the
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binary organic solvent-water mixture, a slight per-
turbation may be induced either by injection of the
organic component or by injection of water, both
provoking a system peak of the same retention and
magnitude but of the opposite sign. In the following
we shall designate a system peak as positive if it
originates from injection of the organic component,
and consequently the composition under the peak is
richer in the organic component compared with the
eluent, and as a negative system peak in the opposite
case. As a general rule, the system peak also appears
when a pure solute or a mixture of solutes is injected.
As already noted by Melander et al. [46], the
amplitude of the system peak which accompanies
the peak of a pure solute, its “associated system
peak”, gives valuable additional information on the
adsorption mechanism of the solute in question.

Let us put forward the question of the sign and
amplitude of the associated system peak. In Fig. 15
is illustrated the origin of the system peak for two
extreme situations. In the first case, for a non-retain-
ed solute, there will be a concentration change in the
binary eluent by preferential solvation. The corre-
sponding excess solvation isotherm (see Fig. 15a)
can be deduced by analogy with excess isotherms
observed on adsorbents. A non-polar solute (N in
Fig. 15) will have a (+)U-type solvation isotherm,
where the sign (4) designates an organic-rich
solvate layer. An amphiphilic molecule (A in Fig. 15)
should have, as a general rule, a (—/+)S-type
isotherm, i.e., it will be preferentially solvated by
water at low water concentrations (strong interac-
tion of water with the hydrophilic head) and by the
organic component at high water contents. Finally,
solvation of a polar-type molecule (P in Fig. 15)
must have a (—)U-type excess isotherm. In the
column section where the solute is dissolved there
will be a perturbation of the eluent composition of
the opposite sign. Consequently, non- or weakly
retained non-polar solutes will provoke a negative
system peak, a non-retained polar solute will give
rise to a positive system peak and the sign of the
system peak associated with a non-retained amphi-
philic molecule will change the sign from positive to
negative with increasing water concentration. It is
obvious that the sign of the system peak of a
non-retained solute is independent of the nature of
the adsorbent.

For the second extreme case of a strongly retained
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Fig. 15. Tllustration of preferential (excess) adsorption on the
surface of a non-polar adsorbent and of the preferential solvation
of N =non-polar, A =amphiphilic and P =polar solutes in
contact with an organic liquid-water (O—~W) binary mixture. (a)
Solvation excess isotherms of solutes of different polarity as a
function of the water content in the O-W mixture: (+)U-type
isotherm of non-polar solutes (N), (—/+)S-type isotherm of
amphiphilic solutes (A) and (— )U-type isotherm due to preferen-
tial solvation by water of polar solutes (P). (b, ¢) Solvation/ad-
sorption layers from the O-W mixture at some intermediate
composition; (b) preferential solvation of solutes and (c) organic-
rich adsorption layer near the non-polar surface in the absence of
solutes. (d, ) Change of the adsorption layer in the presence of
different types of adsorbed solutes on the hard DMB and the
penetrable Cy, graft, respectively.

solute, the effect of preferential solvation can be
neglected. In fact, such a molecule will most of the
time be adsorbed and constitute part of the surface
of the adsorbent. In Fig. 15c¢ is illustrated the
preferential adsorption of the organic component of
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the eluent on a non-polar surface, such as DMB and
Ci4, following a (4 )U-type excess isotherm. This
isotherm will be only slightly perturbed by an
adsorbed non-polar molecule on a hard-type non-
polar DMB surface (see Fig. 15d) and even less on a
soft-type (C,4) surface where the molecule can even
penetrate the surface layer (see Fig. 15¢). Conse-
quently, there will be no or negligible perturbation
of the isotherm and no or negligible system peak.
Adsorption of polar-type and amphiphilic mole-
cules will provoke throughout the whole composi-
tion range a positive system peak as the surface will
become more hydrophilic with the adsorbed mole-
cule.

This qualitative discussion concerning the sign of
the associated system peak can be summarized as
follows:

solute: non-polar amphiphilic  polar
ow: low high low high low high
retention:
weak: - + - +
strong: 0 +  + (+)

Based on similar arguments, Melander et al. [46]
arrived at essentially the same conclusions. Let us
emphasize that all solutes have stronger retention at
higher water concentrations, ¢w. Consequently, at
low water content the sign of the system peak should
be discussed following the rules of a weakly retained
solute, whereas at high water contents the rules of
strongly retained solutes should be considered. The
observed sign of the associated system peak, listed in
Table II, is in accordance with this qualitative
discussion with the exception of methanol and
ethanol. In fact, the solvation isotherm was dis-
cussed by assuming that the molecule in solution is
an adsorbing “colloidal” particle having a surface
on which the small molecules of the eluent are
adsorbed. Solvation of small molecules such as
methanol and ethanol, comparable in size to the
eluent components, probably follows a different
rule. In Table IT the superscript * is used to indicate
composition where the sign of the system peak was
not significant due to change of sign. This behaviour
was observed for some of the 2-alkanones and
1-alkyl acetates as amphiphilic solutes on both
surfaces at decreasing water concentrations for
higher homologues. The change of sign takes place
at about the same value of retention for a homolo-
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gous series and corresponds to a compensation of
solvation and adsorption effects. On the DMB
surface, alkanes as non-polar solutes show a nega-
tive system peak which becomes zero at higher
retentions where the fraction of solute molecules
further away from the surface is negligible. The
absence of the system peak in such cases is indicated
in Table IT with the superscript zero. No system peak
was observed for alkanes and isoalkanes on the C,,
surface where non-polar solutes might penetrate
into the liquid-like bulk of the C,, chains.

CONCLUSIONS

It has been shown that retention of a solute on a
non-polar adsorbent having grafted C,4 chains can
be given as a function of its retention on the hard
non-polar standard DMB surface. Combination of
eqgns. 23 and 24 gives

Alkyl DMB Alkyl 1/ DMB
Vésuivna = Vssuna(l + CH VGunna) (25)

The dependence of the areal retention volume on
the DMB surface, Vomana, as a function of the
eluent composition can be described by eqns. 19 and
20 in their respective validity domains. Also, the
coefficient CA™! in eqn. 25 is a function of the
composition but, to a first approximation, indepen-
dent of the nature (polarity) of the solute, hence the
function CA™(¢y,) seems to be a characteristic of
the (non-polar) stationary phase in question and of
the organic component in the O-W binary eluent.
On the C,4 surface, it decreases from its highest
value in pure acetonitrile to very low values in the
water-rich region following an exponential law as a
function of the volume fraction of water, gw. Its
amplitude being a measure of the additional reten-
tion on the surface with alkyl grafts, we conclude
that the latter surface becomes increasingly similar
to the hard DMB adsorbent with increasing water
content.

Ineqn. 25, the symbol of the areal retention on the
surface with alkyl graft is designated by the super-
script Alkyl instead of C,,4, indicating that we
believe that this equation is of general validity for
non-polar adsorbents with grafted chains. The val-
idity of this generalization remains to be proved, but
its possibility is strongly suggested by findings on
such stationary phases reported in the literature (see
Introduction). In fact, the similar behaviour of such
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stationary phases has been repeatedly demonstrated
and it is generally admitted that additional retention
is positive and increases with increasing chain length
and increasing density of the graft. Obviously,
differences between such adsorbents will be ac-
counted for by the function CA™(py,).

The excess adsorption isotherms at the interface
between the AN-W mixtures and the DMB and C, 4
adsorbents are nearly congruent, as shown in Fig. 1.
This result implies that acetonitrile does not pene-
trate the C;4 surface, i.e., both surfaces are very
similar in contact with this eluent. On the other
hand, the additional retention of the solutes on the
C,4 graft can only be explained if possible penetra-
tion of the solutes into the C,4 surface is admitted.
With respect to solute behaviour, the similarity of
the surfaces is given by the amplitude of the function
CH%YY(pw), and consequently the adsorbents resem-
ble each other most in contact with a water-rich
eluent. Indeed, it seems to be logical that the C;4
graft is ““softer’” in contact with the organic compo-
nent and becomes harder and harder in contact with
water-rich eluents, where the C, 4 chains are increas-
ingly strongly excluded from the liquid by a similar
law that is valid for non-polar solutes such as
alkanes. Solid-state ZH-NMR studies by Zeigler and
Maciel [54] of silicas covered by deuterated C,g
chains in contact with liquids of different polarity
seem to confirm these conclusions.
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ABSTRACT

The adsorption isotherms of (—)- and (+)-methyl mandelate from a hexane-isopropanol (90:10) solution were measured on a
chromatographic column packed with 4-methylcellulose tribenzoate coated on silica. These isotherms are accounted for by a bi-
Langmuir isotherm model, the two Langmuir terms having widely different initial slopes and saturation capacities, but each term
having the same saturation capacity for the two enantiomers. The competitive isotherms were also measured. They are in excellent
agreement with the prediction of a competitive bi-Langmuir model based on the single-component isotherms. The individual band
profiles are in agreement with the profiles calculated from these isotherms. Thus, a simplified competitive isotherm can be used to model
a separation on a chiral stationary phase the recognition mechanism of which is not well identified and the adsorption behavior of which

is certainly not ideal.

INTRODUCTION

It has been proved [1,2] that the enantiomers of
pharmaceuticals often differ in their pharmacologi-
cal and side-effects. They can even have opposite
biological activities. Thus, drug manufacturers are
now required to study the physiological properties
of each enantiomer, and can be compelled to
produce one of them pure [3]. Different methods are
available for the separation of enantiomers [4]. In
connection with the investigation of the differential
pharmacological properties of enantiomeric drugs,
the direct chromatographic resolution of racemic
mixtures on chiral stationary phases (CSPs) has
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* On leave from the Laboratoire des Sciences du Genie Chi-
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been extensively studied in the recent past, but
essentially for analytical purposes [5].

For preparative purposes, stereoselective synthe-
sis and purification by crystallization are the pre-
ferred approaches. If these methods cannot be
implemented, industrial-scale preparative chroma-
tography on CSPs becomes an attractive separation
process for enantiomers. This process is expensive,
however, and to reduce its contribution to the total
production costs it must be optimized, which is
difficult to do correctly with a purely empirical
approach because of the number of parameters
involved and the intricacy of their interactions.
Although it has been suggested that displacement
chromatography could hold some advantages over
elution for the separation of enantiomers [6], the
optimization of the experimental conditions is even
more complex in displacement than in elution
chromatography. Furthermore, the current trend in

1993 Elsevier Science Publishers B.V. All rights reserved
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preparative chromatography is towards the use of
new operating schemes, such as simulated moving
bed, as alternatives to the classical elution chroma-
tography [7,8]. In this event an empirical optimiza-
tion cannot succeed, and a more rigorous approach
is necessary.

The fundamentals of the optimization of over-
loaded chromatography have been studied using the
analytical solution of the ideal model [9,10] and
numerical calculations based on the equilibrium—
dispersive model [11]. Excellent agreement has been
reported in several instances between experimental
and calculated results regarding optimization [12,
13]. The main practical difficulty is in the modeling
of the competitive equilibrium isotherms. More
experimental data are needed in this area.

The modeling of enantioseparations on immobi-
lized bovine serum albumin (BSA) [13-15] and on
microcrystalline cellulose triacetate [16] has already
been undertaken successfully. The choice of a suit-
able isotherm model depends considerably, how-
ever, on the retention mechanism. There are numer-
ous CSPs, which differ in the nature of their chiral
discriminator, and hence in their chiral recognition
mechanism. A number of them must be investigated
in order to compare their properties and to attempt
the derivation of general rules. The main object of
this work is the study of enantiomeric resolution on
a cellulose-based stationary phase different from
microcrystalline cellulose triacetate.

There are a large number of CSPs prepared by
adsorption of cellulose derivatives on a macro-
porous silica support [17]. As CSPs, these phases are
characterized by high loading capacities and fast
mass transfers, i.e., good efficiencies [18], and are
considered as good choices for preparative applica-
tions [19]. On the other hand, the choice of solvents
which can be used as mobile phase is narrowly
limited [20]. In this work, we modeled the separation
of the enantiomers of methyl mandelate, using
4-methylcellulose tribenzoate coated on silica as a
CSP [21]. We determined the single-component
adsorption isotherms of both enantiomers and their
competitive isotherms. We used the equilibrium—
dispersive model of chromatography [22] to calcu-
late the response of the column to injections of each
enantiomer and their mixtures. The validation of the
model comes from the successful matching between
experimental and calculated individual band pro-
files.
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THEORY

The prediction of individual elution band profiles
in chromatography requires first the experimental
determination of the primary data of thermodynam-
ic and kinetic nature, and second the use of a suitable
numerical method for the integration of a system of
partial differential equations derived from the mass
balance equations of the components involved.

Calculation of band profiles

In this work, we used the equilibrium-—dispersive
model of chromatography [22]. This model assumes
constant and instantaneous equilibrium between
mobile and stationary phases. The contributions to
band broadening due to axial dispersion and to the
finite rate of the mass transfer kinetics are accounted
for by alumped apparent dispersion coefficient, D,,.
The mass balance equation for one component, in
an infinitesimal column slice, can be written as

¢ l-er 0g  ~0C_, O&C
ot e 0t 0 ax T T ox2

where Cis the concentration in the mobile phase, g is
the amount adsorbed at the surface of the solid
phase in equilibrium with C, u, is the mobile phase
flow velocity and ey is the total porosity of the bed,
taking into account the void between the beads and
the intraparticle porosity; er is derived from the
retention time ?, of a non-retained component
whose propagation velocity is u. In this model, ¢ is
related to C by the equilibrium isotherm.

We also assume that D,, is constant, and equal to
its value under linear conditions. D, is related to the
column length, L, and to the number of theoretical
plates, N, by the equation

oL
2N

M

D,, = @

This simplification is acceptable because, at high
concentrations, the thermodynamic effects, i.e., the
non-linear behavior of the equilibrium isotherm,
influences the band profile much more strongly than
the kinetic effects. Under the experimental condi-
tions prevailing in preparative chromatography, the
latter effects appear to be a correction to the band
profile predicted by the equilibrium (ideal) model,
and hence are properly accounted for by a lumped
kinetic coefficient.
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For a multi-component system, we write as many
eqns. 1 as there are components. In this case,
however, the different components of the mixture
compete for access to the adsorption sites on the
stationary phase. Thus, the amount of component i
adsorbed at equilibrium depends not only on C;, but
also on the concentrations of all the other compo-
nents in the mobile phase, through a competitive
adsorption isotherm:

g:=q: (Cy, C3, ...) 3)

Finally, we need initial and boundary conditions
to solve the problem. In elution chromatography,
the column is initially empty:

Ci(x,t=0)=0 (4)

The boundary conditions express the continuity
of the flux at the column inlet and outlet. At the
column inlet, the boundary condition corresponds
to the injection of a rectangular pulse of the feed
solution, of composition Cr, and width tr. As the
column efficiency is high in HPLC, the boundary
conditions can be simplified by neglecting the dis-
persion effect. These conditions are reduced to

Ci(x=0,0)=Cr, 0<i<tp %)
Ci(x=0,1)=0 1> tg (6)

Only numerical solutions are available for the
equilibrium—dispersive model. The algorithms pro-
posed have recently been reviewed [22]. For most
practical applications, the finite difference method
proposed by Rouchon et al. [23] is the fastest and
most efficient algorithm, but its accuracy can be
lacking in some instances, when the concentration of
the second component relative to that of the first is
low [24]. In this method, the dispersion term is
accounted for by the numerical dispersion, through
the proper choice of the size of the integration grid in
the time and space domains. This numerical scheme
is rigorous for a single-component system in linear
chromatography [24]. In other instances, errors
occur but they remain small, especially for systems
such as ours, when the column has a very high
efficiency (4000 theoretical plates for the most
retained compound at 0.8 ml/min).

Excellent results, in agreement with experimental
data, were reported previously when using the
equilibrium—dispersive model and the calculation

t<0,
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method just described for the modeling of several
separations performed by liquid chromatography
[12-16,24-26).

Equilibrium isotherm

The proper representation of the competitive
isotherms is the keystone of our modeling effort.
QOur purpose is to determine the competitive iso-
therms which relate the compositions of the liquid
and adsorbed phases at equilibrium for enantiomer
mixtures. In practice, the easiest approach by far is
the direct estimation of the competitive isotherms
from the individual isotherms of the pure compo-
nents.

Several models and equations are available to fit
experimental isotherm data for single components.
The classical mode} used in non-linear chromatogra-
phy is the Langmuir adsorption isotherm [27}:

_ aC
T 14b6C

where a and b are numerical coefficients. Even
though this model, which assumes ideal behavior for
both the solution and the adsorbed phase, is an
approximation in the best of cases, it has been used
successfully in many instances [25,28].

This model does not apply to our data, however
(see below). An alternative which was successful for
modeling the adsorption data of pure enantiomers is
the bi-Langmuir model [29-31]

_ aC + AC
1=1+bpc 1+ BC

q N

@)

which can be considered as the extension of the
Langmuir model to the case of a surface covered
with patches of two different kinds.

In a second step, we need to model the competitive
adsorption of binary mixtures. The competitive
Langmuir isotherm model [32] is the competitive
extension of the single-component Langmuir iso-
therms. Its parameters are those of the single-com-
ponent isotherm. For a bi-Langmuir isotherm, the
competitive Langmuir model can be applied sepa-
rately to the two terms, assuming non-cooperative
adsorption on the two types of sites [14,15,30]. The
competitive isotherm is then

_ aiC,- + AiCi
5 =115,C,+b,C, 1+ B,C; + BoC,

)
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The Langmuir competitive isotherm model satis-
fies the Gibbs adsorption equation and, consequent-
ly, is thermodynamically consistent only if the
column saturation capacities gs; = a;/b; of the two
components are equal [33]. To correct for this
discrepancy when they are not, Levan and Ver-
meulen [34] developed a binary isotherm, based on
the IAS theory [35], which is valid for mixtures of
gases and vapors whose individual isotherms are of
the Langmuir or Freundlich types. This isotherm is
written as a Taylor series. Its straightforward exten-
sion to solutions has been used previously [36]. For
binary mixtures of components which have individ-
ual isotherms following the Langmuir model, the
two-term expansion of the Levan—Vermeulen iso-
therm can be written as

qb1Cy
7 1+b¢a+mc{*‘2 (10)
qstCZ
=122 4 11
©=118.C v b,c, A2 (1)
with

a, C1 + a2C2

= 1 T2z 12

= 5.Ci+5,C; (12
b1b,CC,

(b;Cy +b,C,)?

In (14+6,Cy+5,C;) (13)

Although it may look complex, this isotherm is

explicit and requires only the parameters of the
single-component isotherms.

A1y = (QS, - QS2)

EXPERIMENTAL

Equipment

The chromatographic experiments were perform-
ed with an HP1090 liquid chromatograph (Hewlett-
Packard, Palo Alto, CA, USA), equipped with a
multi-solvent delivery system, an automatic sample
injector with a 250-ul loop, a diode-array UV
detector and a computer data acquisition system.
Acquired data were downloaded to one of the VAX
computers at the University of Tennessee Computer
Center. Also, a Gilson (Middleton, WI, USA)
Model 203 fraction collector was used to comple-
ment the HP system.
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Materials

Column. A 25 cm x 0.46 cm 1.D. Chiralcel OJ
column (Daicel, Tokyo, Japan) was used (average
particle size 10 um). The total column porosity
(er = 0.70) was determind by injecting 1,3,5-tri-tert.-
butylbenzene, a substance which can be considered
to be non-retained on this stationary phase. This
value of the porosity was in a very good agreement
with that derived from the retention of the solvent
peak.

Mobile phase and chemicals. For all chromato-
graphic experiments, the mobile phase was hexane—
2-propanol (90:10, v/v). Hexane and 2-propanol
were purchased from Burdick and Jackson (Muske-
gon, MI, USA). L-Methyl mandelate and D-methyl
mandelate (both of purity >99%), the racemic
mixture (purity >98%) and 1,3,5-tri-tert.-butyl-
benzene were purchased from Fluka (Ronkonkoma,
NY, USA). All compounds were used as received.

Procedures

All the experiments reported were performed at
30°C.

Determination of equilibrium isotherm data. Dif-
ferent chromatographic methods are available to
measure the adsorption data for a pure compound
[37]. In the present instance, the column efficiency
was high enough to use ECP (elution by characteris-
tic point) with good accuracy. The isotherm is
derived from the diffuse rear boundary of the profile
obtained when injecting a large-volume plug of a
high-concentration solution.

Assuming that the rear diffuse boundary is very
close to that which would be obtained for an
infinitely efficient column, we can derive the concen-
tration of the solute adsorbed on the solid phase, g,
in equilibrium with the concentration, C, in the
mobile phase from the retention volume of the latter
through the classical equation [37]

[

VR - Vo
= : 14
g f 7 dc (14)

S

0

where Vi, V, and Vs are the retention volume, the
column hold-up volume and the solid-phase volume,
respectively.

The equilibrium data were determined at a flow-
rate of 0.8 ml/min. The average width of the injected
plug was ca. 5 min and its concentration was ca.
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4 g/l. Because the HP1090 system is not equipped
with a large enough sample loop, the injections were
made by programming the multi-solvent delivery
system. The diode-array detector-signal was re-
corded with a 640-ms period, at a wavelength of
270 nm. The response signal was converted into
concentrations through a calibration graph. The
slightly non-linear detector response was fitted to a
third-order polynomial. Following conversion into
concentration units, the equilibrium data were cal-
culated individually for each enantiomer. About 50
experimental points, evenly spaced over the concen-
tration range, were used to determine the equilibri-
um isotherm.

Competitive adsorption data were measured using
a binary frontal analysis method [38]. In all experi-
ments, the initial concentration of the enantiomers
in the column was zero. Thus, the concentration of
the more retained component in the intermediate
plateau [38] was also zero and there was no need to
analyze the corresponding eluate. The concentration
of the less retained component in this intermediate
plateau was derived from the calibration graph at
250 nm, at which wavelength the detector response
was linear over the whole concentration range
studied. The retention volumes and the correspond-
ing concentrations were inserted into the equation
given by Jacobson et al. [38] to determine the
amount adsorbed. The measurements of adsorbed
amounts could not be made for values of the total
concentration higher than ca. 1.2 g/l. At higher
concentrations, the intermediate plateau [38] dis-
appeared.

Determination of elution profiles. The elution
profiles of the pure enantiomers were obtained by
injecting increasingly large volumes of a given
solution. The detector signal was converted into a
concentration profile through the calibration graph,
linear over the concentration range used. This graph
is the same for both enantiomers. Mixtures prepared
by mixing the two pure enantiomers in 1:3 and 4:1
ratios were also injected. All injections were per-
formed at a flow-rate of 0.8 ml/min, corresponding
to an approximate value of 8 for the Peclet number
(dy=10 um, D, =1-1075 cm?/s).

For mixtures, the individual elution profiles were
determined in the mixed-band region by collecting
fractions of the eluent and reinjecting them onto the
same column, but under analytical conditions. Frac-
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tions were collected at 9-s intervals, from the start of
the elution of the first component through the
estimated end of the mixed zone. The relative
concentration of the two enantiomers in a fraction is
equal to the peak-area ratio. Combined with the
recorded total signal of the detector, this allows the
determination of the individual concentration pro-
files.

RESULTS AND DISCUSSION

Modeling of single-component equilibrium isotherms

The Scatchard plot of the single-component data
(Fig. 1) is not linear, which shows that the classical
Langmuir model cannot account for the isotherms.
A two-site adsorption model, including enantiose-
lective and non-selective sites, appears to be plau-
sible in the present instance. This justifies the use of a
bi-Langmuir isotherm, a model already used suc-
cessfully for the modeling of other enantiomeric
separations [12,13].

For all compounds, there are a variety of molec-
ular interactions with a stationary phase, the combi-
nation of which accounts for the retention. Both
enantiomers have complex interactions with the
chiral stationary phase (CSP), some of which are
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Fig. 1. Scatchard plots (i.e., ¢/C versus g) of the experimental
adsorption data for (O) (—)-methyl-D-mandelate [(—)-MM]
and (A) (+)-methyl-L-mandelate [(+)-MM].
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achiral (hence identical for both enantiomers), while
others involve the stereochemistry of the enantio-
mers and the CSP, causing the formation of a
transient diastereomeric solute—CSP complex. If the
stability of the complex is different for the two
enantiomers, they will be separated. For the more
strongly retained enantiomer, at least, the formation
energy of this complex is higher than the energy of
conventional intermolecular interactions [5,19,20].
Thus, a bi-Langmuir isotherm is likely; the first term
would represent the retention linked with the chiral
recognition mechanism, while the second term
would include all the non-enantioselective interac-
tions. Previous investigations of the chiral recogni-
tion process on cellulose-band CSP have disclosed
the existence of two types of retention mechanisms
[39,40].

If this assumption is correct, no chiral selectivity
should be involved in the second term of a bi-Lang-
muir isotherm model. The coefficients 4 and B
(eqns. 8 and 9) should be the same for both
enantiomers, in which event the total number of
parameters of the model is reduced to 6. Thus, we
fitted together the two sets of experimental data, one
for each enantiomer. We used a program based on a
simplex algorithm to minimize the following objec-
tive function:

1 M _ 2
S=dp+b= |72 <qexmqi‘—’cah)n+
YD 1 exp;

1 M _ 2
\/_ Z <qexp‘~ qcal) (1 5)
Ny 1 Qexpj L
TABLE 1

ISOTHERM PARAMETERS

Model of competitive isotherm:

0.8C,,
9oy = LV lCop Gl +
1+ BIC_, + C.)
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where the subscripts D and L refer to the (—)-meth-
yl-D-mandelate and the (+)-methyl-L-mandelate,
respectively, while Np and Ny, are the numbers of
data points for the D- and L-enantiomers, respec-
tively. The use of a weighted function (eqn. 15) per-
mits a good accuracy of the fit at both low and high
concentrations. The use of an alternate objective
function, ép + 8, + | 6p — O |, was abandoned
because local optima appeared.

The values derived for the isotherm parameters
are summarized in Table I. The experimental (sym-
bols) and calculated (dotted lines) isotherm data are
compared in Fig. 2. They are in excellent agree-
ment. The (4 )-enantiomer is the more retained on
this stationary phase. It can be seen in Table I that,
as reported previously [12], the adsorption energy
on the non-enantioselective sites is lower than that
on the enantioselective sites (i.e., B is lower than b),
but that the saturation capacity of these non-selec-
tive sites is much higher.

Modeling of competitive equilibrium isotherm

The competitive isotherm contains two terms,
one for the enantioselective and the other for the
non-selective sites. The latter term is obviously the
Langmuir term corresponding to the sum of the
concentrations of the two enantiomers.

The extrapolated values of the saturation capac-
ity for the enantioselective sites are not the same for
the two enantiomers (Table I). Therefore, we can-
not use for them a competitive Langmuir isotherm
which would not be thermodynamically consistent

where x = —, +; LV refers to the Levan-Vermeulen isotherm calculated with the coefficients of the individual isotherms on the

selective sites.

Number of Type of Isomer a b q
parameters sites /g (g/h
6 Selective (-)- 1.83 0.786 233
(Model 1)
Selective (+)- 3.86 1.11 3.48
Non-selective (=)-and (+)- 691 0.076 91.2
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Fig. 2. Experimental adsorption data for (O) (—)-MM and (4)
(+)-MM on a Chiralcel OJ phase at 30°C. The lines correspond
to the isotherm equations derived from Models 1 (dotted lines)
and 2 (solid lines).

[34,35]. In such a case, the Levan—Vermeulen iso-
therm [34] is the simplest competitive isotherm
model that can be used and we adopted it for the
enantioselective sites (Table I).

However, the adsorption data were measured in a
range of concentrations which, although high
enough to encompass the range covered by chro-
matographic bands at the time of their elution, was

TABLE 11
ISOTHERM PARAMETERS

Model of competitive isotherm:
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limited to ca. 3.5 g/1. The amount adsorbed at this
concentration corresponds to only 20% of the esti-
mated saturation capacity, which, accordingly, was
determined by extrapolation. Such values are inac-
curate and must be considered with caution. Fur-
ther, although large in relative terms (30%), the dif-
ference between the extrapolated values of the sat-
uration capacities of the enantioselective sites for
the two enantiomers is small compared with the to-
tal saturation capacities, which increases the inac-
curacy of the estimate.

Not knowing the nature of the chiral retention
mechanism, we used a second approach, previously
developed in the study of the separation of racemic
mixtures of amino acids on immobilized BSA
[12,13]. We assumed that the saturation capacities
of the two enantiomers were equal for the enantio-
selective sites, a—)/b-) = a(+)/bc+), and we fitted
our data to a five-parameter isotherm model (Table
I). We could not derive these parameters in a
straightforward way, however. Actually, when we
fitted our data with a five-parameter model, we ob-
tained parameter values different from the previous
values (in Table I), including a saturation capacity
for the non-enantioselective sites which was twice as
large as that obtained in the first approach. These
parameters did not provide a satisfactory calcula-
tion of the elution profiles. This result can be under-
stood if we consider that the objective function be-
ing the same for both models, the optimization pro-
cedure for the five-parameter model is limited to the
sub-domain of the six-parameter space where we
have the relation gs(-, = ¢s(+). Hence, the optimum

4:BCy Q,8C,,
9= = +
1+ b.,Cy + byC 1+ BIC._, + C)

where x = —, +.
Number of Type of Isomer a b q,
parameters sites /) (e/h
S Selective (-)- 2.14 0.506 4.22
(Model 2)

Selective (+)- 431 1.022 4.22

Non-Selective (—)- and (+)- 6.50 0.071 91.2
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of the objective function in this sub-domain can be
far from the real optimum.

Because of its flexibility, we can expect the six-
parameter model to give a relatively good approxi-
mation of the saturation capacity on the non-ster-
eoselective sites. Then, in order to obtain more real-
istic values of the isotherm parameters, we assumed
the value of this saturation capacity to be correct,
and determined the remaining four parameters of
the five-parameter model (Table IT). Indeed, the two
models give almost identical individual isotherms
(Fig. 2, second isotherm in solid lines), except for a
slight difference in the high concentration range, for
the (+)-enantiomer. As the saturation capacities
arc now equal, however, we can derive a compet-
itive bi-Langmuir isotherm from the second model.

These two models, referred to below as Models 1
(Table I) and 2 (Table II), were used to predict the
competitive isotherms. In Fig. 3, we compare the
experimental data on competitive adsorption ob-
tained by binary frontal analysis (symbols) and the
isotherms calculated with the -two models (solid
lines). The comparison is made for different values
of the relative composition of the mobile phase. The
two models gave identical results, which are also in
very good agreement with experimental data. In
most instances, the difference was less than 2%. The
structures of the two competitive isotherm models
are different, and they give different amounts ad-
sorbed on the two types of sites for a given concen-
tration. However, because of a fortuitous compen-
sation, the two models give virtually identical val-
ues for the total amount adsorbed, in the concentra-
tion range investigated. A significant difference
would arise only at concentrations much higher
than those at which accurate measurements could
be carried out.

Single-component band profiles

Fig. 4 shows a chromatogram obtained under lin-
ear conditions, with a very small amount injected (2
1g). The retention times derived from it are in excel-
lent agreement with the initial slopes of the
enantiomer isotherms. The selectivity is low (a =
1.22), but the efficiency is high for both components
and the resolution complete (R, = 2.5). The plate
numbers determined with the conventional method
are Ny = 4500 and N4, = 4000 at a velocity of
0.08 cm/s (F, = 0.8 ml/min), giving reduced plate

q1a2 (g
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heights of 5.6 and 6.2, respectively, for a Peclet
number close to 8.
As the single-component isotherm data were de-

qla2 (o)

q1a2 (g/)
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Fig. 3. Experimental competitive adsorption data (O) (—)-MM
and (A) (+)-MM and calculated isotherms (dotted lines for
Model 1, solid lines for Model 2), for different mixtures of con-
stant compositions. Ratios C(+)/C(=): top = 1.05; middle =
2.43; bottom = 0.32.
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Fig. 4. Normalized chromatogram under linear conditions for
the racemic mixture. Volume injected, 50 ul; total concentration,
40 mg/l; total amount, 2 ug.

rived by ECP, a method based on the ideal model,
comparing recorded band profiles obtained on in-
jection of large-sized samples with the results of cal-
culations based on the equilibrium~dispersive mod-
el, is a circular argument. We can, however, com-
pare the band profiles calculated from the isotherm
data with the profiles recorded 2 months later, using
the same column but another instrument, in a dif-
ferent location. This illustrates the kind of repro-
ducibility achieved for chromatographic data and
the modeling accuracy that can be expected in at-
tempts at designing separation units.

Figs. 5 and 6 compare recorded (symbols) and
calculated (lines) chromatograms for four consec-
utive injections of increasing volumes of given solu-
tions (ca. 2.5 g/l) of the pure (—)- and (+)-
enantiomers, respectively. In order to achieve over-
lay of the diffuse boundaries of the four profiles, the
time scale 1s corrected of the width of the injected
plug. The elution profiles were calculated with the
second isotherm model. They agree well with the
experimental data and confirm the validity of the
individual isotherms measured. They also show the
good stability of the cellulose column, if used under

29

12 14

1.0

¢ {gM
OI.B

0.6
1

10 2 14 16 18 20 22 24
t (min)

Fig. 5. Experimental (symbols) and calculated (solid lines) elu-
tion profiles for injections of samples of different volumes of a
2.6 g/l (—)-MM solution. Model 2 (Table II) was used for the
calculations. Volumes injected: 100, 200, 400 and 800 wl.
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Fig. 6. Experimental (symbols) and calculated (solid lines) elu-
tion profiles for injections of samples of different volumes of a
2.6 g/l (+)-MM solution. Model 2 was uséd for the calculations.
Volumes injected: 100, 200, 400 and 800 pl.
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regular and smooth conditions. The baseline bump
behind the (—)-enantiomer profile in Fig. 5 is due to
a small amount of (+)-isomer (1.5%). The individ-
val band profiles of the two enantiomers calculated
with the two isotherm models are compared in Fig.
7. These results reflect the agreement observed be-
tween the single-component isotherms (Fig. 2): the
profiles differ by the thickness of the line in the case
of the less retained enantiomer, and hardly more for
the other enantiomer.

Individual band profiles in binary mixtures

There are two important separation problems for
enantiomers, the separation of the racemic mixture
and the purification of one enantiomer from moder-
ate or low concentrations of the other. Our purpose
was to model either type of separation for large
sample sizes, i.e., under overloaded conditions. Sep-
arations of the racemic mixture are presented in the
Figs. 8 and 9. Figs. 8 and 9 show the chromato-
grams (symbols) obtained for increasingly large
amounts of the racemic mixture, going from nearly
“touching band” separation [41] to an important
degree of band overlapping. The lines show the pro-

18 22
t (min)

Fig. 7. Comparison of the individual elution profiles calculated
with the isotherms derived from Models 1 (dotted lines) and 2
(solid lines) for the two enantiomers [(—)-MM is the less re-
tained]. Concentration of injected solution, 2.50 g/l; volume in-
jected, 1.0 ml.
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files calculated using the competitive isotherm de-
rived from Model 2.

There is general agreement between the experi-
mental and simulated profiles, although a system-
atic deviation is observed for the chromatograms in
Fig. 8, as the less retained (—)-enantiomer elutes
too early. This anomaly does not appear in Fig. 9.
The difference between calculated and experimental
chromatograms is a mere retention time shift of ca.
1.5%. It can be simply explained by the difficulty
encountered in resetting exactly the flow-rate and
the dead volumes. For the two largest amounts in
Fig. 8, and to a lesser extent in Fig. 9, the shapes of
the experimental and calculated rear diffuse bound-
aries are also different in the high concentration
range.

We see that the inflection point is slightly higher
on the calculated profiles than on the experimental
ones. The inflection point on this rear boundary
corresponds to the intermediate plateau of the more
retained component predicted by the ideal model
but which cannot be observed for this mixture com-
position, because the column efficiency is too low.
The concentration of this plateau, and hence of the
inflection point, depend only on the competitive
equilibrium isotherm. The divergence observed is
due to a small error in the competitive isotherm.

To check further the validity of band profiles cal-
culations, we determined experimentally, by analy-
sis of collected fractions, the individual band pro-
files of the two enantiomers for 2-mg samples of
three different binary mixtures, having relative
compositions 1:1 (Fig. 10), 4:1 (Fig. 11) and 1:3
(Fig. 12). The total injection concentration was § g/l
and the maximum concentration of the eluted
bands was of the order of 1 g/, which corresponds
to a high degree of column overload. The injection
concentration exceeds the range within which were
determined single-component (0-3.5 g/l, Fig. 1) and
competitive isotherms (0-1.2 g/l, Fig. 3). Dilution
occurs quickly, however, and during most of the
band migration its concentration is within the range
studied.

In Figs. 10-12, we compare the experimental pro-
files with those calculated with Models 1 (dotted
lines) and 2 (solid lines). The two models give slight-
ly different calculated profiles, which suggests that
the two isotherm models are less similar than ob-
served in Fig. 3 at high concentrations. The general
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Fig. 8. Experimental (symbols) and calculated (lines) chromatograms (total concentration of the two enantiomers) for different volumes
injected of a racemic mixture of methyl (~)- and (+)-mandelate. C(—) = C(+) = 4.1 g/l. Volumes injected: 50, 100, 150 and 200 ul.
The solid lines were calculated using the competitive isotherm Model 2 (Table II).

agreement is better with the profile calculated with
Model 2 than Model 1. Both models give an excel-
lent prediction of the individual profiles for the 4:1
mixture (Fig. 11), possibly because the concentra-
tion of the second component is much lower in this
instance than in the other two (Figs. 10 and 12). On
the other hand, the agreement between calculated
and experimental profiles for the 1:3 mixture (Fig.
12), for which the second component concentration
is much higher, is less satisfactory.

Differences are noted at the end of the rear diffuse
boundary of the (+)-enantiomer, whereas excellent
agreement was observed in Figs. 10 and 11. Indeed,
this part of the band profile depends only on the

isotherm of the more retained solute. Fig. 9 shows
the global signal observed for the experiment re-
ported in Fig. 10. In Fig. 10, we see clearly that the
inflection point on the diffuse boundary of the (+)-
enantiomer is higher for the calculated than for the
recorded profile, regardless of the model chosen for
calculations. This points to an error in the compet-
itive isotherms, causing in turn an error in the con-
centrations of the two components in the mixed
zone of the chromatogram: we observe in Figs. 10
and 12 that the calculated concentrations of the
(—)-enantiomer in the mixed zone between the
bands of pure enantiomers are too low whereas
those of the (+)-enantiomer are too high. This
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Fig. 9. Same as Fig. 8, but C(—) = 4.2 g/l and C(+) = 3.8 g/];
volume injected, 250 pl.

means that our competitive isotherm induces too
much displacement effect. This is especially true for
Model 1-

]

20 2
t (min)

Fig. 10. Comparison between experimental [O = (—)-MM;
A = (+)-MM] and calculated (dotted lines for Model 1, solid
lines for Model 2) individual elution profiles for an injection of a
binary mixture. Sample composition, C(—) = 4.2 g/t and C(+)
= 3.8 g/l; sample volume, 250 ul.
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Fig. 11. Same as Fig. 10, but C(—) = 6.2 gfland C(+) = 1.5 g/l.

In Fig. 3, the agreement between predicted and
experimental data for the adsorption of mixtures is
very good, and we expected a still better agreement
between experimental and calculated profiles than
observed in Figs. 8-12, even though experimental
parameters other than the isotherms are involved.
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Fig. 12. Same as Fig. 10, but C(=) = 1.8 g/land C(+) = 5.9 g/l.
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TABLE III
ISOTHERM PARAMETERS

Model of competitive isotherm:
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98C) 0.8C,
9o = +
I+ b_,C_y+ b,,Cpy, I+ B[C_, + Cy)
where x = —, +.
Number of Type of Isomer a b q,
parameters sites /g) (g/D
5 Selective (-)- 2.05 0.741 2.76
Selective (+)- 3.90 1.414 2.76
Non-Selective (—)-and (+)- 7.12 0.079 89.9

For these experiments, we used small volumes of
highly concentrated samples. To confirm the val-
idity of our competitive isotherms in the concentra-
tion range where binary adsorption data could be
determined more accurately (Fig. 3), we injected a
large volume of a dilute sample of the racemic mix-
ture (Fig. 13). The amount injected is almost the
same as for Fig. 10, but the concentration is about
seven times lower.

To check the degree of stability of the column

N

0.8 1.0
]

¢ (g
016

]
[

12 16

20
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Fig. 13. Comparison between experimental [O = (—)-MM;
A = (+)-MM] and calculated (Table 11I) individual profiles for
an injection of a binary mixture. Sample composition, C(—) =
0.66 g/l and C(+) = 0.68 g/l; sample volume, 1.60 ml.

performance during the few months that elapsed
between the two experiments, we measured again
the adsorption equilibrium data for each
enantiomer at the time of the second experiment,
for concentrations up to 1.3 g/l. The new values of
the parameters were calculated for the isotherm,
following the procedure described above for Model
2 (see Table I1I). These values are very close to the
former values (Table IT) but not close enough to
avoid the use of the old parameter values resulting
in significant differences in the calculated elution
profiles. With the new parameter values, the agree-
ment observed in Fig. 13 is only slightly better than
that in Fig. 10.

All these results prove that the competitive iso-
therm model chosen (Model 2) gives a very good
approximation of the adsorption behavior of the
enantiomers, and permits a calculation of adsorp-
tion data for mixtures that is precise enough for the
modeling of preparative chromatography.

CONCLUSIONS

As previously reported in a number of instances
[41], there is generally very good agreement between
experimental and calculated individual band pro-
files for large-sized injections of binary mixtures in
the whole range of relative compositions. The ex-
tent of this agreement is limited by the accuracy of
the modeling of the competitive isotherms. This has
several important consequences, as follows.

The accuracy of the equilibrium-dispersive mod-
el is more than adequate. At least for low relative
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molecular mass compounds, there is no need for a
more exact kinetic model. This simplifies consider-
ably the collection of the data required for model-
ing, as only the plot of the column height equivalent
to a theoretical plate versus the flow velocity is need-
ed.

The modeling of the competitive isotherm is crit-
ical. Unless a simple, clearly identifiable, selective
retention mechanism is used, simple models may
lack accuracy, and it may be impossible to predict
the competitive adsorption behavior merely from
the single-component isotherms.

At this stage, accurate experimental data are
needed, as reliable isotherm models are lacking.
These data must encompass the entire range of con-
centrations experienced in a band during its migra-
tion, i.e., must go from zero to the injection concen-
tration.

Although imperfect, current models permit the
calculation of band profiles which are in sufficient
agreement with experimental data to warrant their
use in optimization procedures.

The difficulty in selecting an adsorption isotherm
model that is accurate for enantiomeric separations
on cellulose is related to our present ignorance re-
garding the origin of its enantioselectivity. With five
carbon atoms out of six exhibiting chirality, cellu-
lose provides a highly chiral environment, and it is
difficult at this stage to suggest any particular mech-
anism to explain its enantioselectivity. In the light
of that lack of understanding, it is most interesting
to observe that there seems to be no enantioselective
component in the low-energy molecular interaction
term, while the high-energy interaction term ac-
counts for all the enantioselectivity. Whether there
are also some high-energy, non-selective molecular
interactions involved remains an unanswered ques-
tion. We note, however, that the enantioselective
retention mechanism, although described by the
same empirical isotherm as for mandelic acid on
immobilized BSA, is profoundly different. With
BSA, the enantioselective retention mechanism in-
volves strong interactions between the enantiomers
and a hydrophobic pouch in the protein molecule
[42], thus validating the basic assumptions of the
Langmuir model for the enantioselective sites [43].
Also noteworthy is the considerable difference ob-
served between the adsorption behavior of the
enantiomers of methyl mandelate on Chiralcel OJ
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and of those of Troger’s base on microcrystalline
cellulose triacetate [8].
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ABSTRACT

Experimental studies were carried out on the non-linear adsorption properties of dextran-based polyelectrolytes in anion- and
cation-exchange chromatographic systems. By monitoring both the induced salt gradients and sequential breakthrough fronts, param-
eters were determined for use in a Steric Mass Action (SMA) model of non-linear ion-exchange chromatography. These parameters
include: total ion capacity of the columns, characteristic charge, steric factor, equilibrium constant, and maximum adsorptive capacity
for each of the polyelectrolytes. In addition the number of functional groups were determined by elemental analysis. The values of the
SMA parameters were found to be independent of salt and polyelectrolyte bulk phase compositions. Parameters were also determined
for a variety of proteins. Experimental isotherms for the polyelectrolytes and proteins were compared with those simulated by the SMA
model. Finally, the implications of polyelectrolyte adsorption properties with respect to their ability to act as efficient displacers in

ion-exchange displacement systems are discussed.

INTRODUCTION

The adsorption of polyelectrolytes at interfaces
plays an important role in numerous industrial
processes (e.g., colloid stabilization, emulsification,
flocculation, drug delivery systems, chromatograph-
ic separations). Clearly, a fundamental understand-
ing of polyelectrolyte adsorption behavior is critical
for enhancing its successful application in these
technologies.

The adsorption of charged macromolecules at
interfaces depends on many variables (e.g., molecu-
lar mass, polyelectrolyte charge, surface charge,
ionic strength and segment—segment interaction).
Several theories of polyelectrolyte adsorption have
been proposed in the literature [1-3]. These funda-
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mental approaches are based on the lattice theory
for adsorption of uncharged polymers developed by
Roe [4] and Scheutjens and Fleer [5,6]. Adsorption
of linear polyelectrolytes on highly charged surfaces
are characterized by high-affinity isotherms, flat
adsorbed layers and weak dependence upon molecu-
lar mass and salt concentration [2].

To date, relatively few studies have been carried
out on the adsorption properties of polyelectrolyte
displacers in chromatographic systems. Peterson
and Torres [7,8] have employed frontal chromatog-
raphy to determine the “number of bonds formed™
between carboxymethyl dextrans and anionic chro-
matographic surfaces. Jen and Pinto [9] have exam-
ined the linear elution behavior of low-molecular-
mass dextran sulphate. For relatively high-molecu-
lar-mass polyelectrolyte displacers (M, > 10 000) it
is not feasible to determine the adsorption properties
by linear elution techniques due to their high binding
affinity and low desorption rates. Furthermore,
measurement of steric effects in polyelectrolyte

1993 Elsevier Science Publishers B.V. All rights reserved
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adsorption has not been reported in the chromato-
graphic literature to date.

The steric mass action ion-exchange model (SMA)
developed by Brooks and Cramer [10] explicitly
accounts for steric effects in multicomponent pro-
tein equilibria and is able to predict complex behav-
ior in ion-exchange displacement systems. Assuming
that ion exchange is the only mechanism involved
during adsorption, the stoichiometric exchange of
the polyelectrolyte displacer and the exchangeable
salt counter-ions can be represented by,

Cp+vp Qs<>0p + vp C; e))

where C and Q are the mobile and stationary phase
concentrations, vp is the characteristic charge of the
displacer, and subscripts D and s refer to the
displacer and salt, respectively. The equilibrium
constant is defined as,

—()(&)
KD B (CD><Q_S> (2)

Electroneutrality on the stationary phase requires

A=Q,+ (vp+o0p) Op (3)

where oy, is the steric factor of the displacer.

The required model parameters for each compo-
nent are: characteristic charge v, steric factor ¢ and
equilibrium constant K. The characteristic charge
represents the number of interactions between the
adsorbent surface and a single macromolecule. The
steric factor of a macromolecule represents the
number of sterically hindered salt counter-ions on
the adsorbent surface which are unavailable for
exchange with other macromolecules in solution.
The equilibrium constant is a measure of the affinity
of the molecule. Earlier treatments of mass action
ion-exchange equilibria assume that the binding of a
macromolecule to the adsorbent surface only effects
a number of adsorbent sites equal to its characteris-
tic charge. As will be seen in this work, the steric
shielding of the stationary phase sites plays an
important role in the behavior of non-linear ion-
exchange systems.

In order to employ this model for predicting the
displacement behavior, it is critical that appropriate
experimental protocols be developed for determin-
ing model parameters for the proteins and high-
affinity polyelectrolyte displacers. In this manu-
script, we will present experimental protocols for
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measuring SMA parameters of a variety of dextran-
based polyelectrolyte displacers. The techniques
presented here enable the determination of steric
effects in polyelectrolyte adsorption along with the
characteristic charge, equilibrium constant, and sat-
uration binding capacity of the molecule in two se-
quential frontal experiments. In fact, this work has
utility forcharacterizingany non-linearion-exchange
adsorptive system. The parameters obtained in this
manuscript are employed in the subsequent paper
for simulating complex displacement behavior and
investigating the effect of induced salt gradients in
ion-exchange systems.

EXPERIMENTAL
Materials

Strong anion-exchange (SAX) (quaternary methyl
amine, 8 um, 50 x 5 mm 1.D.) and cation-exchange
(SCX) (sulphopropyl, 8 um, 50 x 5 mm 1.D.) col-
umns were donated by Millipore (Waters Chroma-
tography Division, Millipore, Milford, MA, USA).
Tris—HCl and Tris buffer were purchased from
Fisher Scientific (Springfield, NJ, USA). Sodium
chloride, sodium nitrate, sodium monobasic phos-
phate, sodium dibasic phosphate and all proteins
were purchased from Sigma (St. Louis, MO,
USA). All dextran-based polyelectrolyte displacers
were donated by Pharmacia-LKB Biotechnology
(Uppsala, Sweden). Cellulose triacetate membranes
(5000 and 10 000 molecular mass cut off) were
obtained from Sartorius (Goéttingen, Germany).
Reagent grade potassium chromate, silver nitrate
and cesium chloride were obtained from Aldrich
(Milwaukee, WI, USA). Polyvinylsulphuric acid
potassium salt (PVSK), polydiallyl dimethyl ammo-
nium chloride (polyDADMAC) and o-toluidine
blue indicator were obtained from Nalco (Naper-
ville, IL, USA).

Apparatus

Ultrafiltration of polyelectrolytes was carried out
using an Amicon 8050 stirred cell (Amicon, Danvers,
MA, USA). All frontal and elution chromatograph-
ic experiments were carried out with a modular
chromatographic system consisting of a Model
LC 2150 pump (LK B, Bromma, Sweden), a spectro-
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flow 757 UV-Vis detector (Applied Biosystems,
Foster City, CA, USA) and a Waters R401 differen-
tial refractometer. Data acquisition from the frontal
experiments was carried out using Kipp and Zonen
BD40 strip-chart recorder (Delft, Holland), and
Waters Maxima 820 chromatographic workstation.
Fractions of the column effluent were collected
using an LKB 2212 Helirac fraction collector.
Sodium ion analysis was performed using a Perkin-
Elmer, Model 3030 (Perkin-Elmer, Norwalk, CT,
USA) atomic absorption spectrophotometer. A 10-
port valve Model C10W injector (Valco, Houston,
TX, USA) with multiple loops was used to conduct
all the frontal experiments. Lyophilization was
carried out using a Model Lyph Lock 4.5 Freeze Dry
System (Labconco, Kansas City, MO, USA).

Procedures

Purification of polyelectrolytes

All the polyelectrolyte displacers were ultrafiltered
as well as diafiltered to remove salts and other low-
molecular-mass impurities. 5000 and 10 000 molec-
ular mass cut off membranes were employed to
purify the M, 10 000 and 20 000-50 000 displacers,
respectively. After ultrafiltration, the retentate was
lyophilized.

Polyelectrolyte analysis

All polyelectrolytes were analyzed using a col-
loidal titration assay provided by Nalco Chemical
Company. For analysis of dextran sulphates, a
known volume of polyDADMAC C reagent was added
to the aqueous displacer solutions. Subsequent
addition of o-toluidine indicator produced a colori-
metric change. The excess polyDADMAC reagent
was titrated against PVSK in presence of a o-tolu-
idine indicator. For the analysis of DEAE-dextran
the solution was titrated against PVSK without
addition of the polyDADMAC reagent. Linear
calibrations were obtained with both of these titra-
tions.

Analyses for counter-ions

Chloride ion analysis. Chloride ion analysis was
carried out using the ASTM assay [11]. For calibra-
tion, a known amount of chloride ion in 50 ml
deionized water was titrated against 0.01 M silver
nitrate using potassium chromate indicator solu-
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tion. This technique was able to accurately monitor
down to 10 umol of chloride ion. A blank titration
was performed to account for the chloride in water.
The technique was able to selectively detect chloride
ions in the presence of other salts, proteins, and
displacers.

Sodium ion analysis. For the cation-exchange
experiments, sodium was analyzed using atomic
absorption spectrometry. Effluent fractions were
diluted 3000-fold in plastic tubes containing 5 g/l
cesium chloride solution (to minimize background
noise) and their amounts quantitated against known
Na* ion standards (10-50 uM).

Bed capacity measurements

Anion-exchange column. The capacity of the anion
exchanger was measured in two different ways. The
column was first perfused with 10 column volumes
of 50 mM Tris-HCI buffer, pH 7.5. A front of
100 mM nitrate was then introduced and the column
effluent was monitored at 310 nm. In addition, the
column effluent was collected for subsequent chlo-
ride analysis. The bed capacity was then determined
from both the nitrate breakthrough front as weli as
the total amount of displaced chloride. The nitrate
breakthrough technique is similar to that reported
by Bentrop and Engelhardt [12].

Cation-exchange column. The cation exchanger
was first equilibrated with 100 mM sodium phos-
phate buffer, pH 7.5, for approximately 10 column
volumes followed by a front of 1 M ammonium
sulphate. The column effluent was collected for
subsequent sodium analysis. The bed capacity was
then determined by measuring the amount of sodi-
um ions displaced by the ammonium front.

Elemental analyses of dextran-based displacers

For each polyelectrolyte, the number of functional
groups per molecule (e.g., sulphate and DEAE) were
determined from sulphur and nitrogen elemental
analysis. The elemental analyses were carried out by
Galbraith Laboratories (Knoxville, TN, USA).

Determination of SMA parameters and induced salt
gradients for polyelectrolyte displacers

Dextran sulphate in anion-exchange system. The
following experimental protocol was employed for
the chromatographic characterization of dextran
sulphates:
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(1) Stationary phase concentration.: stationary
phase concentrations of the dextran sulphate dis-
placers were determined using frontal chromatogra-
phy [13]. A 50 x 5mm I.D. column was equilibrated
with Tris buffer, pH 7.5, for approximately 10
column volumes. A front of dextran sulphate solu-
tion in the carrier was then introduced into the
column at 0.2 ml/min and the column effluent was
monitored at 252 nm to determine the breakthrough
volume. The stationary phase concentration of the
displacer, Qp, was determined from the break-
through volume, Vy, by

Op=Cp (Vg —Vy)/ Vep (4a)

where Cp is the mobile phase concentration of
polyelectrolyte displacer, ¥, is the dead volume of
the column and ¥, is the column stationary phase
volume. The number of moles of displacer adsorbed
on the stationary phase, np, was calculated by

np=Cp (Vg— Vo) = Op Vsp (4b)

(2) Induced salt gradient: during the frontal
experiment, the column effluent was collected for
subsequent chloride analysis. The induced salt gra-
dient was then determined by measuring the total
amount of chloride displaced, n,, during the frontal
experiment:

AC;=ny/(Vy— Vo) Q)

where AC, is the step increase in the mobile phase
counter-ion concentration upon displacer adsorp-
tion (Fig. 1).

(3) Characteristic charge: thecharacteristiccharge

5.0 150
< 40l T T /', /!, - - -
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.g ............. U s Salt 100 ‘8’
g 0
g 2071 =
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g 04 ° Solute T 75
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Fig. 1. Schematic of the induced salt gradient frontal chromato-
graphic technique for determination of characteristic charge of
polyelectrolytes.

S. D. Gadam et al. | J. Chromatogr. 630 (1993) 37-52

of the displacer, vp, was determined from the
induced salt gradient using the following expression:

YD, chloride = #1/np = AC/Cp (©)

This approach for determining the characteristic
charge from the induced salt gradient is depicted in
Fig. 1.

(4) Steric factor: at sufficiently low mobile phase
salt concentration the displacer completely saturates
the stationary phase material. Frontal experiment
under these conditions can be employed to deter-
mine the steric factor, op, from the following
expression [10]:

op = (A/@5™) — vp Q)

where 4 is the ion bed capacity and QB** is the
maximum stationary phase capacity of the polyelec-
trolyte displacer.

An independent direct measurement of steric
factor can be carried out using a nitrate frontal
experiment. A front of 100 mM sodium nitrate was
perfused into a column saturated with the displacer.
The column effluent was monitored at 310 nm to
determine the nitrate breakthrough volume. Since
the nitrate ions are small, they are able to access the
sterically hindered chloride ions present on the
surface and undergo ion exchange. The steric factor
for the adsorbed displacer can then be determined
from the nitrate breakthrough volume, Vg_niiate, DY

nitrate (VB-nitrate - VO)/nD (8)

where Cpyaie 18 the concentration of the nitrate
front. In addition, the steric factor can be deter-
mined by measuring the chloride ion displaced by
the nitrate front, »,, as given by

OD,nitrate =

OD,chioride = H2/MD 9

In order to check the internal consistency of these
methods, the characteristic charge of dextran sul-
phate can be independently calculated using the
expression:

vD,nitrate = (A/erslax) - UD,nitrale (10)

where, 05 is determined by eqn. 4 under saturation
conditions and o4 is determined by eqn. 8.

An example of this sequential chromatographic
method for the 10 000 dextran sulphate displacer is
presented in Fig. 2.

(5) Equilibrium adsorption constant: the equilibri-
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Fig. 2. Sequential frontal chromatographic protocol for determination of SMA parameters for dextran sulphate. Chromatographic
conditions: nitrate fronts, 100 mA/ sodium nitrate; dextran sulphate front, 10 mg/mt in 50 mM Tris—HC], pH 7.5. The horizontal arrows
represent the elution volumes used to determine the corresponding model parameters. ———= Nitrate front (initial); @ = nitrate front

(after regeneration);

um constant for the ion-exchange process is defined
in eqn. 3. Once the characteristic charge and steric
factor are measured independently as described
above, a frontal experiment was employed for the
determination of the equilibrium constant Ky,. This
experiment was performed under elevated mobile
phase salt conditions where the solute does not
completely saturate the bed. The equilibrium con-
stant was directly calculated from the breakthrough
volume using the independently determined values
of the characteristic charge (vp) and steric factor (op)
by the expression [10]:

1/{ Vs G
KD=_(—— 1>
P\Vo ' A—(vD+aD)%<%—l>

(11)

where f is the column phase ratio and C; is the initial
salt concentration in the carrier.

= M, 10 000 dextran sulphate; ----- = nitrate front (saturated column).

At the end of these experimental procedures, the
column was regenerated by passing five column
volumes of 1.5 M NaCl solution in 100 mM
phosphate buffer, pH 2.1, as the regenerant. The
total ion bed capacity was then re-determined to
ensure complete regeneration of the column.

DEAE-dextran in cation-exchange system. The
experimental protocols for measuring the SMA
parameters of DEAE-dextran displacers in the
cation-exchange system were similar to those de-
scribed above for the anion-exchange displacers.
Mobile phases consisted of various concentrations
of sodium phosphate buffer, pH 6.0. Column efflu-
ents were monitored using refractive index (RI)
detection. Sodium ion content was determined using
atomic absorption spectroscopy. The regenerant
solution was 1 M NaClin 100 mM phosphate buffer,

pH 11.0.

Determination of SMA parameters for proteins
The SMA parameters for several proteins were
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obtained according to the protocol described by
Brooks and Cramer [10]. Briefly, linear elution
experiments were carried out at various mobile
phase salt concentrations in order to determine the
characteristic charge (vp) and equilibrium constant
(Kp) by the following equations:

log k' =log (B Kp A*) — vp log C; (12)

where a plot of a log k" vs. log C, yields a straight line
with a slope of —vp, and intercept of log (8 Kp A™).
Linear elution data for §-lactoglobulin A and B were
obtained on the SAX column using Tris chloride
mobile phase. In the cation-exchange system, linear
elution data were obtained for a-chymotrypsinogen
A, cytochrome ¢, and lysozyme using sodium phos-
phate buffer. The steric factor for the proteins was
obtained from a single non-linear frontal chromato-
graphic experiment according to the expression:

1/vp
Op = Cfﬂ I:A—CS (ﬁlip) :|~Vp (133)
where,
£
m-(51) o

In order to verify the model simulations, experi-
mental isotherms of the proteins were also measured
at several mobile phase salt conditions by frontal
chromatography [13].

RESULTS AND DISCUSSION

In this paper, we present a simple experimental
protocol for obtaining the SMA parameters re-
quired for simulating a wide range of displacement
behavior. As described in the experimental section, a
set of linear elution experiments along with one
non-linear frontal experiment for the proteins, and
two frontal experiments for the displacer, will yield
sufficient information to determine all SMA param-
eters. In this paper, a rigorous evaluation of this
parameter estimation protocol is carried out by
comparing results from different techniques. Fur-
thermore, the dependence of these parameters on
mobile phase conditions and their relationship to the
functional group density of the polyelectrolyte is
investigated.
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Bed capacity of ion exchangers

The total ion bed capacity for the anion-exchange
column was determined in situ by a frontal experi-
ment using sodium nitrate. These results were
compared to capacities obtained by measuring the
total amount of chloride ion displaced during the
nitrate frontal experiment. As seen in Fig. 3A, there
is excellent agreement between the values obtained
from both methods. The bed capacities for the
cation-exchange system were also determined at
different salt concentrations (Fig. 3B). As seen in the
figures, the bed capacities for both the anion- and
cation-exchange systems were independent of the
salt concentrations employed in the frontal experi-
ments. Thus, a single frontal experiment is sufficient
for the determination of total ion bed capacity. The
ability to measure total ion bed capacity in situ
facilitates SMA parameter estimation and enables a
rapid test of column regeneration. As seen in Fig. 2,
the superimposed initial and final nitrate break-
through fronts confirm complete regeneration of the
column from the adsorption of dextran sulphate
molecules.

The bed capacity is reported here in molar units
rather than equivalents. For a univalent ion the
numerical value of bed capacity is the same in both
units, since each ion binds to one site on the surface.
The bed capacity of the cation exchanger for the
divalent ions calcium and magnesium was indepen-
dently measured, using the same frontal technique,
to be 390 mM for each ion. Thus bed capacity for
these divalent ions was not half of that for the
sodium ion (561 mAM) for the same adsorbent. This
indicates that each divalent ion does not bind to
exactly two sites on the surface due to morphologi-
cal constraints. Clearly, a bed capacity expressed in
mequiv. would be misleading in this case. In general,
the use of mM units along with a specification of
“characteristic charge™ of the counter-ion is a more
useful way of expressing bed capacity. In fact, mM
units are required in order to develop a solute
movement analysis of this model, as described in the
subsequent paper.

Functional group density and characteristic charge of
polyelectrolytes

While the determination of the characteristic
charge and equilibrium constant from linear elution
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data works well for moderately retained proteins, it
is quite difficult to characterize high-molecular-
mass polyelectrolyte displacers in this fashion due to
their high affinity. Frontal chromatography, on the
other hand, is well suited for parameter estimations
for these high-affinity compounds.

Several frontal chromatographic methods were
employed to determine both the characteristic charge
and steric factor of the displacers as described in the
experimental section. Table I presents SMA param-
eters for dextran sulphate obtained with both the
chloride- and nitrate-based techniques. As seen in
the table, both techniques yielded essentially the
same values. These results confirm the hypothesis
that a front of nitrate ions, passed through a column
saturated with the displacer, is able to access all the
sterically hindered ion-exchange sites on the surface.
Since these two methods are internally consistent, all
future parameter estimations for anion-exchange
systems can be carried out using the more conve-
nient nitrate-based methods.

Parameter measurements for M, 10 000 and
50 GO0 dextran sulphate displacers were carried out
at various salt and polyelectrolyte concentrations to
examine the effects of these operating conditions on

TABLE 1
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the SMA parameters. These studies employed mod-
erate mobile phase salt concentrations, typically
used for the displacement experiments. As seen in
Table I, both the characteristic charge and the steric
factors were essentially independent of mobile phase
salt and displacer concentration. The characteristic
charge of these polyelectrolytes was invariant even
when the mobile phase salt concentration was
increased 5 to 10 fold. Similarly, the steric factor was
observed to be independent of the mobile phase salt
and displacer concentration. These results are signif-
icant in that they indicate, for these high affinity
displacers, that the measurement of these param-
eters under a single set of mobile phase conditions is
sufficient to predict their adsorption behavior for a
range of mobile phase conditions. The characteristic
charge and steric factor of DEAE—dextran dis-
placers in the cation-exchange system were also
found to be insensitive to the mobile phase salt and
displacer concentrations.

Fig. 4a and b shows the induced salt gradient
produced by the adsorption of the displacers at
various salt and solute concentrations. As seen in the
figure, the induced salt gradient for each displacer
increased linearly with the displacer concentration.

CHARACTERISTIC CHARGE AND STERIC FACTOR OF DEXTRAN SULPHATES: COMPARISON OF TECHNIQUES
Chromatographic conditions: SAX column; buffer; tris chloride, pH 7.5; ion bed capacity = 567 mM.

Mr Salt Dextran SUIPhate vD,chloridea DD,nilralcb O'D.chloridcc G—D.nilratcd

concentration concentration

(mM) (mM)
10 000 50 0.5 338 323 33.12 34.8
10 000 S0 [ 31.3 29.2 34.5 33.6
10 000 100 0.5 30.2 324 322 34.2
10 000 100 1 32.1 31.0 32.2 32.1
10 000 100 2 323 32.5 34.0 33.2
10 000 250 1 N.D. 31.1 N.D. 33.4
50 000 50 0.2 152.3 145.7 160.0 166.7
50 000 50 04 144 145.1 169.7 165.3
50 000 100 0.2 140.9 141.6 160.1 161.8
50 000 100 0.4 137.4 137.2 161.3 165.1
50 000 500 0.4 N.D. 1359 N.D. 167.1

a
b
<
d

Defined in eqn.
Defined in eqn.
Defined in eqn.
Defined in eqn.

©w N W
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The average characteristic charge of the polyelectro-
lyte displacers can be obtained directly from the
slope of these lines and are presented in Table II.
Data obtained from the elemental analyses was
employed to calculate the functional group density
and the number of functional groups in each poly-
electrolyte. As expected, higher-molecular-mass dis-
placers possess correspondingly higher numbers of

functional groups and characteristic charges. The
dextran sulphates have a greater degree of func-
tionalization than the DEAE-dextran materials.
The characteristic charge and functional group
results are also presented in normalized form (i.e.,
per repeating unit of the polymer). The repeating
unit employed in these calculations was the disac-
charide {14]. While the functional group density of
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TABLE II
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CHARACTERISTIC CHARGE AND FUNCTIONAL GROUP DENSITY OF DEXTRAN POLYELECTROLYTES

Displacer Elemental Functional =~ Number of  Characteristic = Normalized Fraction of
analyses group functional charge characteristic ~ groups
(%, wiw) density” groups (f)  (vp) charge® bound (vp/f)

10 000 Dextran sulphate 16.0% S 2.67 59 31 1.65 0.62

50 000 Dextran sulphate 16.3% S 2.77 255 140 1.52 0.55

10 000 DEAE—dextran 37% N 1.15 26 21 0.91 0.81

20 000 DEAE—dextran 2.8% N 0.81 40 31 0.62 0.78

40 000 DEAE~dextran 3.5% N 1.08 100 64 0.69 0.64

¢ Functional group density is defined as the average number of functional groups per repeating unit of the polyelectrolyte.
* Normalized characteristic charge is defined as the characteristic charge per repeating unit of the polyelectrolyte.

each class of dextran-based polyelectrolytes was
essentially constant (with the exception of the M,
20 000 DEAE—dextran), the normalized character-
istic charge decreased with molecular mass. In other
words, a relatively smaller fraction of the total
number of functional groups is bound for higher-
molecular-mass polyelectrolytes. This effect is the
most striking for the DEAE-dextran materials. In
fact, this change in normalized characteristic charge
with molecular mass is a reflection of different
conformations of these polyelectrolytes in the ad-
sorbed state. It is likely that, an increase in molecular
mass is associated with an increase in the relative
amounts of loops and tails in the adsorbed polyelec-
trolyte.

Steric factor of polyelectrolytes

Table III presents the average values of the steric
factors for dextran sulphates and DEAE dextrans of
various molecular masses. For all polyelectrolytes,
the values of the steric factors were comparable to

TABLE III

the characteristic charges. These results indicate that
a significant portion of the adsorption sites on the
chromatographic surface are sterically blocked by
the polyelectrolytes and are not available for ex-
change with unbound polyelectrolytes solutes. The
characteristic charge and the steric factor of these
linear polyelectrolytes depends on the number of
functional groups on the polyelectrolyte and their
positioning relative to the exchange sites on the
adsorption surface. Table III also indicates that the
ratio of steric factor to characteristic charge in-
creased with molecular mass. This effect is more
pronounced for the DEAE—dextrans. This is due to
a combination of lower normalized characteristic
charge and relatively less dense surface coverage for
higher-molecular-mass polyelectrolytes.

It is important to note that the steric factor
reported in this manuscript represents the salt
counter-ions which are “unavailable” for exchange
with other macromolecules. In practice, this param-
eter may also include size-exclusion effects. How-

AVERAGE VALUES OF SMA PARAMETERS FOR DEXTRAN DISPLACERS

Displacer Characteristic ~ Steric factor (op/vp) on o5 vp
charge (vp) (op) (mM) (mequiv.)

10 000 Dextran sulphate 31 33 1.06 9.11 282

50 000 Dextran sulphate 140 162 1.16 1.87 260

10 000 DEAE—dextran 21 32 1.52 10.66 223

40 000 DEAE—dextran 64 130 2.03 3.08 196




S. D. Gadam et al. | J. Chromatogr. 630 (1993) 37-52 47

12

10
g
~ 8
(e ]
)
@
c 6
Q.
g
c 4
Q
o)
w

2

0

12

10
S s
E
(@]
% 6
©
Q
g
c 4
0
It
n

2

0

A

J I S Xe e e e a e,

10 kd DEAE-Dextran

o — T SMA (20 mM)
————— SMA (75 mM)

T X Experiment (20 mM)
1 * Experiment (75 mM)

40 kd DEAE-Dextran

R AU
0 0.4 0.8 1.2 1.6 2
Mobile phase, C (mM)
B

T 10 kd Dextran Sulfate = = = = SMA (50 mM)
J X ——— SMA (100 mM)

4 SMA (500 mM)
1 o Experiment (50 mM)

X Experiment (100 mM)
T 4 Experiment (500 mM)
50 kd Dextran Sulfate
f } } } t

0 0.4 0.8 1.2 1.6 2

Mobile phase, C (mM)

Fig. 5. Experimental and SMA isotherms of (A) DEAE—dextran; mobile phase: sodium phosphate, pH 6.0; detection: RI and (B) dextran
sulphate; mobile phase: Tris—=HCI, pH 7.5; flow-rate: 0.2 ml/min; detection: UV 252 nm.



48

ever, chromatographic analysis of the macromole-
cules under unretained conditions indicated no
measurable size-exclusion effects in these columns.

The affinity of binding of a polyelectrolyte in-
creased with molecular mass due to a corresponding
increase in its characteristic charge. Conversely, the
maximum molar binding capacity (Q™*) decreased
withincrease in molecular mass as shown in Table IT1.
The product of the stationary phase concentration
of the polyelectrolyte and its characteristic charge
(O™ .v) is a measure of the total number of
interactions between the adsorbed polyelectrolyte
and the adsorbent surface under the saturation
conditions. For higher-molecular-mass polyelectro-
lytes, a correspondingly smaller number of total
bonds are formed with the surface, due to their
greater steric factor.

Equilibrium adsorption constant of polyelectrolytes

Once the characteristic charge and steric factor
are measured independently, the equilibrium ad-
sorption constant can be calculated from a frontal
experiment under non-saturating conditions using
eqn. 11. However, the value of K can only be
determined for molecules which demonstrate salt-
dependent adsorption behavior. In practice, this is
quite difficult for the higher-molecular-mass dis-
placers since their Q values exhibit very little or no
dependence on the mobile phase salt concentration.
M. 50 000 dextran sulphate exhibited maximum
saturation at all salt concentrations used in the
experiments. Accordingly, a sufficiently high value
of K was employed in the isotherm simulations.
While a K value was obtained for the M, 40 000
DEAE-dextran (K = 5.45 - 10**), this value is only
approximate due to the weak salt dependence of the
polyelectrolyte. On the other hand, the smaller
displacers (M, 10 000 dextran sulphate, 10 000
DEAE—dextran) exhibited significant salt-depen-
dent adsorption behavior. The K values for the M,
10 000 dextran sulphate and DEAE-dextran dis-
placers were determined to be 3.6 - 1028 and 0.0063,
respectively. It is important to note that the equilib-
rium constant in the SMA formalism is defined
differently from the conventional Henry’s law con-
stant. This wide range of values is due to the expo-
nential dependence of K on characteristic charge
(eqn. 3) and the fact that the equilibrium constant K
is unique for each ion-exchange equilibria.
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Fig. 6. Linear elution data for the determination of protein
characteristic charge and equilibrium adsorption constant. Chro-
matographic conditions: for anion-exchange proteins [(A) -
lactoglobulin A and B, ([J) B-lactoglobulin B]; mobile phase:
Tris—=HCI, pH 7.5; for cation-exchange proteins [(O) a-chymo-
trypsinogen, (@) cytochrome ¢ and (A ) lysozyme]; mobile phase:
sodium phosphate, pH 6.0.

Isotherms of polyelectrolytes

Once the characteristic charge, steric factor and
equilibrium constants are determined, the isotherms
of the polyelectrolytes can be simulated using the
SMA formalism of Brooks and Cramer [10]. The
experimentally measured isotherms of the polyelec-
trolytes were compared with the simulated iso-
therms in Fig. 5.

These results confirm the square nature of the
polyelectrolyte equilibrium isotherms under differ-
ent mobile phase salt concentrations [2,3,15]. Since
these polyelectrolytes approach square isotherms,

TABLE 1V
SMA PARAMETERS FOR PROTEINS

Chromatographic conditions: f-lactoglobulin A and B: SAX
column, Tris buffer, pH 7.5; other proteins: SCX column, sodium
phosphate buffer, pH 6.0.

Protein Characteristic  Steric ~ Equilibrium
charge factor  constant
(ve) (op) (Ke)
a-Chymotrypsinogen 4.8 49.2 9.22-1073
Cytochrome ¢ 6.0 53.6 1.06 - 1072
Lysozyme 53 34.0 1.84.107*
B-Lactoglobulin A 7.5 38.2 5.44.1073
B-Lactoglobulin B 6.3 47.5 6.42-1073
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measurements need only be carried out at one or two
polyelectrolyte mobile phase concentrations. As
seen in the figures, the equilibrium binding capacity
(Q) of higher-molecular-mass polyelectrolytes is
essentially independent of the mobile phase salt
concentration. On the other hand, the lower-molec-

12 1 A
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ular-mass polyelectrolytes (10 000) display some
variance in their binding capacities with mobile
phase salt concentration. Salt counter-ions compete
more effectively for adsorption sites with lower-
molecular-mass polyelectrolytes having a relatively
smaller number of bonds with the surface. The
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Fig. 7. Experimental and SMA isotherms of (A) cytochrome ¢ at (O) 75 mM and (@) 150 mM sodium phosphate, pH :6.0;
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g-Lac A (SMA, 100 mM C1)

Stationary phase, Q (mM)

B-Lac B (SMA, 100mM C1°)

g-lac A (SMA, 150 mM C17)

Mobile phase, C (mM)

Fig. 8. Experimental and SMA isotherms of f-lactoglobulin A and B at 100 mM (open symbols) and 150 mM (closed symbols); mobile

phase: Tris—HCI, pH 7.5.

weaker salt dependence of the polyelectrolyte iso-
therms as compared to the protein isotherms lends
significant flexibility for design of displacement
chromatographic separation of proteins.

SMA parameters of proteins

The characteristic charge and equilibrium con-
stant for several model proteins were obtained using
the linear elution method described in the experi-
mental section. As seen in Fig. 6, all measured
proteins exhibited linear In k' plots. The steric
factors of the proteins were determined using the
non-linear frontal chromatographic technique in
concert with eqn. 13. The resulting SMA parameters
for these proteins are presented in Table IV. In
contrast to the results described above for the
dextran-based displacers, the proteins exhibited
significantly higher steric factors relative to their
characteristic charge. This is not surprising in light
of the conformational constraints in the protein
molecules.

Once the SMA parameters are obtained for a
given protein, the model can then be used to generate
adsorption isotherms at any salt concentration.
Clearly, an important test of the SMA formalismisa
comparison between theoretical and experimentally

determined isotherms. Adsorption isotherms of the
proteins cytochrome ¢ and a-chymotrypsinogen A
are presented in Fig. 7. These results confirm that the
SMA formalism is well suited for describing protein
adsorption behavior at various salt conditions. In
contrast, the isotherms for -lactoglobulin A and B
(Fig. 8) are not as well described by the SMA
formalism. There are several possible explanations
for this deviation from “ideal” SMA behavior.
These include: aggregation [16-18], as well as salt-
dependent changes in the adsorbed protein confor-
mation. These phenomena are currently under ac-
tive investigation in our laboratory.

CONCLUSIONS

Frontal chromatography offers a useful technique
for characterizing the adsorption behavior of high-
affinity polyelectrolytes. The experimental tech-
niques presented in this paper not only enable us to
measure the SMA parameters but also provide a
powerful tool to evaluate the efficacy of polyelectro-
lytes as displacers for ion-exchange protein separa-
tions.

The physico-chemical properties (e.g., functional
group density and molecular mass) of the polyelec-
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trolytes will have a profound effect on their efficacy
as a displacer for ion-exchange protein separations.
For a given functional group density of the polyelec-
trolyte and ligand distribution of the adsorbent
surface, adsorption of higher-molecular-mass poly-
electrolyte is associated with a decrease in normal-
ized characteristic charge and a corresponding in-
crease in the steric factor. For a given molecular
mass, a higher density of functional groups on the
polyelectrolyte will result in a higher characteristic
charge and lower steric factor with a concomitant
increase in the induced salt gradient. Thus, by
manipulating the functional group density and
molecular mass of the polyelectrolyte, one can
control the affinity of the molecule as well as the
induced salt gradients. Furthermore, the density of
ion-exchange sites on the chromatographic surface
will directly influence the characteristic charge and
steric factor of the polyelectrolyte. In the subsequent
manuscript we will examine these effects with re-
spect to the ion-exchange displacement separation
of proteins.

These parameter estimation protocols in concert
with the SMA formalism establish a powerful
framework for rational design of efficient displacers
for ion-exchange systems. Extension of these studies
to a variety of polyelectrolyte compounds will lead
to a formulation of generalized rules of thumb
relating the polyelectrolyte structure to their adsorp-
tion behavior.

SYMBOLS

All mobile phase concentrations are defined per
unit volume of mobile phase. All stationary phase
concentrations and the bed capacities are defined
per unit volume of stationary phase.

Cp Concentration of polyelectrolyte in the
mobile phase (mM)

Chitrate Concentration of the nitrate front in the
mobile phase (mM)

Cp Concentration of protein in the mobile
phase (mM)

C Salt concentration in the carrier (mM)

4C; Step increase in the mobile phase salt
concentration upon displacer adsorption
(mM)

k' Dimensionless retention time of proteins

Kp Equilibrium constant of polyelectrolyte

displacers
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Kp Equilibrium constant of proteins

ny Salt displaced by displacer front (mmol)

na Salt displaced by nitrate front (mmol)

np Displacer adsorbed on the stationary
phase (mmol)

Op Stationary phase concentration of the
displacer (mM)

B Maximum binding capacity of the poly-

electrolyte on the stationary phase (mM)

0, Stationary phase concentration of steri-
cally unhindered salt (mM)

Vo Dead volume of the column (ml)

Vs Breakthrough volume of displacer front
(ml)

Vaonivare Breakthrough volume of nitrate front
(ml)

Vep Column stationary phase volume (ml)

Greek letters

B Column phase ratio
A Ton bed capacity (mM)
vp Characteristic charge of proteins

Characteristic charge of the displacer
based on chloride method defined in
eqn. 6

VD, chloride

Vpaiwae  Characteristic charge of the displacer
based on nitrate method defined in
eqn. 10

op Steric factor of proteins

Op.cniorige  Steric factor of the displacer based on
chloride method defined in eqn. 9

Opnivate  Steric factor of the displacer based on
nitrate method defined in eqn. 8
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Ion-exchange displacement chromatography of proteins

Dextran-based polyelectrolytes as high affinity displacers

Guhan Jayaraman, Shishir D. Gadam and Steven M. Cramer

Howard P. Isermann Department of Chemical Engineering, Rensselaer Polytechnic Institute, Troy, NY 12180-3590 (USA)
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ABSTRACT

Dextran-based polyelectrolyte displacers were successfully employed for the displacement purification of proteins in ion-exchange
displacement systems. The effect of molecular mass was investigated by examining the efficacy of DEAE—dextran and dextran sulfate
displacers of various molecular masses in cation- and anion-exchange systems, respectively. Induced salt gradients produced during
these displacement experiments were measured in order to study their effect on the protein separations. The unique characteristics of
‘these displacements were well predicted by simulations obtained from a steric mass action (SMA) ion-exchange model. These dis-
placements differ from the traditional vision of displacement chromatography in several important ways: the isotherm of the displacer
does not necessarily lie above the feed component isotherms; the concentration of the displaced proteins can sometimes exceed that of
the displacer; higher-molecular-mass displacers are not necesarily more efficacious than lower-molecular-mass compounds; and the salt
gradients induced by the adsorption of the displacer produce different salt micro-environments for each displaced protein.

INTRODUCTION

Ton-exchange chromatography is ubiquitous in
the downstream processing of biopharmaceuticals.
Conventional overloaded elution modes used for
preparative chromatography are oftén associated
with significant peak tailing and dilution of the
product [1]. Gradient operation, while overcoming
dilution effects, requires sufficiently high separation
factors in order to achieve the desired resolution.
Displacement chromatography offers a promising
alternative for preparative separations by overcom-
ing disadvantages prevalent in both of the conven-
tional operational modes [2-4]. The displacement
process is based on the competition of solutes for
adsorption sites on the stationary phase according
to their relative binding affinities and mobile phase

Correspondence to: S. M. Cramer, Howard P. Isermann Depart-
ment of Chemical Engineering, Rensselaer Polytechnic Institute,
Troy, NY 12180-3590, USA.

0021-9673/93/306.00  ©

concentrations. It takes advantage of the non-lin-
earity of the solute isotherms such that relatively
large feeds can be separated on a given column.
Furthermore, the tailing observed in overloaded
elution chromatography is greatly reduced in the
displacement mode due to self-sharpening bounda-
ries formed in the process resulting in the recovery
of the purified components at significantly higher
concentrations. In fact, displacement chromatogra-
phy is often able to improve upon the inherent re-
solving power of linear elution chromatography
while maintaining the high throughput and concen-
tration effects present in gradient elution. These ad-
vantages of displacement chromatography make it
well suited for the downstream processing of bio-
pharmaceuticals.

Anion-exchange displacement chromatography
of proteins has been studied by several investiga-
tors. Peterson and co-workers have used carboxy-
methyl-dextrans as displacers for various protein
mixtures [5-10]. Horvath and co-workers have em-

1993 Elsevier Science Publishers B.V. All rights reserved
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ployed chondroitin sulfate to displace f-galactosi-
dase [11] and S-lactoglobulins [12,13]. Jen and Pinto
have performed protein displacements using rela-
tively low-molecular-mass dextran sulfate [14] and
poly(vinylsulfonic acid) [15] as displacers. Ghose
and Mattiasson [16] have examined the purification
of lactate dehydrogenase using a carboxymethyl-
starch displacer. Cramer and co-workers [17-19]
have examined a variety of cation-exchange dis-
placement systems. Recent work in our laboratory
[20,21] has examined the efficacy of natural biopoly-
meric displacers (viz. protamine and heparin) for
protein purification in ion-exchange systems.

Despite these encouraging results, the widespread
implementation of displacement chromatography
for industrial bioseparations continues to be con-
strained by several crucial problems. One of the ma-
jor constraints is the lack of suitable non-toxic dis-
placers for the displacement purification of phar-
maceutical products. The optimal design and syn-
thesis of potentially non-toxic displacers for appli-
cation in various chromatographic systems
(ion-exchange, hydrophobic interaction, metal af-
finity, etc.) is one of the major challenges in this
field.

For ion-exchange chromatographic systems,
polyelectrolytes derived from naturally occurring
biopolymers are promising candidates for poten-
tially non-toxic displacers in pharmaceutical puri-
fication processes. In this paper, we investigate the
efficacy of various molecular mass dextran-based
polyelectrolytes as displacers of proteins in ion-ex-
change chromatographic systems. Parameters ob-
tained from the previous paper [22] are used in a
steric mass action (SMA) model, described else-
where [23], to simulate the displacement profiles
and the theoretical predictions are compared with
experimental results.

EXPERIMENTAL
Materials

Strong anion-exchange (SAX) (quaternary meth-
yl amine, 8 ym, 100 x 5 mm I.D.) and cation-ex-
change (SCX) (sulfopropyl, 8 um, 100 X 5 mm
1.D.) columns were donated by Millipore (Waters
Chromatography Division, Millipore, Milford,
MA, USA). Tris-HCl and Tris buffer were pur-
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chased from Fisher Scientific (Springfield, NI,
USA). Sodium chloride, sodium nitrate, sodium
monobasic phosphate, sodium dibasic phosphate,
and all proteins were purchased from Sigma (St.
Louis, MO, USA). All dextran-based polyelectro-
lyte displacers were donated by Pharmacia-LKB
Biotechnology (Uppsala, Sweden). Cellulose triace-
tate membranes (5000 and 10 000 molecular mass
cut off) were obtained from Sartorius (Goettingen,
Germany). Reagent grade potassium chromate, sil-
ver nitrate and cesium chloride were obtained from
Aldrich (Milwaukee, WI, USA). Polyvinylsulfuric
acid potassium salt (PVSK), polydiallyl dimethyl
ammonium chloride (polyDADMAC) and indica-
tor o-toluidine blue, were obtained from Nalco
(Naperville, IL, USA).

Apparatus

Diafiltration of displacer compounds was carried
out in an Amicon 8050 stirred cell (Amicon, Dan-
vers, MA, USA) using the cellulose triacetate UF
membranes. All displacement experiments were car-
ried out using a Model LC 2150 pump (LKB,
Bromma, Sweden) connected to the chromato-
graphic columns via a Model C10W 10-port valve
(Valco, Houston, TX, USA). Fractions of the col-
umn effluent were collected using LKB 2212 Helirac
fraction collector (LKB).

Protein analysis of the collected fractions was
carried out using a Model Waters 590 HPLC pump,
a Model 7125 sampling valve (Rheodyne, Cotati,
CA, USA), a spectroflow 757 UV-Vis absorbance
detector (Applied Biosystems, Foster City, CA,
USA) and a Model C-R3A Chromatopac integra-
tor (Shimadzu, Kyoto, Japan). Sodium analysis was
done using a Perkin-Elmer, Model 3030 (Perkin-
Elmer, Norwalk, CT, USA) atomic absorption
spectrophotometer. Lyophilization was carried out
using a Model Lyph Lock 4.5 Freeze Dry System
(Labconco, Kansas City, MO, USA).

Procedures

Purification of polyelectrolytes

All polyelectrolyte displacers were diafiltered to
remove salts and other low-molecular-mass impuri-
ties. 5000 and 10 000 molecular mass cut off mem-
branes were employed to purify the M, 10 000 and
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20 000-50 000 displacers, respectively. After diafil-
tration, the retentate was lyophilized.

Operation of the displacement chromatograph

In all displacement experiments, the columns
were initially equilibrated with the carrier and then
sequentially perfused with feed, displacer and re-
generant solutions. The feed and the displacer solu-
tions were prepared in the same buffer as the carri-
er. Fractions of the column effluent were collected
directly from the column outlet to avoid extra-col-
umn dispersion of the purified components.

Displacement chromatography of proteins in cation-
exchange systems

Two-component separations. Feed mixtures of
a-chymotrypsinogen and cytochrome ¢ were sepa-
rated by displacement chromatography using
DEAE-dextran displacers in a SCX column. The
feed load, displacer molecular mass and concentra-
tions employed for each separation are given in the
figure legends of the corresponding displacement
chromatograms (Figs. 1 and 4). All displacement
experiments were carried out at room temperature
at a flow-rate of 0.1 ml/min using 75 mAf sodium
phosphate buffer, pH 6.0, as the carrier. Fractions
of 100 ul were collected for subsequent analysis of
protein, displacer and sodium ion concentrations in
the effluent.

Three-component separations. Feed mixtures of
a-chymotrypsinogen, cytochrome ¢ and lysozyme
were separated by displacement chromatography
using a M, 40 000 DEAE—dextran displacer under
the same operating conditions specified above. The
feed load and displacer concentration employed in
this separation are given in the legend of Fig. 5.

Displacement chromatography of proteins in anion-
exchange systems

Two-component crude mixtures of f-lactoglobu-
lin A and B were purified by displacement chroma-
tography using dextran-sulfate displacers in a SAX
column. The feed load, displacer molecular mass
and concentrations employed for each separation
are given in the legends of Figs. 7 and 9. All dis-
placement experiments were carried out at room
temperature at a flow-rate of 0.1 ml/min using 75
mAM Tris-HCI buffer, pH 7.5, as the carrier. Frac-
tions of 100 ul were collected for subsequent analy-
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sis of protein, displacer and chloride ion concentra-
tions in the effluent.

Regeneration

The cation-exchange column was regenerated af-
ter each displacement experiment by passing ten
column volumes of a 1 M NaCl solution in 100 mAM
phosphate buffer, pH 11.0. The anion exchange col-
umn was regenerated by passing five column vol-
umes of 1.5 M NaCl solution in 100 mAM phosphate
buffer, pH 2.1. The total ion bed capacity was then
redetermined to ensure complete regeneration of
the column.

Protein analysis by HPLC

Protein analyses of the fractions collected during
the displacement experiments were performed by
ion-exchange HPLC under isocratic elution condi-
tions. Mobile phases were: 175 mM sodium phos-
phate, pH 6.0, and 165 mM NacCl solution in 25
mM Tris—HCI buffer, pH 7.5, for the cation-ex-
change and anion exchange protein analyses, re-
spectively. Displacement fractions were diluted 10—
400 fold with the eluent and 20-ul samples were in-
jected at a flow-rate of 0.5 ml/min. The column ef-
fluent was monitored at 280 nm.

Displacer analysis

All polyelectrolyte displacers were analyzed using
the colloidal titration assay provided by Nalco. For
analysis of dextran sulfates, a known volume of
polyDADMAC reagent was added to the aqueous
displacer solutions. Subsequent addition of o-tolui-
dine indicator produced a colorimetric change. The
excess polyDADMAC reagent was titrated against
PVSK in presence of a o-toluidine indicator. For
the analysis of DEAE—dextran, the solution was ti-
trated against PVSK without addition of the poly-
DADMAC reagent. Linear calibrations were ob-
tained with both of these titrations.

Analyses for counter-ions

Chloride ion analysis. Chloride ion analysis was
conducted using the ASTM assay [24]. Known
amount of chloride ion in a 50 ml deionized water
background was titrated against 0.01 M silver ni-
trate using potassium chromate indicator solution.
This technique was able to accurately monitor
down to 10 umol of chloride ion. A blank titration
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was performed to account for the chloride in water.
The technique was able to selectively detect chloride
ions in the presence of other salts, proteins and dis-
placers.

Sodium ion analysis. For the cation-exchange ex-
periments, sodium was analyzed using atomic ab-
sorption spectroscopy. Effluent fractions were dilut-
ed 3000 fold in plastic tubes in 5 g/l cesium chloride
solution (to minimize background noise) and their
amounts quantitated against known Na* ion stan-
dards (10-50 uM).

RESULTS AND DISCUSSION

Although several investigators have examined
the utility of ion-exchange displacement chroma-
tography for the purification of proteins, no con-
trolled study has been reported to date on the effect
of displacer molecular mass. In addition, there is a
paucity of potentially non-toxic displacers, current-
ly available for the purification of therapeutic pro-
teins. The effects of induced salt gradients on pro-
tein ion-exchange displacement chromatography
have also not been studied in depth. In this manu-
script we investigate the efficacy of dextran-based
polyelectrolyte displacers for protein purification in
both cation- and anion-exchange systems. The ef-
fect of displacer molecular mass and induced salt
gradients on displacement behavior were examined
in the context of the SMA formalism [23].

The SMA formalism of Brooks and Cramer [23]
can be employed to calculate the isotachic displace-
ment profile under induced salt gradient conditions.
The velocity of the displacer front was determined
from a solute movement analysis to be:

up = ——o— M)

L+ pen

where up is the linear velocity of the displacer front,
u, is the chromatographic velocity, § is the column
phase ratio and Cp and Qp, are the isotachic concen-
trations of displacer in the mobile and stationary
phases, respectively. The slope of the displacement
operating line (4) can be given by:

_ 9o KD[A — (v + GD)QDTD

e @)
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where Cs is the carrier salt concentration; Kp is the
equilibrium constant for displacer; A is the ion bed
capacity of the salt counter-ion; vp is the character-
istic charge and op, is the steric factor of displacer.
Once the slope of the displacer operating line is de-
termined (eqn. 2), the breakthrough volume can be
calculated from eqn. 1. Under isotachic conditions,
the induced salt gradient results in the following ele-
vated salt concentrations in each purified protein
zone:

A — (Cs + chD)A<1 +%‘i

P

A EC

where (Cs)p is the salt concentration in isotachic
zone corresponding to purified protein component
P; Kp, vp and op are the equilibrium constant, char-
acteristic charge and steric factor for the protein,
respectively. The isotachic concentration of the dis-
placed protein component, Cp , can then be calcu-
lated directly from the expression:

4 — (CS)P(%)I/VP

(Vp + O'p)A

Cp = 4)
Finally, the width of the isotachic displacement
zone, Vp, is determined from a simple mass balance:

Ve = VF@ (5)
Cp
where Vy is the feed volume and (Cp)r is the feed
concentration of protein component, P.
Simulations based on the SMA model [23] were
employed to establish appropriate conditions for
the displacement experiments and to predict the dis-
placement profiles, induced salt gradients, and ap-
propriate adsorption isotherms. Simulation param-
eters for the proteins and digplacers are presented in
Table I.

Displacement chromatography in cation-exchange
columns

Previous work in our laboratory on cation-ex-
change displacement chromatography [17-19] was
extended to DEAE—dextran polyelectrolyte displac-
ers.

Initial work with these macromolecules had in-
dicated that the displacement of surface-bound
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TABLE I
SMA MODEL PARAMETERS FOR PROTEINS AND DISPLA
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CERS [22]

Monovalent ion capacity of the columns, A: SCX = 561 mM ; SAX = 567 mM.

Component Characteristic Steric factor e Equilibrium
charge (vp) (op) (mM) constant (K)
a-Chymotrypsinogen A 4.8 49.2 10.4 9.22-1073
Cytochrome ¢ 6.0 53.6 9.4 1.06 - 1072
Lysozyme 5.3 34.0 13.0 1.84- 107!
B-Lactoglobulin A 7.5 38.2 12.0 544 -1073
B-Lactoglobulin B 6.3 47.5 10.2 6.42-1073
40 000 DEAE—dextran 64 130 3.08 5.45 - 10%*
10 000 Dextran sulfate 31 33 9.11 3.61 - 10%8

counter-ions by the adsorbing displacer resulted in
an induced salt gradient which facilitated desorp-
tion of protein molecules from the stationary phase.
In addition, the presence of low-molecular-mass
ionic impurities within the displacer solutions were
shown to have deleterious effects on the effluent
profile of the separands. In order to carry out a
controlled study on the effects of induced salt gra-

dients, the dextran based displacers were subjected
to ultrafiltration to remove all low-molecular-mass
ionic impurities. Displacement chromatographic
separations of protein mixtures containing a-chy-
motrypsinogen A, cytochrome ¢ and lysozyme were
carried out in strong cation-exchange columns us-
ing M, 10 000 and 40 000 DEAE—dextran polyelec-.
trolytes as displacers.
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The displacement purification of a two-protein
mixture of a-chymotrypsinogen A and cytochrome
¢ by the M, 10000 DEAE-dextran displacer is
shown in Fig. 1. This separation resulted in concen-
trated adjacent zones of a-chymotrypsinogen A and
cytochrome ¢ with sharp boundaries between the
displacement zones. In addition, the process result-
ed in the purification of two trace impurities. Ana-
lytical chromatograms of adjacent fractions 5-10
(corresponding to elution volume 3.3-3.8 ml in the
displacement chromatogram shown in Fig. 1) are
presented in Fig. 2a and the protein standards tryp-
sin, a-chymotrypsinogen A, and a-chymotrypsin
are shown in Fig. 2b. As seen in Fig. 2a, fractions
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8-10 consisted of essentially pure a-chymotrypsino-
gen A while fraction 5 contained pure trypsin. Ac-
cording to Sigma [25], a-chymotrypsinogen A (Type
II from bovine pancreas) typically has associated
trace quantities of trypsin which can be seen in the
standard chromatogram (Fig. 2b). Although Sigma
[25] also indicated that a-chymotrypsin may be
present in trace amounts, no a-chymotrypsin was
observed in the chromatograms of pure a-chymo-
trypsinogen A or the displacement fractions. Rath-
er, fraction 7 contained a trace component which
had a slightly different retention time than
a-chymotrypsinogen A (Fig. 2a). This trace compo-
nent could be a cleavage product or an impurity
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Fig. 2. Analytical chromatograms of (a) adjacent displacement fractions (Frac) 5-10 corresponding to elution volume 3.3-3.8 ml in Fig.
I; (b) protein standards a-chymotrypsinogen A, trypsin and a-chymotrypsin (0.1 mg/ml each). Column: 100 x 5 mm LD. strong
cation-exchanger (8 um); elution buffer: 175 mM sodium phosphate, pH 6.0; flow-rate, 0.5 ml/min; dilutions: fraction 5, 100-fold;
fractions 6-10, 200-fold. The values in the figure indicate £, in min.

from the original feed mixture, as yet unidentified. oratory [20] has demonstrated that induced salt'gra-
Nevertheless, this separation illustrates the inherent dients can sometimes result in elution of the pro-
high resolving power of the technique. teins ahead of the displacement train.

The counter-ion gradient induced by the adsorp- The effect of induced salt gradient on these pro-
tion of the displacer was also measured in this ex-  tein displacements was studied in the context of the
periment. As seen in Fig. 1, this displacement result- SMA formalism [23]. Parameters for these simula-

ed in a 45 mM increase in salt concentration in the tions were obtained as described in the previous pa-
purified protein zones. This induced salt gradient per [22]. The model was employed to simulate the
results in a depression of the salt sensitive protein adsorption isotherms under both the initial carrier
isotherms from the initial carrier conditions, which and induced salt gradient conditions as well as the
can have a significant impact on the effluent dis- isotachic effluent displacement profiles. The SMA
placement profile. In fact, recent work in our lab- model was also employed to facilitate methods de-
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Fig. 3. SMA simulation of a two-component protein displacement using M, 40 000 DEAE—dextran as displacer. Conditions as de-
scribed in Fig. 1 with the exception of: displacer, 0.75 mM DEAE-dextran (40 000) in carrier; feed, 0.9 ml of 0.74 mM a-chymotrypsino-
gen A (a-Chy) and 0.88 mM cytochrome ¢ (Cyt-C) in carrier. Model parameters for this simulation are given in Table I. kd =

kilodalton.

velopment for all subsequent displacement experi-
ments. SMA parameters are presented in Table 1
and simulation conditions (e.g., column conditions,
displacer concentration, feed load, etc.) are given in
the figure legends.

Fig. 3 illustrates an SMA simulation of the iso-
tachic displacement profile for the separation of
a-chymotrypsinogen A and cytochrome ¢ using M,
40 000 DEAE—dextran as the displacer. As seen in
the figure, the model predicts the displacement of
the proteins along with an induced salt gradient.
Furthermore, this simulation indicates that the con-
centration of the displaced proteins will exceed that
of the displacer. The adsorption isotherms under
both the initial carrier and induced salt gradient
conditions are presented in Fig. 4. As expected, the
induction of a salt (counter-ion) gradient results in
the depression of the protein isotherms from their
initial equilibrium conditions. Clearly, the use of a
solute movement analysis with the initial carrier iso-
therms would result in an incorrect prediction of the
concentrations of the proteins in the displacement
train. .

A displacement experiment was carried out under
the same conditions employed in the simulation and
the effluent profile is presented in Fig. 5. The experi-
mentally measured induced salt gradient and the

displacement profiles in Fig. 5 match extremely well
with the SMA simulation shown in Fig. 3. Effluent
protein concentrations are in good agreement with
the values obtained from the intersection of the op-
erating line with the protein isotherms under in-
duced salt gradient conditions (Fig. 4b). In addi-
tion, this separation resulted in the purification of
the trace components associated with a-chymotryp-
sinogen A. These results indicate that dextran-
based cationic displacers can produce efficient pro-
tein displacements and that the SMA formalism is
well suited to describe these polyelectrolyte systems.
This displacement differs from the traditional vision
of displacement chromatography in several impor-
tant ways: the isotherm of the displacer lies below
and crosses the feed component isotherms; the con-
centration of the displaced proteins exceed that of
the displacer; and the salt gradients induced by the
adsorption of the displacer produce different salt
environments for each displaced protein.

The inlet displacer concentrations employed in
these cation-exchange experiments were chosen so
that the displacer breakthrough time in the column
effluent remained the same. This enabled a more
direct examination of the effect of displacer molec-
ular weight. As seen from Figs. 1 and 5, the result-
ing displacement profiles with the M, 10 000 and
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Fig. 4. SMA simulations of protein (a-chymotrypsinogen A, cytochrome ¢) and displacer (M, 40 000 DEAE—dextran) adsorption
isotherms at: (a) initial carrier and (b) induced salt gradient conditions in a strong cation-exchange column. Model parameters for these

isotherms are reported in Table 1.

40 000 DEAE—dextran displacers are quite similar.
The inlet concentrations required to achieve the
same breakthrough volume were 2.36 and 0.75 mM
for the 10 000 and 40 000 DEAE—dextran displac-
ers, respectively. As described in the previous paper
[22], the fraction of functional groups bound for
the M, 10 000 DEAE—dextran is greater than that
of the 40 000 DEAE—dextran. Accordingly, a high-
er concentration of disaccharide repeating units is

required for the 40 000 DEAE—-dextran in order to
achieve the same displacement chromatographic ef-
fect. The implications of this for displacer design:
will be addressed in the concluding section.

To further illustrate the efficacy of displacement
chromatography using polyelectrolyte displacers, a
three component protein mixture of «-chymo-
trypsinogen A, cytochrome ¢ and lysozyme was

“subjected to. displacement purification by the M,
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Fig. 6. Displacement chromatogram of a three-component protein separation using M, 40 000 DEAE~dextran polyelectrolyte as
displacer. Conditions as described in Fig. 3 with the exception of: feed, 2.0 ml of 0.15 mM a-chymotrypsinogen A, 0.4 mM cytochrome
¢, and 0.3 mM lysozyme in the carrier.
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40 000 DEAE—dextran displacer (Fig. 6). This sep-
aration resulted in the purification of more than 25
mg of the three component protein mixture on the
analytical column with minimal amounts of mixing.
Again, this displacement profile under induced salt
gradient conditions is well predicted by the corre-
sponding SMA isotherms and simulations (Fig. 7).

Displacement chromatography in anion-exchange
columns

Displacement chromatographic separations of
B-lactoglobulins A and B were carried out in strong
anion exchange columns using M; 10000 and
50 000 dextran sulfate displacers. Although dis-
placement separations with dextran sulfate have
been reported previously [14], the objective of the
present study was to verify the SMA formalism for
anion-exchange displacement systems and to deter-
mine the effects of displacer molecular mass and

1.5
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induced salt gradients on the displacement profiles.
The anion exchange displacement simulations were
performed using the experimentally measured pa-
rameters (Table I), obtained in the previous paper
[22].

The displacement purification of S-lactoglobulins
A and B by a M, 10 000 dextran sulfate displacer
and the corresponding SMA simulation are shown
in Figs. 8 and 9, respectively. This separation was
characterized by concentrated, adjacent zones of
purified f-lactoglobulin A and B with minimal
amounts of dispersion. The salt gradient induced by
the adsorption of the displacer resulted in a depres-
sion of the protein isotherms from the initial equi-
librium conditions as shown in Fig. 10. The concen-
tration of fS-lactoglobulin B obtained in the dis-
placement experiment is slightly higher than pre-
dicted by the model. Since f-lactoglobulins A and B
are prone to aggregation [26], the SMA model in the
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Fig. 8. Displacement chromatogram of a two-component protein displacement separation using M, 10 000 dextran sulfate as displacer.

Column: 100 x 5 mm I.D. strong anion exchanger (8 um); carrier: 75

mM Tris—=HCI buffer, pH 7.5; displacer, 2.0 mM dextran sulfate

(10 000) in carrier; feed, 1.0 ml of 19 mg total crude protein mixture in the carrier; flow-rate, 0.1 ml/min; fraction size, 100 ul each. f-Lac

= p-Lactoglobulin.
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Displacement Simulation
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Fig. 9. SMA simulation of a two-component protein displacement using dextran sulfate (10 000) as displacer. Conditions as described
in Fig. 8. Simulation parameters are given in Table L.
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Fig. 10. Simulation of protein (#-lactoglobulin A & B) and displacer (M, 10 000 dextran sulfate) isotherms based on SMA mode] at
initial carrier and induced salt gradient conditions in a strong anion-exchange column. Model parameters for isotherm simulation are
reported in Table 1.
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Fig. I1. Displacement chromatogram of a two-component protein separation using M, 50 000 dextran sulfate as displacer. Conditions
as described in Fig. 8 with the exception of: displacer, 0.4 mM dextran sulfate (50 000); feed, 1.1 ml of 22 mg total crude protein mixture

in carrier.

current form is not able to completely describe the
protein adsorption isotherms [22]. Nevertheless, the
model still provides a reasonable prediction of the
displacement profiles under induced salt gradient
conditions.

A similar displacement experiment was carried
out using the dextran sulfate (50 000) displacer to
examine the effect of molecular weight on displacer
efficacy (Fig. 11). In contrast to the DEAE~dextran
experiments described above, these anion-exchange

TABLE 11

experiments were carried out at the same ‘“normal-
ized concentration” (i.e., concentration of disaccha-
ride repeating units) with all other conditions re-
maining the same. As seen in Figs. 9 and 11, under
these conditions the breakthrough times of the two
displacers are quite different. The longer break-
through time associated with the higher-molecular-
mass (50 000) displacer is due to relatively lower
fraction of functional groups bound for dextran sul-
fate (50 000) as compared to the M, 10 000 mole-

YIELDS OF PURIFIED PROTEIN IN DISPLACEMENT EXPERIMENTS

Displacer

Feed components

Yield (99% purity) (%)

10 000 DEAE—dextran

40 000 DEAE—dextran

40 000 DEAE—dextran

50 000 dextran sulfate

a-chymotrypsinogen A
Cytochrome ¢
a-chymotrypsinogen A
Cytochrome ¢
a-chymotrypsinogen A
Cytochrome ¢
Lysozyme
p-lactoglobulin B
p-lactoglobulin A

97.6
87.4
93.1
84.8
80.9
78.5
521
95.1
85.7




G. Jayaraman et al. | J. Chromatogr. 630 (1993) 53-68

cule. For a detailed discussion of these effects the
reader is referred to the previous manuscript [22].
Table II presents the yields of purified protein at
99% purity for the displacement experiments pre-
sented in this paper. As seen in the Table, high
yields of very pure protein were obtained in all of
these displacements. As expected, higher yields were
obtained for the proteins emerging first in the dis-
placement train. Furthermore, zone overlap had a
more significant impact on highly concentrated pro-
tein zones (e.g., the lysozyme zone in the three-com-
ponent protein displacement) due to the smaller
widths of these bands. The displacement experi-
ments presented in this manuscript clearly illustrate
the ability of this technique for high-resolution/
high-throughput preparative protein purifications.

CONCLUSIONS

This research has focused on displacement chro-
matographic separation of proteins in ion-exchange
systems using high-affinity, dextran-based polyelec-
trolytes as displacers. High-yield displacement sep-
arations were obtained and good agreement was
observed between the displacement experiments
and theoretical predictions obtained with the Steric
Mass Action (SMA) ion-exchange model. The in-
herent power of this technique was aptly demon-
strated by the simultaneous concentration and puri-
fication of trace components present in the feed
mixtures.

Displacement experiments were carried out with
various molecular mass displacers in order to gain
further insight into the non-linear binding proper-
ties of these dextran-based compounds. For a given
functional group density, it was seen that smaller-
molecular-mass displacers bind more efficiently due
to relatively higher surface coverage and lower steric
factors involved. Thus, lower-molecular-mass dis-
placers require relatively lower mass loadings to
achieve the same breakthrough as analogous high-
er-molecular-mass displacers. These displacements
differ from the traditional vision of displacement
chromatography in several important ways: the iso-
therm of the displacer does not necessarily lie above
the feed component isotherms; the concentration of
the displaced proteins can sometimes exceed that of
the displacer; higher-molecular-mass displacers are
not necessarily more efficacious than lower-molec-
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ular-mass polyelectrolytes; and salt gradients in-
duced by the adsorption of the displacer produces
different salt environments for each displaced pro-
tein. The work presented in these two manuscripts
provides a framework for evaluating the efficacy of
future displacers for ion-exchange systems.

SYMBOLS

Cp Displacer concentration in the bulk phase/
carrier (mM)

Cp Isotachic concentration of displaced pro-

tein, P, in the effluent (mM)

(Cp)r  Feed concentration of protein component,
P (mM)

Cs Carrier salt concentration (mA{)

(Cg)p  Bulk phase salt concentration in isotachic
zone corresponding to purified protein
component, P (mM)

Kp Equilibrium constant for displacer (di-
mensionless)

Kp Equilibrium constant for protein P (di-
mensionless)

Op Isotachic stationary phase concentration
of displacer (mM)

o™ Maximum binding capacity of the displac-
er (mM)

Up Linear velocity of the displacer front (cm/
s)

U, Chromatographic velocity

VE Feed volume (ml)

Ve Volume (width) of isotachic zone contain-
ing purified protein component, P (mi)

B Column phase ratio (dimensionless)

A4 Slope of the displacer operating line (di-
mensionless)

A Ton bed capacity of monovalent salt coun-
ter-ion (mM)

) Characteristic charge of displacer (dimen-
sionless)

Op Steric factor for displacer (dimensionless)

Vp Characteristic charge of protein, P (dimen-
sionless)

op Steric factor for protein, P (dimensionless)
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ABSTRACT

A newly developed method using an exponentially modified Gaussian peak shape model produces results that are more precise and
less subject to baseline noise than previous methods for characterizing chromatographic band broadening. The method requires only
precisely measurable experimental peak parameters: peak retention time, peak height, peak area, and peak centroid (first moment).
Accuracy and precision of the new method were compared with other digital approaches by using computer-synthesized peaks and
experimental chromatographic data from many HPLC columins. The proposed method offers a reasonable compromise between
accuracy, precision, and convenience. A rapid visual estimate of peak skew can be made by inspecting peak shape and referring to a
calibration plot involving peak parameters. Peak variance and skew data from this method are also useful for finding column dispersion

corrections in size-exclusion chromatography calibrations.

INTRODUCTION

Accurate and precise information from real peaks
is needed for many analytical applications in gas
and liquid chromatography, and other separation
methods. This is often a challenging task that
requires sophisticated computational methods in-
volving computers. Since the simple Gaussian model
can produce serious errors in finding plate number,

Correspondence to: W. W. Yau, Henkel Corp., 300 Brookside
Avenue, Ambler, PA 19002, USA (present address).
* Present address: Rockland Technologies Inc., 538 First
State Boulevard, Newport, DE 19804, USA.
** Present address: Medical Products, Glasgow Site, Building
606, Wilmington, DE 19898, USA.
**% Present address: Chemistry Department, Purdue Universi-
ty, W. Lafayette, IN 47907, USA.

peak asymmetry factor, and resolution [1], various
other approaches have been proposed. The most
accepted and used of these is based on the expo-
nentially modified Gaussian (EMG) model [2-6].
Reviews of EMG uses have been given [7,8]. Empir-
ical equations using EMG models have been pro-
posed for calculating chromatographic figures of
merit [9], and the effect of random noise on measure-
ments by the EMG model has been addressed [10].

A new method of extracting band-broadening
parameters from noisy and skewed chromatograph-
ic peaks recently was proposed [11]. This method
also is based on the EMG model, but is more
accurate and less susceptible to baseline noise than
previously used methods. In this new procedure (the
“DuPont method’), only four easily and precisely-
determinable peak parameters are measured on an
experimental chromatographic peak: (1) peak reten-

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.V. All rights reserved
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tion time, (2) peak height, (3) peak area, and (4) peak
centroid.

To evaluate efficacy, we compared the DuPont
method with true moment calculations, the James—
Martin method [12], and the Dorsey—Foley method
(sometimes called the Foley—Dorsey method) [6].
These different methods provide distinctive features
and offer different levels of compromise between
accuracy and precision. In the present study, critical
comparisons established the limitations, applicabil-
ities, and performance of these methods. In one part,
we used computer-synthesized chromatographic
peaks containing built-in noise and baseline drift.
Peaks created with the EMG model permitted a
careful study of peak skew measurements. Other
investigated parameters included the effects of ran-
dom versus cyclic baseline noise, and various degrees
of baseline drifts. Only results with random baseline
noise are given in this paper. Results obtained with
cyclic noise and baseline drift did not significantly
change results. or the conclusions regarding the
proposed new DuPont method. An advantage of a
computer-simulation study of this type is the com-
plete -objectivity that is possible. Also, computer
simulation permits the study of a wider range of
peak shape differences than is conveniently available
from experimental approaches. Identical computer-
synthesized data sets were used to test the different
peak characterization methods.

The second part of this study involved the use of
“real” chromatographic peaks experimentally de-
veloped using seventeen columns with a wide range
of types and characteristics. With data from these
columns, we developed a quantitative comparison of
the various peak characterization methods.

THEORY

The new digital DuPont method of characterizing
chromatographic peaks [11] requires only precisely
measurable peak parameters for the calculation.
These consist of peak retention time, #,; peak height,
hy; peak area, My; and, the peak centroid (first
moment), M;. Fig. 1 illustrates the needed param-
eters. A chromatographic peak can be described as a
time distribution of the peak height 4 (¢) at any
retention time, ¢. A real chromatographic peak
usually can be reliably described by a Gaussian
distribution modified with an exponential function,
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Fig. 1. Peak shape model for exponentially modified Gaussian
(EMG). From ref. 10.

where ¢ 1s the standard deviation or width at 60.7%
of the height of the Gaussian component, 7 is the
exponential time decay constant, and fg is the
retention time for the Gaussian component of the
peak. The EGM peak model can be described as:

o0
N\ 2 ’
h (1) =—Mo fexpli— (ﬂ) —’—] de’ (1)
w\/ﬂ ) \/5 o T
where t' =the integration retention time variable.
The statistical moments of the peak can be mathe-
matically defined, and these statistical moments can
be related to the peak shape parameters, as sum-
marized in Table 1.

Moment method

For the peak moment method, calculation of
plate number, N, skew, and peak variance o2 is
determined by a point-by-point summation of terms
within the integral from the beginning to the end of
the peak (eqns. 2-7, Table I). This method assumes
no peak shape and can produce the most accurate
results. However, it is well-known that moments are
quite sensitive to baseline noise. Precision often is
too poor for the practical characterization of typical
chromatographic peaks.
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TABLE I
CHARACTERISTICS OF CHROMATOGRAPHIC PEAKS

71

Characteristic Gaussian calculation  Eqn. No. EMG calculation Eqn. No.
mg (area) [ h()drt 2
]
. th (¢) dt
m, (centroid) 3 R+7T
my
o
t—m)?h (1) dt
m, (variance) M— 4 o2 + 12 9
mo
0
(t—m)?
ms —h(¢) ds 5 273 10
mg
0
Peak skew msfm3/? 6 2 (t/e)3 /(1 + 12/52)32 11
Plate number m?[m;, 7 (tr+ %2+ 6?) 12

James—Martin method

The James—Martin (J-M) method [12] assumes a
strict Gaussian peak shape. Plate number is calcu-
lated as

N = (t,/0)? (13)
or,
N =27 (hyt,/M)? (14)

Since a Gaussian peak shape is presumed, no
information on peak skew can be obtained with this
method.

Dorsey—Foley method

This method (DF-NA) uses the EMG model [6]
that was available on the original Nelson Analytical
PC software package. The expression for calculating
plate number is:

Nsys = [41.7(t,/ Wo.1)?]/[(B/4) + 1.25] (15)

where Ngys = plate number of a given (asymmetric)
chromatographic system; W, ; = peak width at 10%
of the peak height; B/ A is the peak asymmetry factor
at Wy 1. An upgrade version of this method (DF)
was later available with improved peak detection
and baseline logic.

DuPont method

The relationships for the DuPont method also
utilize the EMG model. The theory and background
for this method is detailed in a companion publica-
tion [11] and will not be repeated here. In this
previous publication, a fully digital method is de-
scribed, as well as a simplified computer algorithm
with a graphical illustration.

EXPERIMENTAL

Computer-simulated peaks were generated with a
VAX 3100 computer (Digital Equipment Corpora-
tion, Maynard, MA, USA) using in-house devel-
oped software. Fig. 2 illustrates the conformation of
simulated peaks with various levels of imposed
noise. Synthesized peaks of this type with various
level of plate number and peak skew (with and
without noise) were analyzed with the various peak
characterization methods described above. For the
simulation studies, moment, James—Martin, and
DuPont calculations were made with in-house-
developed software on a VAX Model 3100 com-
puter. Dorsey—Foley calculations for the simulation
study were carried out with commercial software
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Tau/Sig = 0.0
Ag=1.0
Skew = 0.0
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(Nelson Analytical, Cupertino, CA, USA) installed
on the same computer. Dorsey—Foley measurements
on columns were made with two versions of PC-based
software (Nelson Analytical). Baseline “white” noise
was produced with a random-noise generator for all
methods. A two-points per second sampling rate
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Fig. 5. Effect of noise on plate number measurements. /g = 0.5.
(A) Precision measurements; (B) accuracy measurements.

noise imposed on the simulated chromatogram.
These measured values are compared with the actual
or true values used in the simulation. The J-M
method provides precise measurements, but is in-
creasingly inaccurate as increased peak tailing (in-
creasing t/o ratio) occurs. This method shows ca.
15% error at a 7/o ratio of 1.0, and a 60% error ata
7/o ratio of 2.0. Similar results were obtained in a
previous study [1]. The moment method shows poor
precision and even poorer accuracy with small /o
values, because of a problem with the usual baseline
bias presented by the computer algorithm. The
percent error is about the same for increasing t/o
values. For the same simulated peaks with 2% noise,
the DF and DuPont methods both showed good
precision and accuracy with increasing peak tailing.

Increasing the baseline random noise to 6% did
not seriously change results from the J-M method
from that seen at 2% noise —serious errors occur
with increased peak tailing. However, the moment
method shows much poorer precision with increased
noise. The accuracy of measurements again appears
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Fig. 6. Effect of noise on plate number measurements. t/o = 2.0.
(A) Precision measurements; (B) accuracy measurements.

similar for the DF and DuPont methods. But,
precision of measurements of the DF method is
degraded at higher baseline noise levels.

Fig. 5 compares the precision (Fig. 5A) and the
accuracy (Fig. 5B) of plate number measurements
made on tailing peaks with values of /o = 0.5 with
random baseline noise varying from 0-1%. Preci-
sion of measurements (Fig. 5A) are best for the J-M
method, and about the same for the DF and DuPont
methods throughout the range of noise studied. The
precision of moment measurements is quite poor,
particularly with more symmetrical peaks, presum-
ably because of problems in establishing accurate
baseline start and stop points for the peaks. With
tailing peak shapes, the accuracy of plate number
measurements (Fig. 5B) is best for the J-M method,
with the DF and DuPont method slightly poorer.
The moment method provides the most inaccurate
results because of bias in the baseline-cutting
algorithm.

Fig. 6 compares the accuracy and precision of
plate number measurements made on tailing peaks
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with values of 7/o = 2.0 and random baseline noise
from 0-10%. These data show that the J-M method
is the most precise (Fig. 6A) and by far the most
inaccurate (Fig. 6B). The moment method is both
inaccurate and imprecise with badly tailing peaks.
The DF method and the DuPont methods have
about the same precision, but the commercially-
available DF method is less accurate with badly
tailing peaks.

Fig. 7 illustrates the ability of methods to measure
peak skew (directly related to /o and peak sym-
metry values) precisely and accurately for simulated
peaks with 2% random noise. (The J-M method is
incapable of peak skew information because of the
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Fig. 8. Precision and accuracy of peak skew measurements. 6%
Random noise.
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Gaussian-peak assumption.) The moment method is
accurate but less precise at smaller t/g values; very
poor precision and accuracy occur at large t/o
ratios. The DF method is precise, but quite inaccu-
rate with tailing peaks. The DuPont method shows
both good accuracy and precision as peak tailing
increases.

Increasing the random noise to 6% causes no
significant change in the accuracy of the moment
method, as shown in Fig. 8. However, method
precision is further degraded. The precision of the
DF method is about the same as with lower baseline
noise, but accuracy is poorer. Increased noise does
not perceptibly change the precision of the DuPont
measurements, and accuracy is only slightly de-
graded.

It is important to note that Figs. 7 and 8 suggest
that the DF method is inaccurate for peak skew
measurements (errors exceeding 60% for t/o > 2).
These results contradict those from other studies
regarding the level of accuracy with the DF method
[6]. Since other investigators have not reported the
DF equation to be inaccurate for peak skew [8], we
suspect that the source of inconsistency is the
commercial software available for this study.

Chromatographic peak study

Table II summarizes the experimental data ob-
tained with the four peak characterization methods
on seventeen different columns having widely vary-
ing plate numbers and peak tailing or peak skew
values. The + values in this table represent the data
spread (standard deviation) obtained with ten repli-
cate sample separations.

Fig. 9 shows the plate number calculations from
these column tests arbitrarily plotted against mea-
sured moment values. (True values are unknown
and the moment method probably is the most
accurate.) The intercept of these plots illustrate the
accuracy of the measurements, while the spread of
the values provides information on precision. The
J-M method shows accuracy problems, since the
plot does not intercept the origin. The DF and the
DuPont methods show about the same accuracy and
precision for plate number throughout the range of
column studied. These results check well with results
obtained by computer simulation.

Data in Fig. 10 compare peak skew calculations
from the column tests. These results show that the
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PLATES
20000 |-

intercept = 312
o =540

10,000

. DU PONT

20000

intercept = 163
c=714

10 000 -

DORSEY-FOLEY

20 000

intercept = 1888
o = 1068

10000 -
JAMES-MARTIN

1 1
10,000 20,000
MOMENT PLATE COUNT

Fig. 9. Plate number calculations from column test experiments.

DF method has a positive bias; the plot intercepts
the ordinate above the origin. The accuracy and
precision of the DF method is about two-fold poorer

TABLE III

W. W. Yau et al.-| J. Chromatogr. 630 (1993) 69-77

N
T

ntercept = 0.039
¢ =0.100

PEAK SKEW
-

intercept = 0.272
c=0.194

MOMENT PEAK SKEW

Fig. 10. Peak skew calculations from column test experiments.

than the DuPont method, as suggested by data in the
Fig. 10B plots.

Table III ranks the peak characterizing methods
based on the experimental separations. These results
are based on replicate columns of five different
types, using ten replicate runs with four solutes.
Ranking numbers show that for plate number
calculations, precision is best for J-M, closely
followed by the DuPont method. The DF and the
moment methods are 25-30% less precise. Both the
DF and DuPont methods show good correlation
with the moment values. Accuracy rankings show
DF best, closely followed by DuPont; J-M is by far
the least accurate for these “real” chromatographic
peaks.

PEAK ANALYSIS RESULTS ON EXPERIMENTAL SEPARATIONS

Data from 5 columns, 4 solutes, 10 replicate runs each.

Computer analysis
method

Plate number (rank?®)

Peak skew (rank®) Final

Precision, ¢  Accuracy, AN

Precision, ¢

ranking
Accuracy, 45

James—-Martin 270 (1) 1888 (4) - @
Moment 370 (3) b 3) 0.09 (2)
Dorsey-Foley 400 (4) 161 (1) 0.17 (3)
DuPont 300 (2) 312 (2) 0.05 (1)

- ® 4
b (3) 3
0.027 (2) 2

—0.04 (1) 1

% 1 = Most favorable; 4 = least favorable.

® Moment analysis used as reference value on completely separated peaks; moment analysis may not be accurate as a reference at low

signal-to-noise (S/N) ratios.
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TABLE 1V
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CONCLUSIONS ON COMPUTER MEASUREMENT METHODS FOR EXPERIMENTAL PEAKS

Criteria James—-Martin Moment Dorsey-Foley DuPont
Plates® Precision +++ 0 +++ 4+
Accuracy - + +++ +++
Skew” Precision  ——— -= +++ +++
Accuracy ——-— ++ - +++
Overall rating —— 0 4+ + 4+
“tlo< 1.

For measuring peak skew, the o,, data in Table I1
show that the DuPont method is about 70% more
precise than either the DF or moment method; J-M
ranks last because of its inability to measure peak
skew. The data in Table II further show that the
DuPont method is more accurate in peak skew
measurements. The correlation plots show gy, val-
ues about half that of the DF method measured by
the commercial software. The slope of the linear
regression line for the DuPont method shows only a
1% error from the ideal value of 1.0. The slope of the
data for the DF method shows a 9% error from
ideal. Poorest results are for the DF-NA method;
the linear regression plot does not pass through the
origin, resulting in skew accuracy bias.

CONCLUSIONS

A final ranking of the various computer methods
for measuring plate number and peak skew or peak
tailing depends on the level of background noise and
the amount of peak tailing. Table IV summarizes
our conclusions regarding the four methads studied,
arbitrarily assuming peaks with /o < 1 (peak skew
<0.71). The moment method is generally impracti-
cal in most real separations because of potential
peak overlap problems, and difficulties in estab-
lishing accurate baseline “cut-points”. The J-M
method is most precise for measuring plate number,
but should be used only with highly symmetrical

peaks. The J-M method is incapable of measuring
peak skew. Both the DF and the DuPont methods
are competent for measuring the plate number and
skew of peaks with good symmetry and low back-
ground noise. With increased baseline noise or more
peak tailing, the DuPont method appears most
satisfactory. The DuPont method has been used
successfully in our laboratories for about four years
in a variety of separations, including HPLC, GC,
size-exclusion chromatography. and field flow frac-
tionation.
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ABSTRACT

The synthetic chiral polymer poly(N-acryloyl-S-phenylalanine ethyl ester) was immobilized by grafting to macroporous polymer
particles of various composition and structure in a process involving copolymerization of the chiral monomer with residual double
bonds present in the macroporous support particles. The support particles were prepared by suspension or micro-suspension poly-
merization of trimethylolpropane trimethacrylate (TRIM), divinylbenzene or by copolymerization of styrene and TRIM. The maxi-
mum amount of immobilized chiral polymer and the mechanical properties of the resulting materials varied with the swelling capacity
of the parent support particles. Up to 60% (w/w) of chiral polymer could be immobilized to the pore system of highly cross-linked
TRIM particles. The enantioselectivity of the chiral stationary phases increased with increase in the amount of immobilized chiral
polymer. The results of studies of porosity and particle size variation during grafting form the basis for a discussion of the structure of

the final materials.

INTRODUCTION

Recently we reported [1] the preparation of and
enantiomer separation on a new kind of chiral sta-
tionary phase (CSP) based on a chiral polymer, po-
ly(N-acryloyl-S-phenylalanine ethyl ester), an-
chored in the pore system of macroporous polymer
support particles composed of poly(trimethylolpro-
pane trimethacrylate) (TRIM). Our preliminary re-
sults of enantiomer separations on these CSPs were
very encouraging and prompted further studies. We
now report on the preparation, characterization
and chromatographic evalution of CSPs based on
the principles outlined above. The chiral polymer
poly(N-acryloyl-S-phenylalanine ethyl ester) was
immobilized to macroporous support particles pre-

Correspondence to: R. Isaksson, Department of Pharmaceutical
Chemistry, Analytical Pharmaceutical Chemistry, Biomedical
Centre, Uppsala University, P.O. Box 574, S-751 23 Uppsala,
Sweden.

0021-9673/93/$06.00 ©

pared by suspension or micro-suspension polymer-
ization of TRIM, divinylbenzene (DVB) or by
copolymerization of styrene (S) and TRIM. An ex-
tensive study was made to characterize the support
particles and the CSPs, especially for the TRIM-
based materials, in order to understand the func-
tionalization process and the chromatographic per-
formance of the materials. The materials were char-
acterized with respect to their swelling capacity, po-
rosity and compressibility, which are important de-
terminants of the chromatographic performance of
the CSPs. The variation of enantioselectivity, with
chiral polymer loading, and the localization of the
chiral polymer in the porous carrier particles are
discussed.

EXPERIMENTAL

Chemicals
N-Acryloyl-S-phenylalanine ethyl ester (chiral

1993 Elsevier Science Publishers B.V. All rights reserved
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monomer) was prepared according to the method
described by Backmann [2]. The initiator a,o’-azo-
isobutyronitrile (AIBN) and ethylene glycol di-
methacrylate (EDMA) were purchased from
Merck. Poly(viny! acetate) (PVAc) with a relative
molecular mass (M,) of 500 000 was obtained from
BDH. 1,3,5-Tri-tert.-butylbenzene (TTB), p-nitro-
toluene, acetanilide and hydroquinone were ob-
tained from Fluka. Chlorthalidone was purchased
from Sigma, and the racemates 7-methoxycoumarin
dimer and coumarin dimer were a gift from Jan
Sandstrém (Lund, Sweden) and Kailasam Venkate-
san (Bangalore, India), respectively. Ammonium
laurate was prepared by mixing 1.0 g of lauric acid
(BHD) and ammonia to a pH of 9.6-9.8.

Two suspension stabilizers of poly(vinyl alcohol)
(PVAI) were used: Rhodoviol (Rhone-Poulenc)
with M, 72 000 and a degree of hydrolysis of 71.5
mol%, and PVAI (Fluka) with M, = 72 000 and a
degree of hydrolysis of 97.5-99.5 mol%. All other
chemicals were of analytical-reagent grade or bet-
ter, and used as received.

The structures of the racemates chlorthalidone,
7-methoxycoumarin dimer and coumarin dimer are
given in Fig. 1, together with the structures of the

T. Hartigai et al. [ J. Chromatogr. 630 (1993) 79-94

chiral monomer N-acryloyl-S-phenylalanine ethyl
ester and the monomer trimethylolpropane trimeth-
acrylate (TRIM).

Support particles

The support materials TRIM particles, poly(divi-
nylbenzene) (DVB) particles and poly(styrene—
TRIM) (S/TRIM) particles were prepared in coop-
eration with Casco Nobel (Sundsvall, Sweden), by
suspension or micro-suspension polymerization.
The silica particles, LiChrosorb (diol phase, 10 ym,
300 A), were a gift from Perstorp Biolytica (Lund,
Sweden). Experimental details concerning the prep-
aration of support particles are presented in Table
L

Preparation of chiral stationary phases based on po-
rous carrier particles

The support particles, materials A-E in Table I,
were functionalized according to the following pro-
cedure.

Porous polymer particles were first dispersed in
water in a 200-ml! reactor described elsewhere [1].
The monomer solution, containing the chiral
monomer, initiator (AIBN) and solvent (toluene),

H o /
Lo
CH, = €= C~ 0= CoHs CHy— CH,—C — CH,— 0 — C—C =CH,

H=N—C=0 \

CH=CH,

(4)

(5)

Fig. 1. Structure of the analytes and monomers: 1 = chlorthalidone; 2 = 7-methoxycoumarin dimer; 3 = coumarin dimer; 4 =
N-acryloyl-S-phenylalanine ethyl ester; 5 = trimethylolpropane trimethacrylate (TRIM).
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TABLE 1
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EXPERIMENTAL DATA FOR THE PREPARATION OF DIFFERENT SUPPORT PARTICLES

Material Monomer Porogenic Solvent-to-  Polymerization Particle
/) solvent monomer size
w/v) ratio Temperature  Time (um)
v O ()
A TRIM Toluene 4:1 70 12 7.2
B TRIM Toluene—isooctane (1:1) 1:1 1) 65 6 8.3
2y 85 10
(3) 120 4
C DVB Toluene 31 70 12 9.4
D DVB Toluene 1:1 70 12 25
E(50/50) S/TRIM Toluene 4:1 (1) 60 12 5-20
(50:50) @ 75 3
E(40/60) S/TRIM Toluene 4:1 60 12 5-20
(40:60)
E(20/80) S/TRIM Toluene 4:1 60 12 5-20
(20:80)

was then added to the particle dispersion. This solu-
tion was spontaneously drawn into the pore system
of the particles by capillary pressure. The volume of
the monomer solution used in the experiments was
equal to the total swelling capacity of the particles
with toluene, as determined experimentally. The
concentration of the initiator was between 1 and 2.5
mol% of the chiral monomer. Prior to polymeriza-
tion, the support particles containing the monomer
solution were allowed to swell for about 2 h at 30—
40°C. The polymerization was performed at 80°C
for about 4 h. The product was filtered off (sintered-
glass filter) and washed, first with an excess of tolu-
ene to rid it of non-immobilized chiral polymer and
monomer, then with dioxane, acetone and diethyl
ether. The washed particles were dried overnight at
60°C.

Preparation of soft unreinforced chiral gels

Soft unreinforced gels, material F in Table I were
prepared by means of suspension polymerization in
the following way. A toluene solution of the chiral
monomer, 1 mol% of the initiator and 10 mol% of
the cross-linker (EDMA) with respect to chiral
monomer, was suspended in water (stirrer rate 600
rpm) containing various suspension stabilizer. The
polymerization experiments were performed in a ni-
trogen atmosphere in a stirred reaction vessel kept
at 80°C for 4-6 h. The gel particles formed were

filtered off (sintered-glass filter) and washed, first
with hot water to rid them of suspension stabilizer,
then with ethanol, acetone and toluene to eliminate
monomers and uncross-linked polymers. No fur-
ther preparation of the materials was done before
the chromatographic evaluations.

Elemental analysis of CSPs

The amount of immobilized chiral polymer in the
particles was calculated from the nitrogen content
of the samples as determined by elemental analyses.
The results of these analyses were in good agree-
ment with those of gravimetric analyses, i.e., from
the mass difference of dry particles before and after
functionalization.

Chromatographic evaluations

The chromatographic set-up used for chiral sep-
arations consisted of a Beckman Model 110 B
pump, an LKB Model 2158 Uvicord SD UV detec-
tor and a BBC SE 120 dual-channel potentiometric
recorder. The specific rotation was monitored with
a Perkin-Elmer Model 141 M polarimeter equipped
with an 80-ul (1 dm long) flow cell to establish the
elution order between the enantiomers. The sam-
ples were injected by means of a Rheodyne Model
7120 loop injector.

Analytical columns were prepared by packing the
CSPs (A-E) into stainless-steel columns (100 or 250
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% 4.6 mm I.D.) with a descending slurry-packing
technique. Prior to packing the CSPs were allowed
to swell in the packing solvent for 2-4 h. Unrein-
forced, soft chiral gels (material F), used for the
purpose of comparison, were packed into 500 x 10
mm I.D. glass columns by pouring a swollen, ho-
mogeneous and fairly thick gel suspension into the
column. Before the chromatografic experiments,
two or three column volumes of the eluent were
pumped through the bed to equilibrate it. All CSPs
were evaluated with an organic mobile phase, usu-
ally n-hexane—dioxane (55:45, v/v).

Swelling

The swelling of the particles in various solvents
was measured using a method described previously
[3]. About 0.2 g of dry particles was weighed into a
tube, containing a 17-40-um, sintered-glass filter
disc at the bottom. The sample in its tube was im-
mersed in the swelling agent at 25°C for 24 h. The
amount of swelling agent taken up by the particles
was determined by weighing the glass filter tube af-
ter removing excess of solvent by centrifugation for
15 min at 600 g. Some of the experiments were re-
peated with a reduced swelling time (1 h).

Size-exclusion chromatography (SEC)

The SEC experiments were performed with the
same equipment as used for the chromatographic
experiments described above. The solutes were TTB
and polystyrene (PS) standards with M, ranging
from 600 to 2 700 000 and with a polydispersity ra-
tio (M,,/M,, where M,, = mass-average molecular
mass and M, = number-average molecular mass)
of less than 1.1. Hexane—dioxane (55:45, v/v) was
used as the eluent. The apparent radius (r) of the PS
standards were calculated with the use of the fol-
lowing equation, due to Knox and Scott [4]:

r (A) = 0.0123 M0-588 )

where M, is the relative molecular mass of the PS
standard.

Pressure stability

Analytical columns (100 X 4.6 mm I.D.) in stan-
dard chromatographic equipment (Varian VISTA
5500) were used to determine the relationship be-
tween flow-rate and back-pressure for the CSPs and
the original support particles. Four different mate-
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rials, three based on TRIM and one on silica parti-
cles, were tested. The swollen materials had similar
particle sizes, 9-11 ym. The flow-rate was contin-
uously increased to a maximum of 1.0 or 10.0 ml/
min over 10 min, and then continuously decreased
to zero also over 10 min. The pressure drop over the
column was recorded continously as the flow-rate
changed.

Characterization of support particles and CSPs

The pore size distribution and pore volume of
small pores (20-60 A in diameter) were measured
by nitrogen adsorption and desorption according to
the method of Emig and Hofmann [5], whereas the
pore size distribution and pore volume of large
pores (>60 A in diameter) were measured by mer-
cury porosimetry on a Micromeritics Model 9310
pore sizer. Specific surface area was measured with
a Micromeritics Flowsorber 2500.

The particle size distribution of dry particles was
determined from scanning electron microscopy
(SEM) micrographs on an ISI 100 U instrument,
and of swollen particles from light micrographs.
The number-average particle size (D,) was calculat-
ed from measurements on 1000 particles.

The amount of unreacted double bonds in the
materials was measured by the bromine addition
method, as reported previously [6].

RESULTS AND DISCUSSION

Chiral stationary phases (CSPs) were prepared
by polymerization of the chiral monomer, N-acryl-
oyl-S-phenylalanine ethyl ester, in the pore system
of pre-made macroporous support particles. Immo-
bilization of the chiral polymer to the support parti-
cles affects the prepared CSPs particle size and po-
rosity (Table II). To clarify the properties of the
support particles and the observed changes in the
properties of the CSPs, a brief description of parti-
cle structure and of the proposed mechanism of
particle formation [7] will be given. In the present
discussion, the main emphasis is on experiments
with the TRIM-based support particles A and B
(Table I).

Particle structure formation of TRIM particles
Polimerization of TRIM monomer is thought to
result initially in the formation of linear TRIM
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TABLE 11
CHARACTERIZATION OF TRIM-BASED MATERIJALS
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Material Chiral polymer  Particle Toluene Surface Pore volume (cm?/g)
(%, wiw) size swelling area
(pem) (g/®) (m?g) 20-60 A >60 A
A 0 7.2 4.0 494 0.22 0.50
A 24 9.1 25 342 0.13 1.20
A 37 9.2 1.9 181 0.06 0.88
A 50 - 1.7 40 0.01 0.20
B 0 8.3 1.5 490 0.21 0.88
B 6 - 1.2 514 0.19 0.83
B 11 83 1.1 461 0.17 0.76
B 21 8.4 1.1 321 0.12 0.58

polymer molecules, as methacrylic groups on ad-
jacent TRIM residues in a linear TRIM oligomer
molecule cannot add to each other owing to steric
restrictions [8]. In media of good solvency, as with
toluene, the linear TRIM polymer would be solu-
ble. Such linear TRIM polymer molecules will
copolymerize with growing chains, giving rise to
branched molecules. Particle formation probably
occurred via a phase separation process that first
involved intermolecular cross-linking of branched
molecules, leading to the formation of small swollen
microgel particles (200-500 A). Larger structural
units, referred to as grains, having a size in the
range 1000-1500 A, were then formed by succesive
agglomeration of microgel particles. The interstices
between the microgel particles and other packing
defects in the grains may account for the presence of
a fairly open network of fine pores (<60 A in diam-
eter) in the final particles. The interstices between
the grains form a continuous macroporous network
(>60 A in diameter). This type of particle forma-
tion mechanism [7] would be relevant for material A
particles, which were prepared using toluene as the
porogenic agent. As will be discussed more fully be-
low, the toluene swelling of A particles was about
five times the total pore volume of the dry particles
(Table IT). This behaviour can be explained by re-
expansion of micropore domains that collapsed
during drying.

Polymerization of TRIM in the presence of a po-
rogenic agent of poor solvency, toluene-isooctane
(1:1), resuited in material B particles (Table I).
These had a low swelling capacity, which was only

slightly (about 30%) larger than the total pore vol-
ume of the dry particles. In this instance, phase sep-
aration was probably predominantly due to a pre-
cipitation mechanism resulting in the formation of
bundles of tightly packed linear polymers of TRIM
[7]. Further agglomeration resulted in the forma-
tion of fine microsphere particles. The final particies
consisted of coagulated microspheres. Owing to
packing defects, the latter particles contained small
pores (Table II). However, these small diameter ‘
pores did not shrink noticeably during drying or
expand on immersion in toluene.

Swelling of TRIM particles

As support materials A and B both contain high-
ly cross-linked material, their difference in swelling
capacity (Table II), can largely be explained by the
difference in the way their structural elements are
joined together, rather than by a difference in the
degree of cross-linking.

The toluene swelling of material A (Table II) cor-
responded fairly well with the toluene to TRIM ra-
tio used in its preparation (Table I). This means
that the swelling resulted in a reversal of the particle
contraction that occurred during drying. The pres-
ence of bundles of flexible, crosslink-deficient mole-
cules in the contact zones between intraparticle sub-
structures is probably responsible for the reversible
contraction and expansion of the particles during
drying and swelling. Interestingly, support material
A showed almost the same swelling capacity, 4.0
4.5 ml of swelling agent per gram of dry particles, in
all organic solvents tested (Fig. 2), irrespective of
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Fig. 2. Solvent uptake (swelling capacity) of support material A
for different solvents.

their polarity. This suggests that the internal com-
pression stress, built up during the drying process,
relaxed as a solvent was introduced into the pore
system. Similar swelling results have been reported
for other highly cross-linked polymer particles [9].
Except with water, only a minor increase in particle
swelling was observed as the swelling time was in-
creased from 1 h to 24 h, whereas the water swelling
doubled, approaching that of organic solvents after
24 h. This probably reflects the low plasticizing abil-
ity of water towards the TRIM polymer.

For B particles, the total pore volume of the dry
particles corresponded fairly well with the volume
of porogenic solvent used in their preparation (Ta-
ble I). As discussed above, the toluene swelling was
poor. These observations suggest that, in this in-
stance, collapse and re-expansion of the small pores
did not occur, or occurred to only a very limited
extent. This supports the suggestion that the phase
separation mechanism differed between porogenic
media of high versus low solvency towards TRIM
polymers.

TRIM-based chiral stationary phases

The functionalization process. Functionalization
of TRIM particles involved polymerization of the
chiral monomer in the pore system of the support
particles. This was done in the presence of a solvent
for the functional polymer and its monomer. Im-
mobilization probably occurred by copolymeriza-
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tion of the chiral monomer with residual double
bonds present in the support particles. Continuous
overnight extraction of the CSPs with organic sol-
vents and their long-term stability in the chromato-
graphic experiments strongly indicate that the chi-
ral polymer was bound to the support matrix by
covalent bonds. The consumption of residual dou-
ble bonds during the grafting process to material A
was verified by analysis based on bromine addition
(Fig. 3) and by *3C cross-polarization magic angle
spinning NMR analysis [6].

The maximum amount of chiral polymer that
could be bound to the particles was found to vary
with their swelling capacity and with the amount of
residual double bonds. Up to 60% (w/w) chiral
polymer could be immobilized to the highly swell-
ing support material A, whereas a maximum of
21% (w/w) of chiral polymer could be immobilized
to the poorer swelling support material B. A similar
relationship between support swelling and the
amount of grafted polymer has been reported previ-
ously with other kinds of polymeric support parti-
cles [10,11]. The higher grafting capacity of A parti-
cles compared with B particles can probably be ex-
plained as follows. The average number of unreac-
ted double bonds in A and B particles was 9 and 6
mol%, respectively, of the initial amount of double
bonds of TRIM monomer. For both materials, on
maximum grafting, the amount of unreacted double
bonds decreased to about 3 mol%. The remaining
unreacted double bonds were obviously inaccessible
to further grafting reactions. As a result, material A
contained about twice as many accessible double
bonds as did material B, or about 0.5 mmol/g
TRIM particle. The difference in structure and its
effect on swelling can explain the higher relative ac-
cessibility of the double bonds on material A.

The high yield of grafting and the simplicity of
the functionalization method represent great ad-
vantages of the present support particles. As out-
lined under Experimental, the functionalization
technique involved first the preparation of a suspen-
sion of porous support particles in water. To this
suspension was then added a monomer—toluene so-
lution containing a thermal initiator, which was
sucked into the porous particles by capillary forces.
The volume of the monomer solution added corre-
sponded to the swelling capacity of the particles as
determined in experiments with toluene. As the
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polymerization and grafting reactions are almost
complete, predetermined amounts of grafted func-
tional polymer can be introduced in the particles
simply by changing the concentration of the func-
tional monomer in the added monomer solution.
The functionalization method described is thus very
suitable for work with expensive monomers. The
concentration of chiral monomer in the monomer
solution during preparation of CSPs was between
0.3 and 5.0 mol/l.

Chain length of grafted chiral polymer. The graft-
ed chiral polymer may be attached to the support
by one or several bonds, resulting in the formation
of polymer loops. If the distribution of unreacted
double bonds over the pore surface is assumed to be
uniform, the amount of unreacted double bonds per
unit volume of pores is much higher in the micro-
pores than the macropores. Hence smaller loops
would be formed in the micropores than the macro-
pores.

An estimation of the loop size or chain length of
the grafted chiral polymer, based on the consump-
tion of double bonds (Fig. 3), predicts a very small
average loop size, only about 2-4 monomer units.
Such a small loop size would seriously restrict the
conformational freedom of the chiral polymer and
result in a low enantioselectivity [1]. In all likeli-

Material A

Mol% unreacted double bonds
per g TRIM-particles

0 1 ] 1 1 [

0 10 20 30 40 50 60
Mass% chiral polymer

Fig. 3. Amount of unreacted residual double bonds of material A
as a function of the amount of immobilized chiral polymer. The
amount of unreacted double bonds is expressed in mol% of the
initial amount of unreacted double bonds per unit mass of
TRIM monomer. The bromine addition method was used for the
determination of the unreacted double bonds.

85

hood, the distribution of loop size was broad. In the
micropores, where the concentration of residual
double bonds would be high, probably very small
loops are formed, whereas in the macropores the
loops might be long. This may be understood as
follows. Assume functionalization of support parti-
cles A with 0.25 g (1 mmol) of chiral monomer/g
TRIM. This would result in a decrease in the
amount of unreacted double bonds in the TRIM
particles by 3 mol% (0.26 mmol)/g TRIM (Fig. 3).
If two thirds of the consumed double bonds in the
TRIM particles react with only one monomer unit
each, the remaining amount of chiral monomer
(84% of the added amount) would form a grafted
chiral polymer with an-average chain length of ten
monomer units (M, = 2500). This loop size corre-
sponds to the distance between cross-links in mate-
rial F and should, as will be discussed further be-
low, give the same enantioselectivity as the latter
material.

Particle size and volume expansion

The number-average particle size (D,) of unmod-
ified support material A, A(0%), and material A
immobilized with 37% (w/w) of chiral polymer,
A(37%), was determined in both the dry and swol-
len states. On immersion in toluene, the particle size
of material A(0%) increased from 7.2 ym (dry ma-
terial) to 10.5 um, whereas that of material A(37%)
increased from 9.2 um (dry material) to 10.7 um.
Introduction of the chiral polymer in the pore sys-
tem of the highly swelling particles thus resulted in
an irreversible increase in particle diameter (Table
II). This confirms the assumption that a fraction of
the chiral polymer becomes grafted in the swollen
micropores, which would prevent them from con-
tracting to their original size during drying.

The volume expansion factor on grafting was 2.1,
as calculted from particle size data on dry material
A(0%) and A(37%) (Table II). An alternative vol-
ume expansion factor for dry particles was calculat-
ed by comparing the total volume of modified mate-
rial A, per unit mass of TRIM (i.e., volume of 1 g of
TRIM matrix plus volume of chiral polymer per
gram of TRIM and the total pore volume per gram
of TRIM), with that of the original support materi-
al A, assuming that both TRIM and the chiral poly-
mer have unit density. This calculation gives a par-
ticle volume expansion factor of 1.8. The discrep-
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ancy between these results is probably due to minor
errors in the particle size determinations. The swell-
ing of the particles was not isotropic, however, This
is obvious from the observation that per gram of
TRIM, the pore volume of pores with a diameter
exceeding 60 A increased by a factor of 3.2 on going
from material A(0%) to A(24%). The pores thus
expanded much more than the highly cross-linked
part of the TRIM matrix. With material B, mea-
surements indicated the particle volume expansion
factor and the expansion factor for macropores
(>60 A in diameter) to be close to unity, i.e., no
significant matrix expansion was observed.

25
. a
2 2} A(24%)
= A(37%)
GE 15 -
S
@
S 1 |- A500
S d (50%)
S o5
a

)

0 w

0 0.5 1 1.5
Chiral polymer (g/g TRIM)

1.5

B(6%)  g(119)

B(21%)

0.5 |

Pore volume (cm 3/g TRIM)

0 I 1 1
0 0.1 0.2 0.3 0.4

Chiral polymer (g/g TRIM)

Fig.4. Effect of the amount of immobilized chiral polymer on the
specific pore volume of (a) material A and (b) material B. & =
Total pore volume; O = pore volume of pores larger than 60 A
in diameter; O = pore volume of pores between 20 and 60 A in
diameter.
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Fig. 5. Relationship between amount of immobilized chiral poly-
mer and the specific surface area of materials A and B.

Porosity

Results from pore volume and specific surface
area measurements for materials A and B before
and after functionalization are presented in Table
II. As shown in Fig. 4a for material A(0%) and
A(24%), and suggested by particle size measure-
ments, the total pore volume is increased after the
grafting. The increase in pore volume depends on
the previously discussed irreversible volume expan-
sion of the particles due to deposition of polymer in
the small pores. For the poorly swelling material B,
a decrease in the total pore volume was observed at
a comparable loading of chiral polymer (Fig. 4b).

The specific surface area of chiral stationary
phases, based on materials A and B, decreases li-
nearly with increasing amount of immobilized chi-
ral polymer (Fig. 5). The decrease in surface area
with increasing amounts of immobilized chiral
polymer shows that grafting results in filling of the
small pores which account for most of the specific
surface area of the material. Extrapolation of the
lines in Fig. 5 back to zero concentration of grafted
polymer suggest that the specific surface area of the
hypothetically unfunctionalized but expanded par-
ticles A and B would be 636 and 596 m?/g TRIM,
respectively.

The cumulative pore volume curves for pores
larger than 60 A in diameter changed, as shown in
Fig. 6. Comparison of the two support materials A
and B shows that material B contains a higher vol-
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Fig. 6, Cumulative pore volume distribution curves of support
materials A and B.

ume fraction of volume of material B (Table II).
The cumulative pore volume curves for CSPs of
material A and B are shown in Fig. 7. The irrevers-
ible volume expansion of material A(24%) is clearly
observed in Fig. 7a.

Accessibility of the pore system in CSPs

A problem that arises from the introduction of
the chiral polymer into the pore system of the sup-
port is whether the analytes can penetrate into the
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pores after this functionalization. In separate study
published elsewhere [12], another batch of support
material A was functionalized by polymerizing
acryloyl or methacryloyl chloride in the particle
pore system. It was found that, even though a large
fraction of the acid chloride polymers was localized
in the micropores, these groups could be reacted
with amines or alcohols to yield amides and esters
in almost quantitative yields.

The amount of TRIM matrix of support particles
A and B per unit length of packed column was con-
stant, 0.25 and 0.53 g per column, respectively, and
independent of the amount of immobilized chiral
polymer (Fig. 8). The lower amount of support ma-
terial A per unit length of column, as compared
with support material B, is due to the greater vol-
ume swelling of material A. A linear decrease of the
elution volume of TTB with an increase in the
amount of immobilized chiral polymer was ob-
served for the CSPs. From this decrease, the exclud-
ed volume was calculated to be 1.5 cm? per gram of
chiral polymer.

Pore accessibility was examined by inverse size-
exclusion chromatography (SEC) using commer-
cially available polystyrene (PS) standards having
relative molecular masses ranging -from 600 to
-2 700 000. The diameters, d (A), of the PS standards
were calculated according to the equation given by
Van Kreveld and Van den Hoed [13]. The maxi-
mum elution volume in the chromatographic sys-
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Fig. 7. Cumulative pore volume distribution curves for CSPs based on (a) support material A and (b) support material B.
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Fig. 8. Amount of dry column material as a function of the
amount of immobilized chiral polymer for materials A and B.
Columns, 100 X 4.6 mm 1.D.

tem was measured with TTB, which is assumed to
be non-retained by the support particles and the
CSPs. The degree of permeation of the test mole-.
cules into the pore system of the polymer particles
depends on both the amount of immobilized chiral
polymer and the size of the test molecule. The re-
sults from the SEC experiments, presented in Fig. 9,
show the decreased accessibility of the pore system
due to the presence of the chiral polymer. These
results confirm the presence of swollen chiral poly-
mers in the macropores of the materials, especially
for material A (50%). The porosity and separation
range of TRIM particles have recently been deter-
mined from SEC experiments in toluene by injec-
tions of PS standards [14]: the total separation
range for one type of TRIM particles was reported
to range between M, 250 and 2 700 000 of the PS
standards, i.e., about the same separation range as
for support particles A and B in the present study.

Mechanical stability

The relationship between flow-rate and pressure
drop of columns containing different support parti-
cles (A, B and silica particles) is presented in Fig.
10. As expected, the pressure drop of the column
packed with the highly swelling material A in-
creased very rapidly with increased in flow-rate.
The poorly swelling material B yielded a pressure
drop curve similar to that of the silica material at
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Fig. 9. Elution volume curves of (a) support material A and
material A(50% chiral polymer) and (b) support material B and
material B(21% chiral polymer) for TTB and different PS stan-
dards.

flow-rates up to 5 ml/min, i.e., a range that is useful
for chromatographic experiments. No permanent
increase in flow-resistance was observed for materi-
al B or the silica material by decreasing the flow-
rate continously to zero, as is demonstrated by the
symmetry of the curves showing the increase and
the decrease of the flow (Fig. 10). An identical result
of the pressure drop curve for material B was ob-
tained by repeating the experiment after a pause of
5 min to allow the material to subside. The high
pressure drop over the column at high flow-rates
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Fig. 10. Mechanical stability of different support particles, mea-
sured as the effect of the flow-rate on the column pressure drop.
The linear increase and decrease in the flow-rate was 1 ml/min.
Columns, 100 x 4.6 mm 1.D.; mobile phase, toluene.

(over 5 ml/min) thus seems to depend on reversible
deformation (compression) of the particles. A sig-
nificant increase in pressure stability was observed
for material A as chiral polymer was immobilized to
the particles. The column packed with material
A(41%) manifests good chromatographic perform-
ance at flow-rates up to 1 ml/min, as compared with
the column containing unmodified support material
A (Fig. 11).

TABLE III
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Fig. 11. Effect of the flow-rate on the column pressure drop of
support material A and material A immobilized with 41% (w/w)
of the chiral polymer. The linear increase and decrease in the
flow-rate was 0.1 ml/min. Column, 100 x 4.6 mm I.D.; mobile
phase, toluene.

Characterization of DV B and styrene—TRIM-based
materials

Other support particles that have been used for
immobilization of the chiral polymer are support
particles C and D, prepared with DVB, and support
particles E(50/50), E(40/60) and E(20/80), prepared
by copolymerization of styrene (S) with TRIM in
different ratios (S/TRIM) (Tables I and III).

The DVB-based support particles, C and D, are

CHARACTERIZATION OF DVB- AND S/TRIM-BASED MATERIALS

Material Chiral polymer  Particle Toluene Surface Pore volume (cm?/g)

(%, w/w) size swelling area

(um) (g/8) (m*g) 20-60 A >60 A

C 0 9.4 2.6 736 0.38 0.94
C 14 649
C 44 118 0.26
D 0 25 1.0 543 0.25 0.51
D 5 483
D 18 245 0.22 0.31
E(50/50) 0 5-20 33 3 0.00 0.05
E(50/50) 9 3.6 2
E(40/60) 0 5-20 3.1 2 0.00
E(40/60) 16 3.5 3
E(20/80) 0 5-20 34 132 0.10 0.17
E(20/80) 23 3.9 4 0.00 0.14
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similar to the TRIM-based support particles, A and
B, both in properties and behaviour. Consequently,
as with the TRIM based particles, higher amounts
of chiral polymer could be immobilized to the high-
ly swelling support material C than to the poorly
swelling support material D (Table ITI). The surface
areas of the CSPs show a linear decrease with in-
creased amounts of immobilized chiral polymer. As
with the TRIM-based materials, a linear decrease of
the elution volume of TTB with an increased
amount of immobilized chiral polymer was ob-
served. The excluded volume for TTB on material
D was 1.5 cm?/g chiral polymer, i.e., comparable to
that obtained on CSPs of material A and B.

The S/TRIM-based E(S/TRIM) particles (Tables
I'and III) differ in properties from the other support
particles, A-D. The specific surface area and the
total pore volumes of E particles are both very low,
i.e., homogeneous particles without any porosity in
the dry state are obtained if a relatively large
amount of styrene is copolymerized with TRIM
(Table III). The swelling capacities of the three dif-
ferent E materials are similar and fairly high, about
3.3 g of toluene per unit mass of dry material. This
indicates the presence of a pore system that collaps-
es during drying of the material. The maximum
amount of immobilized chiral polymer increases as
the amount of TRIM in the support particles in-
creases; the highest amount of immobilized chiral
polymer, 23% (w/w), was obtained with the E(20/
80) particles, whereas only 9% (w/w) of chiral poly-
mer could be immobilized to E(50/50) particles (Ta-
ble III). This may depend on larger amounts of
available and accessible unreacted double bonds in
the support particles with high amounts of TRIM,
as for material E(20/80).

Chiral separations

The focus of this work has been on the character-
ization of the CSP, and not on screening
enantiomer separations. Comparison of the materi-
als has been based on the separation factor (o val-
ues) obtained for chlorthalidone as a model sub-
stance. A typical chromatogram of the separation
of chlorthalidone has been reported previously [1].

Enantioselectivity versus amount of chiral polymer
and kind of support. All CSPs manifested an in-
crease in enantioselectivity with increase in the
amount of immobilized chiral polymer (Fig. 12).
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Fig. 12. Relationship between the amount of immobilized chiral
polymer and the separation factor of chlorthalidone for CSPs
A-E.

The highest separation factors per gram of immobi-
lized chiral polymer were obtained for CSPs derived
from the poorly swelling support particles of types
B and D. However, as large amounts of chiral poly-
mer are grafted to the highly swelling particles A
and C, similar separation factors are obtained for
these materials as for the poorly swelling materials
B and D.

The observed difference in enantioselectivity of
the TRIM-based CSPs may be explained by the
chain length, or loop size, of the grafted chiral poly-
mer. As mentioned before, the amount of polymer-
izable residual double bonds in support particle A is
estimated to be twice that in support particle B. Ow-
ing to the large amount of unreacted double bonds
in A particles and the high local concentration of
double bonds in the small pores, a substantial frac-
tion of the added chiral monomer forms only very
short chains or loops (probably shorter than 24
monomer units), mainly located in the micropores.
The results indicate that chains of such small size
have little or no enantioselectivity. This is probably
due to their poor capacity to form favourable enan-
tioselective conformations. As larger amounts of
chiral monomer are used in the functionalization
process, the amount of grafted chiral polymer with
a large loop size increases. Owing to the more com-
pact structure of B particles, which seem to contain
micropores with low swelling capacity, a larger

1500
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fraction of the added chiral monomer forms suffi-
ciently long enantioselective chiral loops than in
grafting to A particles.

The proposed explanation of the effect of chiral
polymer chain length on CSP enantioselectivity is in
accord with previously reported results on the effect
of the degree of cross-linking on the enantioselectiv-
ity of soft chiral gels, namely that an increase in the
degree of cross-linking gives a decrease in enantio-
selectivity [15]. The enantioselectivity of unsupport-
ed chiral gels is reported to be completely lost if as
much as 50% of cross-linker is used in their prep-
aration [15]. The soft unreinforced chiral gel used in
this work, material F, was made in the presence of
10 mol% of cross-linker. This would result in an
average chain length of the chiral polymer of ten
chiral monomer units. As discussed above, loops of
this length may well be present in the CSPs based on
TRIM particles.

Surprisingly, high separation factors for chlor-
thalidone were obtained on CSPs prepared from the
different support particles E (Fig. 12). Despite the
materials having little or no porosity in the dry
state, the grafted chiral polymer obviously has suffi-
cient flexibility to create enantioselective conforma-
tions. The enantioselectivity of these CSPs and their
physical properties, such as their low porosities and
high swelling capacity, support the presence of a
pore system in the materials that collapses during
drying, and re-emerges in a good polymer solvent.

Although no effect of the functionality of the dif-
ferent polymer particle matrices (TRIM or DVB)
on enantioselectivity is observed for chlorthalidone,
such an effect could probably be observed for other
racemates. The highest enantioselectivity obtained
for chlorthalidone, on CSPs A-D (a = 1.5), is simi-
lar to that obtained on unreinformed soft chiral
gels, such as material F (to be discussed below), and
significantly higher than that obtained on a silica-
based (commercial) CSP (HIBAR Prepacked Col-
umn RT 250-4; Merck, Darmstadt, Germany) (« =
1.25) containing 16% of the chiral polymer [1].

Chromatographic properties

Irrespective of whether TRIM- or DVB-based
particles were used as supports, the capacity factors
for the analytes studied, both chiral and achiral,
increase non-linearly with an increase in the
amount of immobilized chiral polymer (Fig. 13).
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Fig. 13. Exponential dependence between the capacity factors
(k') of (a) chlorthalidone and (b) three achiral analytes on the
amount of immobilized chiral polymer on CSPs based on materi-
al A. Column, 100 x 4.6 mm 1.D.; mobile phase, n-hexane-
dioxane (55:45, v/v); flow-rate, 0.5 ml/min; detection, UV (254
nm).

The effects of temperature on separation factors,
capacity factors and column efficiency are shown in
Figs. 14-16. The capacity and selectivity factors are
reduced by an increase in temperature, whereas the
efficiency of the columns is improved. These results
are typical of most chromatographic systems and
can be explained by a reduced viscosity of the mo-
bile phase which increases the diffusion and mass
transfer rates, thus improving column efficiency.
The highest column efficiency, presented in Fig. 17
as the height equivalent to a theoretical plate
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polymer); column, 100 x 4.6 mm I.D.; mobile phase, n-hexane—
dioxane (55:45, v/v); flow-rate, 0.7 ml/min; detection, UV (254
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(HETP), was obtained for achiral compounds at ve-
ry low flow-rates. No increase in peak widths with
an increase of the amount immobilized chiral poly-
mer could be observed.

Long-term stability and loadability of the columns
The CSPs A-E show very good long-term stabil-
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Fig. 15. Effect of column temperature on the capacity factors (k')
of chlorthalidone. CSP, material B (21% chiral polymer); col-
umn, 100 X 4.6 mm LD.; mobile phase, n-hexane-dioxane
(55:45, v/v); flow-rate, 0.7 ml/min; detection, UV (254 nm).
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ity. No change was observed in either selectivity or
retentton after continuous elution of more than
1000 column volumes of mobile phase (Fig. 16).
Nor could any change in selectivity be observed af-
ter repacking CSPs that had been dried and stored
for several months at ambient temperature. The
loadability of the materials containing large
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Fig. 17. Effect of flow-rate on the height equivalent to a theoret-
ical plate (HETP) on support material B. Column, 100 x 4.6
mm [.D.; mobile phase, n-hexane—dioxane (55:45, v/v); detec-
tion, UV (254 nm).
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Fig. 18. Long-term stability of material A (33% chiral polymer).
Analyte: chlorthalidone. Column, 250 X 4.6 mm 1.D.; mobile
phase, n-hexane—dioxane (50:50, v/v); flow-rate, 0.8 ml/min; de-
tection, UV (254 nm).

amounts of chiral polymer seems to be fairly good.
On an analytical column (250 x 4.6 mm 1.D.), ma-
terial A(55%), 1.2 mg of 7-methoxycoumarin dimer
[16] or 5 mg of chlorthalidone could be completely
separated in one run. The CSPs should therefore be
of interest for preparative or semi-preparative ap-
plications.

TABLE IV

EFFECT OF SUSPENSION AND CO-STABILIZERS ON
ENANTIOSELECTIVITY OF SOFT CHIRAL GELS

Between ‘9 and 10 mol% of the cross-linker EDMA, calculated
on the amount of added chiral monomer, were used in the prep-
aration of the CSPs

CSP Suspension stabilizer Separation
factor
Type Content (o)
(%, wiw)*

F1 PVAI 5.00 1.5

F2 PVAI 0.06 1.5

F3 without PVAI 1.5

F4 Rhodoviol 0.1 1.6
Ammonium laurate 5.0

F5 Rhodoviol 0.1 1.5
PVAc 0.25

“ Amount (g) of suspension stabilizer per 100 g of water.
® Added to the organic phase.
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o with PVAI

Separation factor (o)
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Fig. 19. Effect of the suspension stabilizer PVAl on CSP enantio-
selectivity for chlorthalidone. The CSPs are based on support
material A. Columns, 100 X 4.6 mm 1.D.; mobile phase, n-hex-
ane—diozane (55:45, v/v); flow-rate, 0.7 ml/min; detection, UV
(254 nm).

Effect of suspension stabilizer on enantioselectivity

Blaschke and co-workers [15,17] found the enan-
tioselectivity of soft chiral gels to depend not only
on the structure of the chiral monomer and the de-
gree of cross-linking, but also on the amount and
kind of the suspension stabilizer used in the prep-
aration of the CSPs. An increase in enantioselectiv-
ity with respect to mandelic acid was obtained when
the amount of suspension stabilizer poly(vinyl alco-
hol) (PVAIl) in water was increased from 0.25 to
2.5% (w/w), whereas enantioselectivity was com-
pletely lost on changing the suspension stabilizer to
polyvinylpyrrolidone (PVP).

The role of the suspension stabilizer was taken
into consideration in the present study, where the
preparation of soft unreinforced chiral gels, materi-
al F, using various kinds and amounts of suspen-
sion stabilizers, was included with a view to com-
paring the effect of suspension stabilizer on enantio-
selectivity (Table IV). In our work, the amount and
type of suspension stabilizers were found to have
only a minor effect on the enantioselectivity of the
soft giral gels (F). These findings are inconsistent
with those reported by Blaschke and Donow [15].

Preparation of CSPs based on support material A
in the presence of the suspension stabilizer PVAI
[5% (w/w) in the water phase] did, however, affect
the CSP enantioselectivity with respect to chlorthal-
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idone. On comparable CSPs, the selectivity factors
were significantly smaller for materials prepared in
the presence of the suspension stabilizer (Fig. 19).
The formation of non-enantioselective aggregates
between the chiral polymer and PVAI] would seem
to be the reason for the lower enantioselectivity ob-
served. The aggregate formation was confirmed in
an experiment in which the chiral monomer was
polymerized from a hot (80°C) homogeneous, aque-
ous solution containing 5% (w/w) of PVAI. A col-
loidal dispersion was obtained. The isolated prod-
uct (a slimy mass) was insoluble in water, 6 M urea
and all commonly used organic solvents, and no
swelling of the material was observed in any of these
solvents. According to elemental analyses, the ma-
terial consisted of about equal amounts of chiral
polymer and suspension stabilizer (PVAl). At-
tempts were made to use this material as a CSP, but
without success. In another experiment, it was
found that a solid aggregate was formed at the in-
terface between a 5% (w/w) aqueous PVALI solution
and a toluene solution of the chiral polymer. This
interface aggregate manifested the same properties
(of solubility, swelling and enantioselectivity) as the
above-mentioned material obtained on polymeriza-
tion. These observations clearly show the presence
of fairly strong interactions between PVAI and the
chiral polymer used, probably ascribable to a mul-
tiplicity of acid—base interactions. Further studies
of the role of these interactions in the present con-
text have not been made.

CONCLUSIONS

Large amounts of chiral polymer can be irrevers-
ibly immobilized to support particles by using resid-
ual double bonds in macroporous support particles
as “handles” for the grafted polymer. The amount
of immobilized chiral polymer can easily be varied,
up to a maximum, by simply changing the mono-
mer concentration in the added monomer solution,
as the conversion of polymerization and grafting
reactions are complete. The swelling capacity of the
support particles and their content of residual dou-
ble bonds are determinants of the maximum
amount of immobilized chiral polymer. The enan-
tioselectivity of the CSPs is comparable to that of
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unreinforced soft chiral gels and higher than that of
a comparable commercial CSP based on silica parti-
cles. The simple and straightforward method of in-
troducing flexible chiral polymers to porous poly-
mer particles presented in this paper should be use-
ful for the preparation of stationary phases for ana-
lytical and preparative chiral separations, and pos-
sibly also for other kinds of chromatographic
applications.
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Synthesis by olefin hydrosilation on a silicon hydride-
modified alumina intermediate

Joseph J. Pesek, Junior E. Sandoval and Minggong Su
Department of Chemistry, San Jose State University, 1 Washington Square, San Jose, CA 95192 (USA)

(First received August 11th, 1992; revised manuscript received October 16th, 1992)

ABSTRACT

A silanization procedure is used to form a layer of silicon hydride on the surface of alumina. IR and NMR data confirm the presence
of the hydride on the surface. Modification of the hydride intermediate is accomplished by reaction with a terminal olefin in the presence
of a transition metal catalyst to form an alkyl-bonded material. Both IR and NMR confirm the bonding of the alkyl ligand to the
hydride surface. Chromatographic tests indicate reversed-phase behavior. Exposure to high concentrations of phosphate solution for
an extended period resulted in no significant deterioration of the bonded phase.

INTRODUCTION

Silica-based stationary phases for HPLC have
dominated HPLC applications for three decades.
Their main advantages include availability in a va-
riety of particle and pore sizes, high mechanical
strength and reproducible separations with the
same column under controlled experimental condi-
tions. However, there are some disadvantages
which preclude silica from being a universal support
for HPLC and/or limit the scope and type of sep-
arations possible. For example, there are many
manufacturers of silica, each using its own process
for production, which has resulted in a wide sub-
strate variation. In addition, even from a single
source there are significant batch to batch varia-
tions which often make comparisons between dif-

Correspondence to: J. J. Pesek, Department of Chemistry, San
Jose State University, 1 Washington Square, San Jose, CA
95192, USA.
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ferent columns of the same stationary phase diffi-
cult. Probably the most serious drawback of silica
and derivatized silica involve its limited pH stabil-
ity, generally in the range of 2 to 8 [1,2]. This has led
to the development of novel modification schemes
for silica [3], the incorporation of other compounds
such as zirconia into the silica matrix [4], or the use
of alternate materials such as polymers [5-7].
Alumina offers still another alternative to silica
because of its inherent higher pH stability. How-
ever, in contrast to its extensive use as a medium in
column chromatography for purification purposes
or for separations in the normal-phase mode, there
are still relatively few reports involving alumina-
based materials in the reversed-phase (RP) mode.
Considering that RP methods represent the major-
ity of HPLC applications, it will be necessary to
develop modified aluminas similar to those that ex-
ist for silica. Only then will it be possible to identify
any advantages that alumina may possess over sil-
ica because of its fundamentally higher pH stability.

1993 Elsevier Science Publishers B.V. All rights reserved
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Knox and Pryde [8] were among the first to de-
scribe modifications to alumina which could be
used in RP-HPLC. These phases were synthesized
using standard organosilane chemistry which can
be described by the following reaction:

=Al-OH + X-Si(R"),(R") » =Al-O-Si(R"),(R")
+ HX

R’ is generally a methyl group for typical mono-
meric and methoxy or ethoxy for polymeric station-
ary phases. However, no further work followed
these initial reports. Another possibility involves
physically coating alumina with a polystyrene—divi-
nylbenzene copolymer, polybutadiene or polyocta-
decylsilane [9]. These materials have excellent pH
stability but often display strong retention, high
column backpressures due to swelling in certain sol-
vents and/or poorer chromatographic efficiency
when compared to normal chemically bonded sta-
tionary phases [9]. Another approach for monomer-
ic bonding can be accomplished by reacting organic
phosphonic acids with alumina. This method leads
to an = Al-O-P-R linkage at the surface. An octa-
decyl phase prepared by this approach was used in
basic solvents (at pH values > 10) and with basic
solutes [10]. However, no stability studies were done
in order to determine the long-term reproducibility
of these results. It was also noted that these linkages
were unstable in phosphate buffer solutions. In an-
other study, a variety of modification schemes in-
volving Grignard reagents as well as organolithium
and organoaluminum compounds were evaluated
[11]. The results were not totally satisfactory but
they certainly indicated that other methods of mod-
ification should be explored.

Recently it has been demonstrated that hydride
intermediates on silica are a viable alternative to
organosilane chemistry for producing bonded phas-
es [12-14). The final material contains a silicon—car-
bon bond at the surface which has been shown to
have superior hydrolytic stability in comparison to
the silicon—oxygen-silicon—carbon linkage that re-
sults when an organosilane reagent is used. The
method involves forming a monolayer of silicon hy-
dride on the surface which can then be reacted with
a terminal olefin compound in the presence of a
suitable catalyst to yield the final product. On silica,
the hydride can be formed from either chlorination
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of the surface followed by reduction with a species
such as lithium aluminum hydride [12] or by reac-
ting silica with triethoxysilane (TES) in an acidic
medium [15]. Since the latter procedure is both fas-
ter and more efficient, it is the method of choice for
producing the hydride intermediate. A similar ap-
proach for the synthesis of monomeric alumina-
based stationary phases is reported here. The silicon
hydride-modified alumina is prepared by silaniza-
tion with TES in the presence of water, HCl as a
catalyst and dioxane as the solvent:

HCI
=Al-OH + H-Si(OEt); —MM >
water, dioxane
O
I
=Al-O-Si-H
l
O

Bonding of the organic moiety then follows by hy-
drosilation of a terminal olefin on the hydride inter-
mediate in the presence of a platinum catalyst:

o
| Pt-catalyst
=Al-O-Si-H + CH,=CH-R —>
|
o
(0]
|
=Al-O-S i —-CH,-CH,-R
I
o

From a practical point, the above method does in-
volve a two-step process in contrast to the single
silanization reaction utilized in the preparation of
commercial chromatographic materials. Therefore,
reproducibility in the synthetic process will be an
ultimate concern when considering the usefulness of
the proposed method. This first report presents the
synthetic protocol for the proposed method as well
as spectroscopic and preliminary chromatographic
evaluation of the new material. Subsequent reports
will give involve more rigorous chromatographic
testing.
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Materials

Alumina (Biotage) with a mean particle size of 8
um, a mean pore size of 334 A and a BET surface
area of 49.0 m?/g was dried overnight at 110°C un-
der vacuum before use. In the synthethic proce-
dures, TES (Huls America), 1-octene and 1- octade-
cene (Sigma) were used as received. The solutes
used in the chromatographic testing were purchased
(Aldrich) in the highest purity available. Water was
purified on a Millipore filter system. All other mo-
bile phases were of HPLC quality and synthetic ma-
terials were purchased in reagent grade. A commer-
cial sample of C, phosphonate alumina (Biotage)
was used for comparison studies.

Synthetic procedures

Preparation of silanized alumina. Dried alumina
(5 g) was placed in a 250-ml three-neck round-bot-
tom flask with 110 ml of dioxane. The flask was
placed in an oil bath at 80°C and then 5 ml of 3.1 M
HCI was added while stirring. After several min 35
mi of TES (0.2 M in dry dioxane) in a self-equaliz-
ing funnel was added dropwise. This corresponds to
a 10% excess of TES with respect to hydroxides on
the alumina surface as determined by thermogravi-
metric analysis (TGA). The mixture was then re-
fluxed for 5 h to ensure complete reaction of the
available hydroxide groups [15]. After this period
the TES alumina was washed successively twice
with 100-ml portions of dioxane—water (80:20),
dioxane and ether. The solid was then dried at room
temperature for 4 h at atmospheric pressure fol-
lowed by 1 h at 110°C under vacuum.

Preparation of Cs and C,s alumina. The olefin
(150 ml) and 1.00 ml of 50 mM dicyclopentadienyl
platinum (II) in dry chloroform were placed in a
three-neck round-bottom flask equipped with a
condenser and a magnetic stirrer. The mixture was
heated up to 70°C and maintained at this temper-
ature until the solution became clear (at least 1 h).
Then 5.0 g of hydride alumina (predried overnight)
was added slowly by means of an addition funnel.
After all the hydride alumina was in the flask, the
solution temperature was raised to 85°C and main-
tained at this temperature for 96 h. The product was
washed consecutively with 100-m! portions of tolu-
ene (4 times), dichloromethane (2 times) and diethyl
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ether (2 times). The final product was first dried in
air at room temperature for 12 h and then under
vacuum at 110°C for 12 h.

Product evaluation and characterization

Spectroscopic and elemental analysis. All samples
were analyzed by diffuse reflectance infrared Fou-
rier transform (DRIFT) on a Perkin-Elmer Model
1800 spectrometer. Elemental analysis was per-
formed on a Perkin-Elmer Model 240C Elemental
Analyzer. TGA was done on a Perkin-Elmer Model
2 instrument. Differential scanning calorimetric
(DSC) was done on a Perkin-Elmer Model 7 sys-
tem. 13C, 2°Si and ?"Al cross-polarization magic-
angle spinning (CP-MAS) NMR spectra were ob-
tained on a Bruker MSL 300 spectrometer. For *C
and 2°Si, parameters similar to those reported in the
literature were used [16]. For 27Al, a recycle time of
5 s and a contact time of 5 ms required about 2000
scans to obtain the typical spectrum. Spectral sim-
ulation was done using the LINESIM program pro-
vided with the instrument. Analysis of silicon by
atomic spectroscopy was done on a Beckman SMI
Model IIT d.c. plasma spectrometer.

Stability studies. A methanol-water (0.1 M pH 7
phosphate buffer) (50:50) was used as the mobile
phase. A test mixture (theophyline, p-nitroaniline,
methylbenzoate, phenetol and o-xylene) was inject-
ed after each 100 column volumes of mobile phase.

Chromatographic studies. The bonded aluminas
were packed into a 150 x 4.6 mm I.D. stainless-
steel column using a pneumatic amplification pump
(Haskel) with methanol as the driving solvent. The
instrumentation consisted of a Hewlett-Packard
Model 1050 HPLC equipped with quaternary sol-
vent delivery, an autosampler, a variable wave-
length detector and a Chemstation for data analy-
sis.

RESULTS AND DISCUSSION

In order for efficient silanization to occur on the
alumina surface, it is necessary to know reasonably
well the number of hydroxides per unit area. This
can be determined by TGA analysis which gives a
value of about 40 umol/m?. This value is certainly
high when compared to most common chromato-
graphic silicas which have about 8 umol/m?. How-
ever, it has been shown {15] that certain silicas (Vy-
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dac TP, The Separations Group) sometimes give
values in excess of 40 umol/m? for hydroxide deter-
mination by TGA and this has been attributed to
either a large number of micropores and/or some
tightly held water that is not easily removed during
the initial heating to 110°C although the latter is
unlikely under the drying condition used [17]. Since
it is not known whether all hydroxyls measured by
TGA will react during the silanization process, the
nominal 10% excess of reagent used in the reaction
may actually represent a considerably greater value.

The success of the silanization process can most
easily be evaluated by DRIFT analysis. Fig. 1A is
the spectrum of bare alumina which can be com-
pared to Fig. 1B of the hydride-modified alumina
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showing the strong Si—H stretching band near 2260
cm ™!, However, the position and width of the band
are constant even as the extent of silanization is var-
ied. The total amount of silane on the surface is
determined by placing the material in strong base
(0.1 M NaOH), heating and stirring for several h in
order to strip off the silicon layer(s). Analysis by
plasma emission spectroscopy results in a value of
15.1 umol/m? of Si on the surface. Only 38% of the
total hydroxides as determined by TGA apparently
reacted. Therefore, the unreacted OH groups prob-
ably represent hydroxides which are inaccessible to
the TES because of steric considerations [17].

A much better indication concerning the nature
of the hydride-modified material can be obtained
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Fig. 1. DRIFT spectra of alumina materials: (A) bare alumina, (B) hydride alumina and (C) reaction product of hydride alumina with

1-octadecene.
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Fig. 2. 2°Si CP-MAS-NMR spectra of alumina materials: (A) hydride alumina and (B) reaction product of hydride alumina with

1-octadecene.

from the 29Si CP-MAS-NMR spectrum. Fig. 2A
shows a typical spectrum of an alumina following
reaction with TES. The major peak at —85 ppm
can be readily assigned to the Si-H group. How-
ever, two other minor peaks are also present in the
spectrum. By analogy to spectra taken on silica, the
peak at — 110 ppm (Q,) can be assigned to a silicon
with four siloxane bonds while the peak at —100
ppm (Q5) can be assigned to a silicon that has three
siloxane bonds and one hydroxide group. These res-
onances are not part of any expected monolayer or
multilayer structure since each silicon atom must
have a hydride attached to it. Therefore the pres-
ence of Q4 and Q3 resonances must be due to either
impurities in the starting reagent or some subse-
quent decomposition of the hydride-modified sur-
face. Additional experiments are currently under-
way to study this problem. Despite these unknown
aspects of the hydride surface, it was decided to try
the olefin additions and test the product phases.
Both 1-octene and 1-octadecene were catalytical-
ly bonded to the hydride-modified material. Ele-
mental analysis of the two products gave coverages
of 5.5 and 4.4 ymol/m? for the Cg and C, 5 bonded
phases, respectively. This represents reaction of

36% and 29% of the available hydrides for the two
materials. Fig. 1C is a typical infrared spectrum of a
product phase from the reaction of 1-octadecene
with the hydride alumina. The strong bands be-
tween 2800 and 3000 cm ™! are the expected C-H
stretching vibrations for the bonded alkyl moiety.
The appearance of the C-H bands is accompanied
by a diminishing of the Si-H band at 2260 cm ™7,
which is expected when the hydride reacts with the
olefin.

The success of the bonding reaction can also be
confirmed by CP-MAS-NMR spectroscopy. Fig.
2B shows the 2°Si spectrum of the C;s bonded
phase. In comparison to the hydride material, an
additional peak at about —65 ppm is observed
which can be attributed to the Si—C linkage formed
in the bonding process. As expected a decrease in
the signal intensity of the Si—-H peak near — 85 ppm
occurs. The presence of the siloxane species (Q4 and
Q3), as evidenced by the peaks at —110 and — 100

ppm, are even more prominent in this spectrum. It

is unclear whether there is an actual increase in in-
tensity of these peaks, or as is more likely, their
relative intensity compared to the other peaks in the
spectrum has increased. When compared to the



100

1 1 1 t 1 L L

J. J. Pesek et al. | J. Chromatogr. 630 (1993) 95-103

60 40 20
PPM

Fig. 3. 13C CP-MAS-NMR spectrum of product from the reaction of hydride alumina with t-octene.

spectrum of hydride material, the Q3 peak has ap-
parently increased relative to the Q, peak. Fig. 3
shows the '*C CP-MAS spectrum of the octyl mate-
rial which also verifies the bonding of the alkyl via
olefinic addition. The peak positions in this spec-
trum as well as that of the C, 5 are identical to those
obtained for bonding similar species to silica surfac-
es [16].

Finally, the 2’ Al CP-MAS-NMR spectrum pro-
vides additional evidence to characterize the mod-
ification of the surface. Fig. 4A is the 27Al spectrum
of the C;5 modified alumina. Similar to other re-
ports in the literature on aluminas [18,19], the spec-

A
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50 0 -50
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Fig. 4. 27Al CP-MAS-NMR spectra of product from the reac-
tion of hydride alumina with l-octadecene: (A) experimental
spectrum, (B) simulated spectrum and (C) simulated spectrum
with individual components.

trum consists of two major peaks: the smaller peak
at about 60 ppm represents tetrahedrally (T4) coor-
dinated aluminum ions and the peak at 1 ppm rep-
resents octahedrally (Oy) coordinated aluminum
ions. The Ty resonance is about 18% of the total
peak area which is in good agreement with the 15—
20% tetrahedrally coordinated AI®* found in most
hydrated aluminas. Fig. 4B is the simulated spec-
trum while Fig. 4C represents the individual com-
ponents in the simulated spectrum. Whether the
three peaks in the simulated O, portion of the spec-
trum are due to three different Al13* environments
or whether this just represents an increased distor-
tion of octahedral symmetry by modification that
results in enhanced quadrupolar effects (for 27Al,
I = 5/2) due to a non-symmetric electric field gra-
dient is not clear. However, in the absence of effec-
tive cross-polarization (CP) the distortion in the oc-
tahedral peaks is much less indicating that species
being observed in the CP spectrum are close to the
surface where all of the available hydrogens are lo-
cated. Table I is a comparison of the various peak
areas for the bare, hydride, C;5 and commercial
aluminas. The areas of peaks 1 (T,) and 2 remain
relatively constant within experimental error except
for the C, 5 sample which appears to decrease slight-
ly while peak 3 decreases. Peak 4 is not present for
the bare alumina, is small for the hydride alumina
species and increases further for the C,g alumina.
The appearance of peak 4 can be interpreted as the
formation of new species (hydride or alkyl bonded
moiety) or by an increased distortion of the O,
symmetry during the modification process.
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TABLE I

RELATIVE PEAK AREAS FOR SIMULATED COMPO-
NENTS IN 27Al CP-MAS-NMR SPECTRA OF VARIOUS
ALUMINAS

Sample Peak number®

Td Oh

1 2 3 4
Bare alumina 0.18 0.48 0.33 -
Hydride alumina 0.16 0.52 0.28 0.05
C,; alumina 0.20 0.43 0.24 0.14
Biotage C, 4 0.17 0.51 0.24 0.08

(phosphonate ester)

@ Refer to Fig. 4 for peak labeling. Error in relative peak areas,
+0.03.

Fig. 5 shows the DSC/air curve of the hydride
modified alumina. There is a single distinct peak for
the thermooxidative process which has a maximum
between 520-530°C. This can be compared to simi-
lar peaks for the polyhydrosiloxane (polymeriza-
tion product of TES. in the absence of alumina)
which occurs at 365°C and the peak for hydride:sil-
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ica which occurs at 430-450°C [15]. Two conclu-
sions can be drawn from this result. First, it is clear
from the large shift in the peak for the thermoox-
idative process that the hydride surface is chemical-
ly bonded to the alumina surface as opposed to be-
ing a physically adsorbed layer of polymerized ma-
terial. Second, the shift to an even higher temper-
ature for alumina when compared to silica indicates
a greater thermal stability for the hydride-modified
silica. This may be useful when comparing the rela-
tive chemical stabilities under agressive mobile
phase conditions.

Since the spectroscopic studies indicated both
successful formation of a hydride surface and sub-
sequent hydrosilation with an olefin, some prelimi-
nary chromatographic experiments were undertak-
en in order to determine the retention properties of
these materials. A test mixture consisting of theo-
phylline, p-nitroaniline, methylbenzoate, phenetol
and o-xylene was run on both the Cg alumina syn-
thesized from the hydride intermediate and a com-
mercial C;g alumina. The chromatograms are
shown in Fig. 6A and B, respectively. In general
separation is good by both materials with slightly
more asymmetry, except for theophylline, in the
peaks for the phosphonate column. Table II-sum-

Heat Flow (W/g)

0.0+

| i i }
300.0 350.0 400.0 450.0 500.0

Temperature {°C)

| } !
550.0 600.0 650.0 700.0

Fig. 5. DSC curve for the thermooxidation of hydride-modified alumina.
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Fig. 6. Chromatogram of test mixture for reversed-phase behavior: (A) C,, from hydride and (B) phosphonate C,s- Mobile phase:
acetonitrile-water (50:50). Peaks: 1 = theophylline; 2 = p-nitroaniline; 3 = methylbenzoate; 4 = phenetol; S = o-xylene.
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TABLE II

EFFICIENCIES AND PEAK SYMMETRIES FOR HYDRO-
SILATION AND PHOSPHONATE ALUMINA C,; COL-
UMNS

Peak” Efficiency Assymmetry factor
Hydrosilation C, 4 column
1 860 2.15
2 3070 1.40
3 1500 1.60
4 1930 1.35
5 2000 1.25
Phosphonate C, 4 Column
1 1880 2.10
2 1890 2.50
3 1150 2.70
4 1030 2.85
5 950 3.10

o

Refer to Fig. 6 for peak identification.

marizes the efficiency (calculated with a base at
10% of the peak height) for both types of columns.
Data for the Cg column from the hydride intermedi-
ate gave similar results to the Cyg but with lower
capacity factors. Both the Cs and C,s phases syn-
thesized in this study were exposed to phosphate
containing mobile phases at neutral pH with no evi-
dence of deterioration in chromatographic per-
formance or loss of bonded material as measured
by elemental analysis.

In conclusion, it appears that the silanization/ole-
fin addition procedure is a viable approach to the
synthesis of various alkyl-bonded stationary phases
on alumina. The product shows no evidence of de-
composition in the presence of phosphate, as is re-
ported for the commerical material. Preliminary
chromagraphic results indicate satisfactory separa-
tion under reversed-phase conditions where peak
symmetry is good. Future studies will involve the
nature of the hydride layer and its effect on chro-
matographic properties as well as the stability of the
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bonded material under more severe mobile phase
conditions.
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ABSTRACT

Three reversed-phase systems [based on the divinylbenzene—styrene copolymer (PRP-1), the C, ¢-derivatized divinylbenzene-styrene
copolymer (ACT-1), and the Nucleosil C4 columns] were studied for their suitability in lipophilicity determination. Acetonitrile-water
was selected as the mobile phase. Correlation between log &’ and log P for both the PRP-1 and Nucleosil C, systems was superior to
the correlation between log k" and either log P, or log P (oct = octanol; cyc = cyclohexane) on the ACT-1 column. On the PRP-1
and Nucleosil columns, correlation between log k" and log P, , was much improved when test compounds were grouped into classifica-

tions of non-H bonding, single amphiprotics (alcohols, phenols, amides) or double amphiprotics. Although the PRP-1 system gave
broad peaks with lipophilic substrates, there was good correlation between log k' values on the Nucleosil silica-based reversed-phase

system and the polymer PRP-1 system, indicating that either is suitable for the determination of lipophilicity.

INTRODUCTION

While the lipophilicity index based on octanol-
water partitioning (log P,.) ts well established in
studies of quantitative structure—activity relation-
ships [1,2], the lack of convenience and reliability of
the traditional “‘shake-flask”’method for log P, de-
termination [3,4] has encouraged investigations into
alternative methods. Since the mid-1970s, reversed-
phase HPLC has been investigated for this purpose,
and there have been several reviews of this area of
research [5-11]. Generally, studies have evaluated
the correlation between measured (or determined)
lipophilicity and the logarithm of the capacity fac-
tor (k).

The goal for many has been the development of a
single HPLC system which will provide a direct
measure of reliable log P, values for any given test

Correspondence to: D. P. Nowotnik, Bristol-Myers Squibb
Pharmaceutical Research Institute, 1 Squibb Drive, P.O. Box
191, New Brunswick, NJ 08903-0191, USA.

0021-9673/93/806.00 ©

compound. A wide variety of reversed-phase HPLC
systems have been examined for this purpose. For
one HPLC system to mimic partitioning in octanol-
water it is necessary for the hydrophobic and hy-
drophilic interactions in the stationary and mobile
phases to be similar to those interactions in (respec-
tively) the octanol and aqueous bulk phases. Reten-
tion in reversed-phase packing materials is primar-
ily attributed to hydrophobic interaction, whereas
partitioning into the octanol is effected by both
hydrophobic and hydrogen bonding interactions.
Methanol appears to be the preferred organic
modifier for the determination of lipophilicity by
reversed-phase HPLC [7]. It has been suggested that
ODS systems eluted with methanol-water provide
good log k'—log P, correlations as methanol coats
the reversed phase, giving it the necessary hydro-
gen-bonding properties to act as an octanol mimic
(for example refs. 12 and 13). A high proportion of
methanol in the eluent seems to be required to ob-
tain a good correlation between log &' and log Py
[13,14], although this is not always the case (for ex-

1993 Elsevier Science Publishers B.V. All rights reserved
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ample, ref. 15). Using either methanol or acetoni-
trile as the organic modifier, there have been many
reports where log k' in reversed-phase HPLC corre-
lates well with the log P, values of a set of congen-
ers (for example, refs. 16-20). However, correlation
can be poor when test compounds are non-congen-
ers (for example, refs. 21-25). Thus, it would appear
that good correlation between log k' and log P,
(when non-congeners are examined) may be re-
stricted to certain combinations of stationary
phase-mobile phase.

In those cases where it is necessary to group con-
geners to achieve good correlation between log k'
and log P, the classifications were typically non-H
bonders, H-bond acceptors, and amphiprotics.
Taking non-H bonders as the reference, then H-
bond acceptors can show greater binding to ODS
columns than might be expected from their log P
values [26-29] although amine additives can, in
part, correct this deviation by blocking free silanol
groups [30-32]. Amphiprotics generally display log
k' values which are lower than predicted from their
log P, values [27,33-35], presumably resulting
from the lower contribution of H-bonding to parti-
tioning into the lipophilic stationary phase com-
pared to that found in the octanol bulk phase.

Kaliszan [10] and Braumann [7] have suggested
that the search for the perfect HPLC system for
determining log P, values might be a futile exer-
cise. For quantitative structure-activity relation-
ships (QSARs), reversed-phase HPLC log k' values
could be used directly, particularly as the interac-
tions in “dynamic” reversed-phase HPLC might
provide a better model of solute interations with
biomembranes than “static” liquid-liquid parti-
tioning [5,36,37]. There are now many examples of
QSAR correlations which use log k' as the measure
of lipophilicity [7,10,38], and correlations can be at
least as good or better than provided by use of log
P, values [39].

One potential problem to the use of log k* lipo-
philicity values is that, unlike log P, the scale is
not universal; i.e. any given log k” value is specific to
one HPLC system, which cannot readily be repro-
duced elsewhere with certainty. Braumann [7] ex-
amined six ODS columns, and found that log k.,
values for any given test substrate were similar on
all systems, indicating that log k%, might be used as a
universal indicator of lipophilicity. However, other
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studies have shown that log k', is not universal {40],
which is not surprising given the diverse character-
istics of ODS columns from different commercial
sources [41]. Therefore, while log k’ values may be
used directly for QSARSs studies, in reporting these
data, it is still necessary to provide some data on the
calibration of HPLC systems used in lipophilicity
determination so that the log k' values and conclu-
sions from the QSARs may be utilized by other re-
searchers.

Our interest in lipophilicity determination stems
from the necessity of developing structure—distribu-
tion relationships (SDRs) for the discovery of new
99mT¢ radiopharmaceuticals [42]. Problems of sta-
bility and purity with many *°™Tc compounds in-
dicate that an HPLC method for lipophilicity deter-
mination is preferable over the “shake-flask” meth-
od. In developing an HPLC method for the deter-
mination of lipophilicity of °°™Tc¢ radiopharma-
ceuticals, two groups independently selected the
Hamilton PRP-1 column [43,44] calibrated to pro-
vide log P values. More recently, log &’ values were
used directly [45]. This column contained one of the
first commercially available polymer-based re-
versed-phase packing materials. As it does not con-
tain any uncapped silanol groups, the PRP-1 resin
should not display any selective binding of basic
compounds, as seen with most silica-based re-
versed-phase columns.

During the initial evaluation of the PRP-1 col-
umn with highly lipophilic compounds, Feld and
Nunn [44] determined that use of aqueous methanol
as mobile phase resulted in unacceptibly broad
peaks and long retention times. Feld and Nunn
found that acetonitrile was a superior organic mod-
ifier for use with this column, and selected a mobile
phase of acetonitrile-ammonium acetate buffer
(65:35) [44]. This system was calibrated using stan-
dard organic compounds and log P data from the
MedChem database [46]. However, there are some
reported disadvantages of the PRP-1 packing mate-
rial (low plate number and excessive resin swelling)
[47], and n—r interactions with solutes may provide
an additional retention mechanism [11]. As a result,
we decided to investigate the potential of a other
reversed-phase stationary phases (retaining the ace-
tonitrile-ammonium acetate buffer mobile phase)
for the determination of lipophilicity. We report
here the results of studies using the divinylbenzene-
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styrene copolymer (PRP-1), the C18-derivatized di-
vinylbenzene-styrene copolymer (ACT-1), and the
Nucleosil C8 columns for this purpose. Log k' val-
ues of test compounds obtained on these systems
are compared to log P, and log P, values for
these compounds, obtained from the MedChem da-
tabase.

EXPERIMENTAL

The following column-solvent combinations
were examined (all systems tested used isocratic
eluents):

(a) Interaction ACT-1 150 x 4.6 mm, 10 um res-
in, eluted with acetonitrile-pH 4.6 0.1 M ammoni-
um acetate buffer (70:30), at 0.75 ml/min.

(b) Nucleosil Cg 150 x 4.6 mm, 5 um resin, elut-
ed with acetonitrile-pH 4.6 0.1 M ammonium ace-
tate buffer (60:40), at 1.5 ml/min.

(¢) Hamilton PRP-1 150 x 4.1 mm, 10 um resin,
eluted with acetonitrile—pH 4.6 0.1 M ammonium
acetate buffer (65:35), at 2.0 ml/min.

The HPLC system used consisted of two Rainin
Rabbit HPX pumps, controlled by a personal com-
puter operating Gilson 712 software. The system
was fitted with a Kratos UV detector, operating at
210, 230 or 254 nm (as appropriate for the analyte).
The system allowed the moment of sample injection
to be detected by the software, and sample retention
times were provided automatically by the software
on data analysis. The retention time of sodium ni-
trate (detected at 210 nm) was used as the column
dead-time. All retention times were determined in
triplicate, and the mean used to determined log &'

HPLC columns were obtained from Alltech.
HPLC-grade acetonitrile was obtained from J.T.
Baker. Water was obtained from a Milli-Q puri-
fication system. All solvents were filtered and de-
gassed prior to use.

Ammonia solution and glacial acetic acid were
obtained from Mallinckrodt. pH 4.6 0.1 M Ammo-
nium acetate buffer was prepared by dissolving 6.75
ml of concentrated ammonium hydroxide solution
and 11.5 ml of glacial acetic acid in 500 ml of water,
and diluting to 2 1. :

All test compounds were obtained from Aldrich.

Measured octanol-water partition coefficients
were obtained from the MedChem database [46], as
log P* (the most reliable determined value of log
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P,.) values. For three compounds (N,N-diethyl-m-
toluamide, triphenylmethane and 2,6-diphenylphe-
nol) log P* values were unavailable, so cLog P (the
value of log P, calculated by MedChem software)
values were used instead. The values are listed in
Table I.

Measured cyclohexane-water partition ratios
were also obtained from the MedChem database,
and are listed as log P.,.. If several log P, values
were given in the MedChem database, the mean
value was used (excluding any values which deviat-
ed substantially from the others). In some cases, log
P, . values were calculated from given Cs—Cg or
C,g n-alkane-water partition ratios, using the con-
versions derived by Seiler [48].

RESULTS AND DISCUSSION

Determination of lipophilicity with the PRP-1 col-
umn

As indicated earlier, our original decison to use
the PRP-1 column for lipophilicity determination
was based upon a preference to have a packing ma-
terial devoid of free silanol groups (which can pro-
vide mechanisms for the retention of amines in ad-
dition to partitioning). A polymer-based column
appeared to be suitable for these studies [16,49],
even though low plate number and resin swelling
problems were reported for the PRP-1 packing ma-
terial. Good resolution between peaks was not a
requirement of the study, and, provided that a sin-
gle isocratic eluent was used, resin swelling would
not be an issue (i.e. the void volume would remain
constant). However, for the examination of lipo-
philic compounds (log P, > 2), a high proportion
of an organic modifier was required, to elute such
compounds in a reasonably short time. Feld and
Nunn [44] elected to use acetonitrile—aqueous am-
monium acetate (65:35) after evaluating a number
of solvent combinations. This percentage of organic
modifer is within the recommended guidelines
(>25% water) which followed a multi-center Eu-
ropean study on the determination of log P, by
HPLC [50], and appeared to provide reliable log
P, values based on calibration curves containing
relatively few example compounds [44]. Feld and
Nunn [44] observed two calibration curves; one for
compounds without hydroxyl groups, and one for
compounds which contained an hydroxyl group.
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TABLE I
LOG P, AND LOG P, VALUES OF TEST COMPOUNDS USED IN THIS STUDY

n/a = Log P value not available

Compound log P, log P, Compound log P, log P,
Acetanilide 1.16 —1.51 Ethyl acetate 0.73 0.34

p-Anisidine 0.95 —0.40 Ethylbenzene 3.15 2.76

Anisole 2.11 2.10 4-Ethylphenol 2.58 0.38
Benzaldehyde 1.48 1.24 Formamide —-1.51 —5.06

Benzamide 0.64 —1.28 4-Hydroxybenzamide 0.33 n/a

Benzene 2.13 2.38 2-Hydroxybenzyl alcohol 0.73 n/a
Benzophenone 3.18 3.29 2,6-Lutidine 1.68 0.67

Benzyl alcohol 1.10 —-0.70 Methylene chloride 1.25 n/a
4-Chloro-3-methylphenol 3.10 0.15 1-Naphthol 2.84 0.54
4-Chloroaniline 1.83 0.64 2-Naphthol 2.70 0.09
o-Dichlorobenzene 3.38 3.47 Napthalene 3.30 3.49
N,N-Diethyl-m-toluamide 231 n/a Phenol 1.46 —0.81
1,5-Dihydroxynapthalene 1.82 —2.23 N-Phenyl benzylamine 3.13 n/a
N,N-Dimethylbenzamide 0.62 n/a 2-Phenylphenol 3.09 1.71
1,2-Dichloroethane 1.48 1.67 Pyridine 0.65 —0.41
5,5-Diphenylhydantoin 247 —2.34 Quinoline 2.03 1.26
Diphenylmethane 4.14 n/a Resorcinol 0.80 -3.79
Diphenylmethanol 2.67 n/a Toluene 2.73 3.15
2,6-Diphenylphenol 5.25 n/a Triphenylmethane 5.80 n/a

B-Estradiol 4.01 —0.02 Uracil -1.07 n/a

We have extended the calibration of the PRP-1 sys- Linear regression analysis of the data was per-
tem by measuring the log k' of more compounds, formed in plotting all log k* values against log P,
particularly compounds containing single hydroxyl log P, and log k' values of compounds separated
and amide groups, and compounds with two am- into classes of non-H bonders, single amphiprotics
phiprotic substituents. The log k' values obtained (compounds with one hydroxyl or amide substit-
are listed in Table II. uent), and double amphiprotics. Compounds with
TABLE 11

LOG k' VALUES DETERMINED ON THE PRP-1 COLUMN

Compound log k&’ Compound log k&’
Acetanilide -0.24 2,6-Diphenylphenol 1.30
Anisole 0.63 f-Estradiol 0.14
Benzamide —0.49 Ethyl acetate -0.05
Benzophenone 0.96 4-Ethylphenol 0.13
Benzyl alcohol -0.15 Formamide —1L.11
4-Chloroaniline 0.33 4-Hydroxybenzamide ~0.94
o-Dichlorobenzene 0.94 Methylene chloride 0.27
1,2-Dichloroethane 0.32 Naphthalene 1.15
1,5-Dihydroxynapthalene —0.24 1-Naphthol 0.38
5,5-Diphenylhydantoin -0.18 Phenol ~0.06
Diphenylmethane 1.13 Toluene 0.76

Diphenylmethanol 0.37 Uracil —-1.35
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Fig. 1. Graphs of log k' vs. log P from data obtained on the PRP-1 column. @ = Non-hydrogen bonders; A = single amphiprotics;

€ = double amphiprotics.

two amphiprotic substituents were selected such
that minimal intramolecular H-bonding could oc-
cur. The results are as follows:

log k' vs. log P, (all compounds)
log k' = 0.392 log P, — 0.616; R = 0.879;
n=24 1

log k' vs. log Py (all compounds)

log k' = 0.236 log Py + 0.106; R = 0.966;
n=17 @))]

log k' vs. log P, (matched set?)

log k' = 0.352 log P, + 0.525; R = 0.801;
n=17 3)

log k' vs. log P, (non-H bonders)
log k' = 0.364 log P, — 0.236; R

0.971;
n=10 (4

log k' vs. log P, (all amphiprotics)
log k' = 0.347 log P,., — 0.764; R = 0.937;
n=14 (5)

log k' vs. log P, (single amphiprotics)
log k' = 0.356 log Poei — 0.625; R = 0.993;
n=29 (6)

Il

“ This set contains only those compounds which appear in the
log k' vs. log P, (all) set. The matched set was separated so
that the linear regression analyses between log P__, and log P

i oct cyc
can be compared directly.

log k' vs. log P, (double amphiprotics)
log k' = 0.306 log P,ee — 0.977;, R = 0.966;
n=>5 @)

The overall correlation between log k* vs. log Py,
is far better than the correlation for log &' vs. log
P, (eqns. 2 and 3). This is to be expected since
hydrophobicity is the predominant factor influen-
cing partitioning into both the stationary phase of
this HPLC system, and the cyclohexane bulk phase,
whereas partitioning into octanol, as described ear-
lier, is influenced by both hydrophobic and H-
bonding interactions between solute and solvent.
When separated into amphiprotic (hydroxyl or pri-
mary-secondary amide) and non-H-bonding com-
pounds, correlations between log k' and log P were
improved, but it was clear that compounds contain-
ing two amphiprotic groups fell into a separate class
to those containing a single amphiprotic substit-
uent. Fig. 1 shows the log k'—log P data graphed,
with the separate linear regression lines for the three
classes of compounds examined, using log P, as
the independent variable. '

Determination of lipophilicity with the ACT-1 col-
umn

ACT-1 packing material is a C, g derivatised divi-
nylbenzene-styrene copolymer which is claimed by
the manufacturers to provide better resolution and



110

TABLE III

LOG &' VALUES DETERMINED ON THE ACT-1 COLUMN

D. P. Nowotnik et al. | J. Chromatogr. 630 (1993) 105-115

Compound log k’ Compound log k'
Acetanilide —-0.45 Ethyl acetate -0.35
Anisole 0.21 4-Ethylphenol —0.05
Benzamide —0.68 Formamide —-1.15
Benzene 0.29 2-Hydroxybenzyl alcohol —0.52
Benzophenone 0.48 2,6-Lutidine —0.38
Benzyl alcohol —0.41 Phenol —0.27
4-Chloro-3-methylphenol 0.11 2-Phenylphenol 0.27
4-Chloroaniline -0.04 Quinoline 0.27
o-Dichlorobenzene 0.63 Resorcinol —0.52
N,N-Dimethylbenzamide -0.48 Toluene 043
Diphenylmethanol 0.04 Uracil —1.24

peak shapes than underivatized divinylbenzene—sty-
rene copolymer (e.g. PRP-1). Lambert and co-
workers [51,52] have studied the use of this packing
for lipophilicity determinations in a 5-cm column
(which is not commercially available), and found
that, with a methanol-water eluent, log k" values
were highly correlated to the log Pajxane coefficients
of a diverse set of test samples. Our results using the
ACT-1 column are shown in Table III.

A disadvantage of the ACT-1 column is the flow-
rate restriction for acetonitrile-water mixtures of
0.75 ml/min. At this flow-rate, sample retention
times are generally much longer on the 15-cm
ACT-1 column than on the 15-cm PRP-1 column
running at 2 ml/min. Therefore, while the claims for
ACT-1 (better peak shape than PRP-1 columns)
may be justified at equivalent flow-rates, the low
flow restriction is undesirable when dealing with
highly lipophilic compounds. The results of linear
regression analysis were as follows:

log k' vs. log P, (all compounds)
log k' = 0.361 log P,e — 0.750; R = 0.942;
n=22 8)

log k' vs. log P.y. (all compounds)
log k' = 0.187 log Py, — 0.155; R = 0.925;
n=19 ®

log k' vs. log P, (matched set)
log k' = 0.357 log Pox — 0.728; R = 0.925;
n=19 (10)

log k' vs. log P, (non-H bonders)
log k' = 0.379 log Po, — 0.633; R = 0.986;
n=1717 8

log k' vs. log P, (non-H bonders + H-bond
acceptors)
log k' = 0.401 log P,.;, — 0.712; R = 0.929;

n =10 12)

log k' vs. log P, (all amphiprotics)
log k' = 0.310 log P, — 0.786; R = 0.988;
n=12 (13)

fl

log k' vs. log P, (single amphiprotics)
log k' = 0.295 log P, — 0.756; R = 0.988;
n=9 (14)

log k' vs. log P, (double amphiprotics)
log k' = 0.395 log P, — 0.817; R = 0.999;
n=3 (15)

Graphs of log k' vs. log P, of individual com-
pound classes are shown in Fig. 2. Two distinct
classes can be seen, non-H bonders (a group which
includes H-bond acceptors such as ethers and es-
ters) and amphiprotics. There appears to be no dis-
tinction between compounds having either one or
two amphiprotic groups.

Including all compounds for which log P, or log
P, data are available, correlation between log k'
and either of these parameters is poor. Considering
that an excellent correlation between log & and log
P.ixane Was reported by Lambert and co-workers for
the ACT-1 packing using a mobile phase of aque-
ous methanol [51,52], acetonitrile is clearly inferior
to methanol as mobile phase modifier in conjunc-
tion with this packing material for the measurement
of lipophilicity.

|
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Fig. 2. Graphs of log k' vs. log P from data obtained on the ACT-1 column. B = Non-hydrogen bonders; A = single amphlproncs

¢ = double amphiprotics; ® = H-bond acceptors.

Determination of lipophilicity with the Nucleosil C8
column

The silica-based Nucleosil C8 column was includ-
ed in this study for comparison with the polymer-
based columns. We have used this column previous-
ly [53] and found no evidence that interaction with
free silanols played an appreciable part in the reten-
tion of solutes. By comparison with the PRP-1 col-

umn, the higher plate number and lower lipophilic-
ity of the stationary phase lead to sharper peaks and
shorter retention times. After investigating several.
possible acetonitrile-buffer solvent ratios (not -re-
ported), an eluent containing acetonitrile-ammoni-
um acetate buffer (60:40) was selected such that test
compounds with a wide range of lipophilicities
could be studied using a single solvent ratio. The

TABLE IV

LOG k' VALUES DETERMINED ON THE NUCLEOSIL C; COLUMN

Compound log k' Compound log k'
Acetanilide -0.12 p-Estradiol 0.17
p-Anisidine —-0.12 Ethyl acetate —0.09
Anisole 0.17 Ethylbenzene 0.36
Benzamide —-0.28 Formamide -0.63
Benzophenone 0.33 4-Hydroxybenzamide ~0.52
Benzy! alcohol —0.15 2,6-Lutidine 0.25
4-Chloro-3-methylphenol 0.07 Naphthalene 0.36
4-Chloroaniline 0.08 2-Naphthol 0.06
o-Dichlorobenzene 0.38 1-Naphthol 0.10
1,5-Dihydroxynaphthlene -0.19 Phenol —0.12
N,N-Dimethyl-m-toluamide 0.16 N-Phenyl benzylamine 0.32
N,N-Dimethylbenzamide —-0.10 Pyridine 0.07
5,5-Diphenylhydantoin -0.13 Quinoline 0.23
Diphenylmethanol 0.13 Toluene 0.27
2,6-Diphenylphenol 0.52 Triphenylmethane 0.71
Uracil —-0.74
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retention times of solutes using this system are listed
in Table IV. Results of linear regression analyses on
log k'~log P sets are given below:

log k&’ vs. log P, (all compounds)
log k" = 0.180 log P,,, — 0.325; R = 0.892;
n = 31 (16)

log k' vs. log Py, (all compounds)
log k' = 0.111 log Py + 0.006; R = 0.955;
n =22 17

log k' vs. log P, (matched set)
log k' = 0.164 log P, + 0.267; R = 0.840;
n= 22 (18)

log k’ vs. log P, (non-H bonders)
log k' = 0.161 log P, — 0.186; R = 0.995;
n=10 (19)

log &’ vs. log P, (all amphiprotics)
log &' = 0.175 log Py, — 0.437; R = 0.962;
n=15 (20)

log k' vs. log P, (single amphiprotics)
log k' = 0.164 log P,,, — 0.360; R = 0.992;
n=10 21)

log k' vs. log P, (double amphiprotics)
log &' = 0.180 log P,y — 0.556; R = 0.997;
n=13 (22)

08 T
06 T
04 +
02 4
logk 07
02 4+
04 4

0.6 |

-0.8 u t + —
2 0 2 4 6
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The results were similar to those found on the
PRP-1 system. The overall correlation between log
k" and log P.,. was better than that between log &’
and log P, (eqns. 17 and 18). Correlations between
log k" and log P, were much improved when test
substances were separated into individual classes
(non-H bonders and amphiprotics), and, as was the
case with the PRP-1 system, the correlation be-
tween log k" and log P, of amphiprotics could be
improved further by separating these compounds
into two classes; those containing a single amphi-
protic substituent, and those containing two amphi-
protic substituents. Several compounds with H-
bond acceptor functional groups were also included
in this study, but little correlation was found be-
tween log k' and log P, or log P Those with
non-ionisable functional groups fell on (or close to)
the non-H-bonder trend line. The remainder of the
H-bond acceptors were bases; although weak bases
were selected for study, the pH of the buffer used
(pH 4.6) was probably inappropiate to ensure mini-
mal ionization.

Comparison of the PRP-1 and Nucleosil Cs columns

One purpose for this study was to examine al-
ternative systems to the PRP-1 HPLC method for
the determination of lipophilicity because of the
concerns about resolution and peak shape (highly

I 0-8
] 0.6
+ 04

102

+-0.2

+-0.4

+-06

-0.8

log Pcyc

Fig. 3. Graphs of log k' vs. log P from data obtained on the Nucleosil C; column. 8 = Non-hydrogen bonders; A = single

amphiprotics; ¢ = double amphiprotics; ® = H-bond acceptors.



D. P. Nowotnik et al. | J. Chromatogr. 630 (1993) 105-115

lipophilic compounds gave broad peaks) on the
PRP-1 system. While the Nucleosil C8 system pro-
vided sharper peaks and shorter retention times
than were observed on the PRP-1 system, the
graphs shown in Figs. 1 and 3 suggest that both
systems provided similar data. To confirm this, log
k' values obtained on the PRP-1 system were com-
pared with those on the Nucleosil C8 system.

A total of 20 compounds were examined on both
PRP-1 (PRP) and Nucleosil (Nuc) Cg systems. Lin-
ear regression analysis of log k' values obtained on
both systems gave the following result:

10g k'nue = 0.454 log k'sgp — 0.082. R = 0.995;
n=19 (23)

One compound was excluded from this compari-
son. §-Estradiol had a shorter retention time on the
PRP-1 system than might be expected from its log
P, although its log &k’ on the Nucleosil Cg system
is close to the trend line for compounds with two
amphiprotic groups. The remaining compounds
represent a mixture of non-H bonders, and com-
pounds with one or two amphiprotic substituents.
As there is a highly correlated linear relationship
between the log k' values obtained on either system,
and both show good correlation between either log
Py or log P, (for congeners), either system ap-
pears to be suitable for the determination of lipo-
philicity. As the silica-based column may present
anomalies with certain classes of compounds due to
silanol interaction, the PRP-1 system might be su-
perior, despite giving broad peaks with highly lip-
ophilic compounds.

The influence of hydrogen bonding on log k'
In several previous studies, it was noted that

compounds with amphiprotic substituents formed a

separate group from compounds with no hydrogen
bonding substiuents when correlating log k" and log
P, [for example 27,28,33-35]. This is not unrea-
sonable when partitioning into the stationary phase
has a high hydrophobic and low H-bonding compo-
nents, such that log k' is more closely related to log
Paikane than log P,,. Seiler [48] and others [54-56]
have noted that interconversion of log P, and log
Paikane for any compound involves a term which
sums all intermolecular hydrogen-bonding interac-
tions experienced by that molecule. Thus, all am-
phiprotic compounds should not appear in a single
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series (one highly correlated log k'-log P, plot) in
HPLC systems which show good correlation be-
tween log k' and log Pgjiane. Instead, the deviation
of any compound from the log k'-log P, regres-
sion line should be a function of its intermolecular
H-bonding capacity.

As the log &’ values on the PRP-1 and Nucleosil
Cs systems used in this study demonstrated better
correlation with log P, than log P, we decided to
evaluate whether there was an additive H-bonding
effect on log &’. A series of compounds having two
amphiprotic substituents were selected for evalua-
tion. Compounds were selected on the basis that
little or no intramolecular hydrogen bonding was
possible. When examined on the PRP-1 and Nucle-
osil Cg systems, these compounds clearly formed a
separate group from compounds with only one am-
phiprotic substituent. As expected, the log k'-log
P, regression line of the double amphiprotics de-
viated further from the regression line of non-H
bonders than did the single amphiprotics, as would
be expected from the known relationship between
lOg Poct and IOg Palkane-

The validity of dividing the compounds into the
groups non-hydrogen bonders, single amphiprotics
and double amphiprotics in log k' vs. log P, plots
was tested by two statistical methods. Using analy-
sis of covariance, the slopes of the three sets of data
for each column (PRP-1 and Nucleosil Cg) were
found not to be different, whereas the intercepts
were significantly different at p < 0.05. The Bonfer-
roni multiple comparison procedure was used to as-
certain the pairwise relationship between sets of da-
ta for each column. These were found to be different
at p < 0.001.

CONCLUSIONS

The specific interations experienced by test sub-
strates in shake-flask determinations of lipophilicity
are unlikely to be duplicated exactly in the HPLC
experiment. It is therefore doubtful that any HPLC
system can provide a scale of lipophilicity values
which correlates perfectly with those obtained in
the shake-flask experiment. Instead, HPLC can
provide a scale of lipophilicity which is dependent
upon the column—solvent combination, and which,
as shown by others, can be equally valid in struc-
ture-activity correlations as the log P lipophilicity
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scale. However, HPLC systems do need to be cali-
brated with substances of known (shake-flask) li-
pophilicity, so that lipophilicities (log &’ values) ob-
tained on one HPLC system can be compared to
those obtained on another system.

In this study, the polymer-based PRP-1 and
ACT-1 columns, and the silica-based Cg systems
were compared. The highly retentive nature of the
PRP-1 column towards lipophilic compounds ne-
cessitated the use of acetonitrile as the organic mod-
ifier for this column, and all three columns were
cluted with isocratic acetonitrile-aqueous ammoni-
um acetate. The results from this study indicate that
an acetonitrile-buffer mixture is unsuitable as an
eluent for lipophilicity determination on the ACT-1
column. On the PRP-1 and Nucleosil Cg columns
with acetonitrile-buffer-as eluent, there was far bet-
ter correlation between log &’ and log P.,. than log
k' and log P, (R = 0.966 and 0.801, respectively,
on the PRP-1 column; 0.955 and 0.840, respectively,
on the Nucleosil Cg, from data using matched sets
of compounds). However, when test substrates were
divided into individual classes of non-H bonders,
and compounds with either one or two amphiprotic
substituents, correlation between log k' and log Py,
was notably improved. In plotting log k" vs. log Py,
compounds with either one or two amphiprotic
substituents formed two distinct groups.

There was high correlation between log k* values
obtained on the PRP-1 and Nucleosil Cg systems.
The lipophilicity scale provided by these systems
should place series of compounds in a similar rank
order to that obtained with log P,y measurement,
but the rank order of lipophilicity will only be com-
parable to log P, in series of compounds with simi-
lar hydrogen-bonding properties.
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ABSTRACT

The suitability of eleven silanol-deactivated reversed phases for the liquid chromatography of erythromycin was investigated. The
selectivity and efficiency of each stationary phase were examined. The performance was compared to that of a non-deactivated C,
silica-based reversed-phase material, Hypersil C, ¢ (5 um). Two types of mobile phases were used, one containing no tetrabutylammoni-
um (TBA) and the other containing TBA. Addition of TBA as a silanol-blocking agent improved the theoretical plate number and
symmetry factor of the peaks corresponding to erythromycin A (EA) and erythromycin A enol ether for all the deactivated reversed
phases. These results are an indication of the presence of some residual silanol activity in these phases. Separation of erythromycin E
and EA was achieved on only two of the eleven phases. The selectivity was always poorer than that obtained in a previously described

method using a poly(styrene-divinylbenzene) stationary phase.

INTRODUCTION

A disadvantage of liquid chromatography (LC)
of basic substances on silica-based reversed-phases
is peak tailing due to interaction with residual sila-
nols on the silica backbone. In the LC of the macro-
lide antibiotic erythromycin, which is a mixture of
several related substances all of which are bases,
similar disadvantages were observed. The separa-
tion was improved by adding tetraalkylammonium
compounds to the mobile phase, such as tetram-
ethylammonium phosphate (TMA) or tetrabuty-
lammonium hydrogensulphate (TBA) [1,2], TMA
and TBA can act as silanol-blocking agents, so that
interaction between erythromycin and the silanols
is weakened. It was also observed that older col-
umns performed better [1]. Ageing of Cg- and C,¢-
derivatised silica-based reversed phases improved

Correspondence to: J. Hoogmartens, Laboratorium voor Farma-
ceutische Chemie, Instituut voor Farmaceutische Wetenschap-
pen, Katholieke Universiteit Leuven, Van Evenstraat 4, B-3000
Leuven (Belgium)

0021-9673/93/$06.00  ©

the chromatography. It is believed that heating a
packing material, conditioned with a mobile phase
containing phosphoric acid, removes metal impuri-
ties from the silica backbone and hence influences
the silanol activity. Nevertheless, large differences
in selectivity were seen between different brands of
reversed-phase materials [2,3]. _

In recent years, several silica-based reversed
phases have been developed that are especially suit-
able for the chromatography of basic substances.
These “‘silanol-deactivated” materials are claimed
to have strongly reduced residual silanol activity
and to produce better peak symmetry and efficien-
cy. As a consequence, addition of triethylamine or
tetraalkylammonium compounds would become
superfluous. The suitability of several silanol-deac-
tivated stationary phases for the LC of erythromy-
cin was investigated. A non-deactivated silica-based
reversed-phase material, Hypersil C;g (5 um), was
used as a reference. The selectivity and efficiency of
each stationary phase were determined, first with a
mobile phase containing no TBA and then with a
mobile phase containing 5% (v/v) of 0.2 M TBA. In

1993 Elsevier Science Publishers B.V. All rights reserved
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a previous study, the composition of the latter mo-
bile phase was shown to be suitable for the chroma-
tography of erythromycin on silica-based reversed
phases [4]. It was the intention in this study to ex-
amine the performance of silanol-deactivated sta-
tionary phases compared with classical silica gel de-
rivatized reversed phases.

EXPERIMENTAL

Samples

Pure erythromycin A (EA) was obtained by crys-
tallization of a commercial sample as described pre-
viously [5]. Anhydroerythromycin A (AEA) [6],
erythromycin A enol ether (EAEN) [7] and N-de-
methylerythromycin A (d{MeEA) [8] were prepared
from EA according to the described methods. A
commercial sample was available containing EA,
erythromycin B, C, F, E, (EB, EC, EF, EE),
dMeEA, AEA and pseudoerythromycin A enol
ether (psEAEN). Structures of these substances
have been shown elsewhere [9].

Instrumentation

The chromatographic system consisted of a Mod-
el 6200 pump (Merck—Hitachi, Darmstadt, Germa-
ny), a Model CV-6-UHPa N60 injection valve (Val-
co, Houston, TX, USA) with a 20-ul loop, a Model
441 UV detector set at 215 nm (Waters, Milford,

TABLE I
COLUMNS EXAMINED
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MA, USA) and an HP 3396 integrator (Hewlett-
Packard, Avondale, PA, USA). The columns were
maintained at 35°C using an immersion water-bath.

Stationary phases

The columns examined are listed in Table 1. Col-
umns I-VIII were packed by the manufacturer.
Columns IX to XII were packed in the laboratory
following a classical slurry-packing procedure [10].
Column characteristics are reported in Table I. Sta-
tionary phase manufacturers were as follows: A,
Supelco (Bellefonte, PA, USA); B, Rockland Tech-
nologies (Newport, DE, USA); C, Shandon (Run-
corn, UK); D, Merck (Darmstadt, Germany); E,
Phase Separations (Queensferry, UK); F, Chrom-
pack (Middelburg, Netherlands); G, J. T. Baker
(Phillipsburg, NY, USA); and H, Dr. Buszewski
(Lublin, Poland) [11].

Reagents, solvents and mobile phases

Ammonium dihydrogenphosphate and diammo-
nium hydrogen phosphate of analytical-reagent
grade (Merck) were used to prepare a 0.2 M phos-
phate buffer (pH 6.0). Tetrabutylammonium (TBA)
hydrogensulphate (Janssen Chimica, Beerse, Belgi-
um) was used to prepare a 0.2 M TBA solution,
adjusted to pH 6.0 with 40% (w/v) sodium hydrox-
ide, before the solution was made up to the final
volume. LC-grade acetonitrile (grade S) and metha-

Column  Stationary phase Manufacturer Particle size Column® length Laboratory packed
No. (um) (cm) (L) or prepacked (P)
| Supelcosil LC-ABZ A 5 25 P

iI Zorbax R,-C B 5 25 P

111 Zorbax SB-C, B 5 15 P

v Hypersil BDS C C 5 25 |

\Y% LiChrospher 60 D 5 25 P

RP-Select B

VI Spherisorb ODS-B E 5 25 P

Vil Polyspher RP-18 D 10 15 P

VIII Chromspher B F S 25 P

X Bakerbond BDC G 5 25 L

X Mono PB H 5 10 L

XI Mono-C ¢ H 7 10 L

XII Hypersil C 4 C 5 25 L

¢ All 4.6 mm L.D.
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TABLE I
COLUMN PARAMETERS

NEA’ SEA’ NEAEN’ SEAEN
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= theoretical plate number (N) and symmetry factor (S) for EA and EAEN. ~TBA = results obtained with

mobile phase acetonitrile~0.2 M phosphate buffer (pH 6.0)-water [x:5:(95 — x)]; + TBA = results obtained with mobile phase
acetonitrile—0.2 M phosphate buffer (pH 6.0)-0.2 M TBA (pH 6.0)-water [x:5:5:(90 — x)].

Column  Acetonitrile content, x (%) N, /m Sea Ngpn/m .
No.
—TBA +TBA —-TBA +TBA —TBA +TBA —TBA +TBA —TBA +TBA

1 23 20 890 3600 22 0.9 25000 45000 1.4 1.1
11 28 25 440 2900 1.4 0.85 8600 23000 22 22
i 28 21 920 4830 10 1.5 7900 12400 2.0 1.6
v 28 23 1080 3200 2.5 1.0 8200 41200 26 22
\% 38 28 900 3320 6.3 1.2 460 7000 6.1 4.0
VI 28 22 1420 10400 53. 1.1 8800 20100 62 49
VII 40 21 ND* 1180 ND 1.1 ND 470 ND 1.7
VIII 40 20 820 3700 33 1.8 2130 13600 33 1.9
X 30 25 240 2640 32 1.1 ND 2140 >10 29
X 27 24 3740 6180 0.9 0.7 17650 19000 29 1.5
X1 40 30 770 4650 2.8 1.5 1760 3260 30 23
X1 38 23 740 2140 2.8 1.4 2540 2920 24 20

4 ND = not determined.

nol were from Rathburn Chemicals (Walkerburn,
UK). Water was distilled twice from glass appara-
tus. Samples were dissolved in methanol-water
(1:1). Mobile phase were prepared by adding the
organic modifier (x ml) to 0.2 M phosphate buffer
(pH 6.0)-0.2 M TBA (pH 6.0)-water [x:5:5:(90 —
x)} or [x:5:0:(95 — x)]. No correction was made for
volume contraction. Mobile phases were degassed
by ultrasonication. The concentration of acetoni-
trile in the mobile phase was adjusted for each sta-
tionary phase in order to obtain comparable capac-
ity factors for EA (Table II). The flow-rate was 1.5
ml/min for all columns except VII, X and XI (0.6
ml/min). In mobile phases containing TBA the
amount of acetonitrile had to be decreased. The
components of the mobile phases were the same as
described previously for the analysis of erythromy-
cin on C,g silica-based reversed phases [4].

RESULTS AND DISCUSSION

The stationary phases I-XI (Table I), except VII,
are silanol-deactivated silica-based reversed-phase
materials, which are claimed to be suitable for the
chromatography of basic compounds. Column. VII
contains a polymer-based C, s reversed phase. Most
columns had a length of 25 cm. The commercial

columns IIT and VII were available only in a 15-cm
length. Laboratory-packed columns X and XI were
packed in a 10-cm length owing to. the limited
amount of stationary phase available. The residual
silanol activity of these packings should be strongly
reduced or absent. If so, the presence of a quater-
nary ammonium compound such as TBA in the
mobile phase should have no effect on the peak
shape of the basic substances, as TBA is used to
block interactions with residual silanols. The chro-
matography of the antibiotic erythromycin (pK, =
8.8) using silica-based reversed phases is influenced
by the residual silanol activity. It was seen previous-
ly that the chromatography could be improved by
adding TMA [1] or TBA [4] to the mobile phase and
by using aged stationary phases [1-3]. Ageing was
said to eliminate metal impurities from the silica
backbone, hence influencing the silanol activity.
Loss of bonded phase and the consequent increase
in silanol activity observed with some of the re-
versed-phase materials was merely seen as a second-
ary effect of the ageing procedure [3].

In the present study the performance of the sila-
nol-deactivated materials in the LC of erythromy-
cin was examined. As a reference a non-deactivated
C,s reversed-phase material, Hypersil C;5 (5 um)
was used (column XII). This column was not condi-
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Fig. 1. Capacity factors. EA, EB, EC, EE and EF = erythromycin A, B, C, E and F, respectively; dAMeEA = N-demethylerythromycin
A; AEA = anhydroerythromycin A; EAEN = erythromycin A enol ether; psEAEN = pseudoerythromycin A enol ether. Mobile

phase: (=) =

acetonitrile-0.2 M phosphate buffer (pH 6.0)-water [x:5:(95 — x)]; (+) = acetonitrile-0.2 M phosphate buffer (pH

6.0)-0.2 M TBA (pH 6.0)-water [x:5:5:(90 — x)]. Flow rate: 1.5 ml/min except for columns X and XI (0.6 ml/min). Temperature: 35°C.

Detection: UV at 215 nm.

tioned by ageing. In previous experiments it was
observed that the chromatography of erythromycin
was not affected much by ageing of Hypersil C, 3 [3].
The mobile phase used in this study was that previ-
ously shown-to ensure separation of EE from EA
on silica-based reversed phases [4]. Therefore, the
type of organic modifier, the buffer and the pH of

the mobile phase were not further adapted in these
experiments. Indeed, it was the intention of this
study to compare the performance of silanol-deac-
tivated stationary phases with that of classical silica
gel derivatized reversed phases. Capacity factors for
EF, EC, dMeEA, EE, EA, AEA, psEAEN, EB and
EAEN were determined on the twelve stationary
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phases. First a mobile phase without TBA was used
(Fig. 1). The amount (x) of acetonitrile was adjust-
ed for each stationary phase to obtain similar ca-
pacity factors for EA and to optimize the separa-
tion of EA (see Table II).

The sequence of elution of the compounds eluted
before the main peak EA was the same on all the
columns as on the Hypersil C,5 columns viz., EF,
EC, dMeEA, except for column III (a Cg material),
where EC was eluted after dMeEA. Results for col-
umn VII were not included because the selectivity
and peak shapes were very poor, so that capacity
factors, symmetry factors and theoretical plate
numbers could not be determined. It should be em-
phasized that this column contained a polymer-
based stationary phase. The separation of dMeEA
and EE from EA is most difficult to achieve. Satis-
factory separation between dMeEA and EA was
obtained on columns II, III, IV, V, VI, IX and X,
while partial separation was obtained on columns I
and VIII. On columns XI and XII dMeEA was not
separated from the main peak. Separation between
EE and EA was obtained only on columns I and
VIII (partial separation of the pair EE + dMeEA
as a shoulder on the main peak) and on column X
(satisfactory separation between the pair EE +
dMeEA and EA).

The order of elution for AEA, EB, psEAEN and
EAEN was not the same on all the columns. On
columns IT and XI, EB was eluted after psEAEN.
AEA was eluted close to EB and psEAEN on col-
umn III. EAEN was always retained strongly (k' >
30). On several columns &k’ for EAEN exceeded 60.

Fig. 1 also shows the results obtained with mobile
phases containing TBA. Addition of TBA to the
mobile phase caused the retention times to decrease,
so the amount of organic modifier had to be ad-
justed in order to maintain similar capacity factors.
Separation between EE, dMeEA and EA was im-
proved on columns II, ITI, V, VI and XII. Overall,
the pair EE + dMeEA was separated completely
from EA on columns VI and X. Columns I, III,
VIII and XII gave a partial separation. The order of
elution EB-psEAEN was reversed on columns III
and V compared with the results obtained with the
TBA-free mobile phase.

Of course, the separation is governed not only by
the selectivity but also by the theoretical plate num-
ber () per metre and the symmetry factor (S),
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which were calculated for EA and for the strongly
retained EAEN according to the prescriptions of
the European Pharmacopoeia [12]. EAEN was
shown previously to be very sensitive to changes in
silanol activity, caused by ageing of the stationary
phase [3]. In Table II it can be seen that the symm-
etry factor for EA and EAEN always decreased on
adding TBA to the mobile phase. On columns III,
V, VI and IX an important improvement in the
symmetry was observed. Compared with the non-
deactivated column XII, Sgs + TBA was better on
all the columns, except on columns VIII and XI.
The theoretical plate number for EA (Nga) always
increased using a mobile phase containing TBA.
The highest Ng, values were found for the columns
that gave the best separation between EE and EA
(columns VI and X). Ngagn + TBA was higher on
all the deactivated phases than on the non-deactiv-
ated Hypersil C;g column, except for column IX.
Column VII, the polymer-based C;g stationary
phase, which does not have residual silanols,
showed a poor efficiency. The reason for this is not
clear.

Fig. 2 shows typical chromatograms obtained on
columns XII and VI. For comparison, the separa-
tion obtained on a wide-pore poly(styrene—divinyl-
benzene) stationary phase (PLRP-S, 8 ym, 1000 A)
using a previously described method is shown [9]. A
special mobile phase was developed for this column.
A major advantage of this polymer phase is that an
alkaline mobile phase, in this instance of pH 9, can
be used with no effect on the stability. Alkaline mo-
bile phases allow a better separation of erythromy-
cin.

The addition of TBA to the mobile phase clearly
improved the quality of the separation. It was
stated previously that erythromycin and related
substances are very sensitive to small changes in the
sorbent surface, especially to changes in the content
of residual silanols [2]. TBA can act as a shielding
agent for these silanols. At the same time a posi-
tively charged TBA layer can be formed on the sta-
tionary phase surface, causing repulsion of the posi-
tively charged erythromycin molecules. In order to
avoid ionization of silanols it is better to use mobile
phases of low pH. However, the major concern in
this study was to compare the performance of these
phases with that of a non-deactivated silica-based
reversed phase for the chromatography of erythro-
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Fig. 2. Typical chromatograms. (A) Hypersil C, g, 5 um (column
XII); (B) Spherisorb ODS-B, 5 um (column VI); (C) PLRP-S, 8
um, 1000 A [8].

mycin. Therefore, it was necessary to use a mobile
phase comparable to that developed for the non-
deactivated phases. On these phases, statisfactory
separation of erythromycin could not be achieved
using an acidic mobile phase. The results obtained
in this study show that residual silanol activity still
exists with these silanol-deactivated stationary
phases when used with a mobile phase of neutral
pH.
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CONCLUSION

The different deactivated silica-based reversed
phases examined showed variable performance in
the chromatography of erythromycin A and related
substances. Addition of TBA improved the peak
symmetry and the efficiency, although this was not
expected when using silanol-deactivated reversed
phases. Compared with a non-deactivated reversed
phase, only two columns (VI and X) out of eleven
gave a better separation of EA when using a similar
mobile phase. A method involving a wide-pore poly
(styrene~divinylbenzene) stationary phase
(PLRP-S, 8 um, 1000 A) and a specially developed
mobile phase has been shown to be a better alterna-
tive for the LC of erythromycin. This method has
been discussed elsewhere [9]. The fact that some sta-
tionary phases did not perform well in these experi-
ments does not mean that they cannot be very suit-
able for solving other chromatographic problems.
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Selective complex formation of saccharides with
curopium(IIIl) and iron(III) ions at alkaline pH
studied by ligand-exchange chromatography
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ABSTRACT

At high pH, saccharides become negatively charged by deprotonation of one or several hydroxylic groups and they are highly and
selectively retained by ligand-exchange chromatography. The systems consist of a sulphonated polystyrene strong cation exchanger in
europium(II) or iron(III) form and sodium hydroxide as mobile phase. The degree of complex formation is dependent on solute
character and concentration, metal ion and pH, the reaction being of second order as confirmed by breakthrough studies. Rapid
desorption of the solutes is performed by the introduction of an acidic mobile phase. Monosaccharides, and especially sugar alcohols,
are selectively retained by a column in Fe(III) form whereas all saccharides are strongly retained as Eu(IIl) complexes, e.g., the capacity
factor for the breakthrough of 10 uM glucose, in 0.1 M NaOH as mobile phase, was ca. 3500 The systems are proposed to be highly

selective for the analysis of sugars.

INTRODUCTION

Carbohydrates are polar compounds and difficult
to retain in reversed-phase LC systems (for a re-
view, see ref. 1) and the low capacity factors limit
the number of compounds to be separated. The de-
velopment of gas-liquid chromatographic (GLC)
methods included the conversion of the sugars into
volatile derivatives such as acetates [2] or trimethyl-
silyl ethers [3] and borohydride reduction [4]. The
introduction of capillary columns with highly polar
solid phases coupled with mass spectrometry [5]
considerably improved the resolution and the con-
firmation of identification. Normal-phase partition
chromatography has been used with polar solid
phases, e.g., silica or diol, amine, amide or cyano-
functionalized silica, and a high content of aceto-
nitrile in the mobile phase [6]. Refractive index or

Correspondence to: M. Stefansson, Department of Analytical
Pharmaceutical Chemistry, Biomedical Center, Uppsala Univer-
sity, Box 574, S-751 23 Uppsala, Sweden.
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UV absorption around 200 nm is usually employed,
resulting in low sensitivity and limitations for mo-
bile phase additives.

Most saccharides have pK, values in the range
12-14 [7] and they can be separated by ion chroma-
tography using strongly alkaline solutions. This
separation mode, in combination with pulsed elec-
trochemical detection, has been shown to offer high
selectivity and sensitivity in the analysis of sugars,
polyols and related compounds [8]. Sugars have al-
so been separated by ligand-exchange chromatog-
raphy using ion exchangers in different metal forms,
calcium being the most commonly used [9]. Recent-
ly, carbohydrates [10] have been found to form
strong complexes at alkaline pH with rare earths,
yttrium and uranyl metal ions loaded on to a sul-
phonated polystyrene cation exchanger. The effects
of mobile phase additives and temperature were
studied [11] and the methodology was utilized for
the bioanalysis of the diastereomeric glucuronides
of almokalant from human urine [12].

In this study, saccharides were used as solutes in

1993 Elsevier Science Publishers B.V. All rights reserved
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order to investigate the influence of the anomeric
hydroxylic group on complex formation compared
with glycosides [10]. The retention mechanism is de-
scribed as a ligand-exchange reaction and retention
and isotherm studies were performed by frontal
analysis using pulsed electrochemical detection.

EXPERIMENTAL

Instrumental

The LC instrumentation consisted of an LKB
(Bromma, Sweden) Model 2150 HPLC pump, a
Rheodyne Model 7125 injector with a 20-ul loop, a
Rheodyne Model 7000 switching valve (the valves
were equipped with Tefzel alkali-resistant rotor
seals), a pulsed electrochemical detection (PED)
system with a gold working electrode and pH refer-
ence electrode (Dionex, Sunnyvale, CA, USA), a
Kipp & Zonen BD 40 recorder and a Haake (Ber-
lin-Steglitz, Germany) Fe water-bath for thermo-
stating the chromatographic systems. The program
for PED detection was E; = 040V, 1, = 0-500 ms
and integration for 300-500 ms, E, = 090V, 1, =
510-590 ms and E3 = —0.30 V, 13 = 600-650 ms.
E, and E5 are used to remove adsorbed compounds
oxidatively and to reduce the gold oxide formed,
respectively, in order to minimize fouling of the
working electrode.

Chemicals and column packing

All test solutes, except for the metal chloride salts
(Janssen Chimica, Beerse, Belgium) were obtained
from Sigma (St. Louis, MO, USA) and used as re-
ceived. Sodium hydroxide solutions were prepared
from 1 M Titrisol solution (Merck, Darmstadt,
Germany) and kept in a plastic bottle. The column
packing was Hitachi-Gel 3011-S, 10-12 um, a
spherical and macroporous sulphonated polysty-
rene resin in H* form, kindly provided by Hitachi
(Tokyo, Japan).

Column preparation

The ion exchanger was packed with water as slur-
ry medium in a polished stainless-steel column (21
x 4.6 mm 1.D.). It was converted into the metal
form by a 500-ul injection of the metal salt (2 M).
The excess of metal ions was rinsed off the column
by washing with 0.3 M morpholinoethansulphonic
acid (MES) buffer (pH 5.0) for 20 min. The metal
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ions were held firmly by the resin and not eluted
during the separation process. MES does not form
complexes with the metal ions [10] and was used to
elute the solutes rapidly from the resin after the
breakthrough. The column was equilibrated with 10
ml of 0.1 M NaOH solution prior to each run.

RESULTS AND DISCUSSION

Principle and retention model

Saccharides are weak acids with pK, values be-
tween 12 and 14 [7] and the negatively charged sac-
charides, S, form complexes with the electrostat-
ically immobilized metal ions, R - M(OH),, at pH
> 11 [10}. Hydroxide ions compete for complex
formation with the metal ions according to a lig-
and-exchange reaction and assuming one solute
molecule and one metal ion in the complex [10]:

Ks
R - M(OH), + S ——R - M(OH),_, - S +
xOH- (1)

The capacity factor is
k' = ¢q K [R - M(OH),]/[OHJ* @

where ¢ is the phase ratio in the column and K¥ is
the apparent thermodynamic exchange constant;
K¥ = K4J1/(1 + 10Pka~PH)] C, the concentration
of solute on the solid phase, is calculated according-
ly and a linear relationship versus hydroxide con-
centration is obtained:

In C, = In(K¢[R - M(OH),){S*"]) — xInfOH™] (3)

The concentration of the metal ions on the cation
exchanger was about 200 umol per column and the
mass of the dry packing material in the H* form, m,
was 0.16 g, i.e., 1.25 mmol of metal ions bound per
gram of exchanger.

Breakthrough curves

Retention and isotherm studies were performed
by the breakthrough (BT) technique. The BT curve
(Fig. 1) is characterized by pronounced tailing,
which was asumed to be caused by slow distribution
kinetics. The complexation on the solid phase for
chelating resins is often a slow process and, occa-
sionally, such reactions have been shown [13] to be
of approximately second order. The BT curve was
normalized, by setting BT, = 0.5, with respect to
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Fig. 1. Typical breakthrough curve. Mobile phase: 0.1 mM glu-
cose in 0.1 M NaOH.

the time axis. BT, is defined as the time necessary
for the detector signal to reach half of its maximum
value. The effluent was monitored by PED. The
equation for a simple second-order kinetic reaction:

—dI/P? = kdt @
yields after integration and rearrangement
Iy/I = Iokt + intercept &)

where I, is the concentration at ¢ = 0 and 7 that at
time 7, k is the rate constant and the intercept is
obtained when BT}, is chosen as the starting point
for calculation. A plot of Io/I versus t (i.e., the value
for normalization) was linear (Fig. 2). As a conse-
quence, the distribution to the solid phase was con-
centration and time dependent. C, was calculated
from the BT curve according to

Cs = VBT Cm/m (6)

where Vpris the BT volume minus the void volume,
C.. the mobile phase concentration and m the

Io/1 74
6
5
4
3-
2%

1 T T T T 1
0.5 0.6 0.7 0.8 0.9 1.0

t normalized

Fig. 2. Plot of the breakthrough curve kinetics according to a
second-order reaction (eqn. 5).
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amount of dry resin in H* form in the column (g/1).
After BT, the solutes were desorbed by introduction
of 0.3 M MES buffer (pH 5.0) for 10 min, followed
by sodium hydroxide solution as the mobile phase
until the eluent from the column was alkaline, i.e.,
the metal ions were converted into the correspond-
ing hydroxides.

Carbon dioxide is taken up by the alkaline mo-
bile phase, forming carbonate, which complexes
with the metal ions and, hence, the mobile phase
was prepared on a daily basis and protected by so-
da-lime tubes.

Influence of hydroxide concentration

The effect on solute distribution to the solid
phase, C, in umol/g, versus the hydroxide concen-
tration was investigated using glucose and sorbitol
as solutes for the Eu(IIl) and the Fe(1ll) systems,
respectively (Fig. 3). The initial increase in C; is
caused by the increasing degree of ionization of the
sugars and subsequent complex formation with the
metal ions. The decrease in C, at high hydroxide
concentrations is caused by the competition from
hydroxide for complex formation and the maxima
in C, will be dependent on the pK, values (glucose
= 12.35 and sorbitol = 13.5[7]). According to eqn.
3, In C, was plotted versus In [OH ] for sorbitol,
glucuronic acid and glucose using the column in the
Eu(Il) form (Fig. 4). The slopes were —0.42,
—0.42 and —1.13, respectively.

50-
Cs 40
(umol/g)
30
20
10
Dok' - —°
oF— . . . .
0.0 0.2 0.4 0.6 0.8 1.0

hydroxide (M)
Fig. 3. pH dependence of C, for (1) 1.0 mM glucose and (O) 1.0
mM sorbitol using the cation exchanger in europium(III) and
iron(1I) form, respectively, and sodium hydroxide as mobile
phase.
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Fig. 4. Hydroxide competition on complex formation for (1)
sorbitol, (O) glucuronic acid and (M) glucose on the europium
(IT)-loaded column plotted according to the retention model
(eqn. 3).

Solute structure

The influence of solute structure on complex sta-
bility was studied by the BT technique and the re-
sults are given in Table I. All solutes were highly
retained on the Eu(IIT) column. Di-, tri- and tet-
rasaccharides were retained to about the same ex-
tent (but less than the monosaccharides), possibly
indicating the importance of steric effects on com-
plex formation.

Substitution for a carboxylic acid at C-6 (sugar
acids) increased the complex stability whereas an
amino group (amino sugars) at C-2 gave an 80%
reduction, probably owing to a decrease in the acid
dissociation constants.

The sugar alcohols showed a different order in
complex stability compared with their related
monosaccharides (e.g., xylitol-xylose, sorbitol-glu-
cose). There was no relationship between the num-
ber of hydroxylic groups and the complex stability.
As shown previously, the pK, values is of funda-
mental importance (the sugar alcohols are approxi-
mately 1-10% as acidic as the corresponding mono-
-saccharides [7]) and, most likely, the configuration
of the solutes and the ability to orient the hydroxyl
groups toward the metal ion are of major signif-
icance. In spite of the pK, differences, they were
retained to a similar extent as the monosaccharides,
which might to be due to the more flexible and
open-chain structure of the sugar alcohols, thus fa-
cilitating the complexation.
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TABLE 1

INFLUENCE OF STRUCTURE ON RETENTION IN THE
Eu(1Il) SYSTEM

Column: Hitachi 3011-S, 21 x 4.6 mm L.D. in Eu(lII)-form.
Mobile phase: 0.1 M NaOH and 1.0 mM saccharide. C, was
measured at the inflection point with the baseline using frontal
analysis.

No. Solute C, (umol/g)
Monosaccharides
1 Ribose 158
2 Tagatose 119
3 Fructose 99.8
4 Sorbose 794
S Lyxose 78.9
6 Galactose 74.2
7 Mannose 66.4
8 Xylose 55.2
9 Arabinose 46.9
10 Glucose 45.8
11 Fucose 40.8
Disaccharides
12 Sucrose 384
13 Gentiobiose 374
14 Maltose 304
15 Melibiose 30.4
16 Lactose 28.9
17 Cellobiose 23.8
Trisaccharide
18 Raffinose 30.2
Tetrasaccharide
19 Stachyose 30.2
Sugar acids
20 Galacturonic acid 71.7
21 Glucuronic acid 70.4
Amino sugars
22 Galactosamine 18.9
23 Glucosamine 7.9
Sugar alcohols
24 Xylitol 110
25 Sorbitol (glucitol) 104
26 Galactitol 94.8
27 Arabitol 80.2
28 Mannitol 74.8
29 Ribitol (adonitol) 41.1
Micellaneous
30 myo-Inositol 43.9
31 B-Cyclodextrin 15.6

The results on the Fe(Ill)-loaded column are dis-
played in Table II. The complex stabilities were one
to two orders of magnitude lower compared with
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TABLE 11

INFLUENCE OF STRUCTURE ON RETENTION IN THE
Fe(III) SYSTEM

Column: Hitachi 3011-S, 21 x 4.6 mm 1.D. in Fe(IlI)-form.
Mobile phase: 0.1 M NaOH and 1.0 mM saccharide. C, was
measured at the inflection point with the baseline using frontal
analysis.

No. Solute C, (umol/g)
Monosaccharides

1 Tagatose 5.47

2 Ribose 5.20

3 Sorbose 1.98

4 Glucose 0.31
Disaccharide

S Sucrose 0.10
Sugar acid

6 Glucuronic acid 0.00
Sugar alcohols

7 Sorbitol (glucitol) 7.28

8 Xylitol 4.06

9 Galactitol 3.23
10 Mannitol 1.98
11 Arabitol 1.88
12 Ribitol (adonitol) 1.09

the Eu(III) column. This is certainly caused by the
strong complex formation of hydroxide with the Fe
(TIT) ion, i.e., competition. Changes in selectivity

50 7
40
(umoVg)
30 1

20 1

10 1

T T T T 1

0.0 0.2 0.4 0.6 0.8 1.0

Cm (mM)

Fig. 5. Distribution isotherms for (O) glucose and (O) sorbitol
on the Eu(II1) and Fe(I1]) columns, respectively. Solute in 0.1 M
NaOH as mobile phase.
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Fig. 6. Isotherms from Fig. 5 according to the retention model
(eqn. 3). Symbols as in Fig. 5.

[cf., the Eu(I1I) system] were observed for the taga-
tose-ribose, sorbitol-xylitol and arabitol-mannitol
pairs and they were probably due to differences in
jonic radius and electronic properties of the metal
ions. Unexpectedly, glucuronic acid eluted with the
front. As shown previously [10], few compounds
were retained on the Fe(IIT) column and, tentative-
ly, such a system may provide selective clean-up
possibilities and subsequent separation of sugar al-
cohols and monosaccharides from complex matric-
es, e.g., biological fluids.

Distribution isotherms

The isotherms for glucose and sorbitol using the
Eu(III) and Fe(II) systems, respectivley, were ob-
tained from BT studies using 0.1 M NaOH as mo-
bile phase and are shown in Fig. 5. C, was calculat-
ed from eqn. 6. Ln C; versus In C,, was plotted ac-
cording to the retention model (eqn. 3) and the re-
sults are shown in Fig. 6. The non-linearity ob-
served for the glucose-Eu(IIl) system was due to
the very strong complex formation and, hence, sol-
id-phase saturation, i.e., the distribution became in-
dependent of the mobile phase concentration. Sat-
uration effects have been previously obtained at In
C, > —10.5[10]. The linear concentration range
was probably at the low-to sub-micromolar level
and because of the high capacity factors obtained
(kst for 10 uM glucose was ca. 3500), this was not
studied further. Most of the other saccharides stud-
ied were retained to an even greater extent. The
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magnitude of the complex formation constant for
the sorbitol-Fe(III) system was, however, suitable
and a linear relationship was obtained.

CONCLUSIONS

Saccharides were shown to form more stable
complexes than the corresponding glycosides at al-
kaline pH with Eu(IIT) and Fe(III) metal ions elec-
trostatically immobilized on a strong cation ex-
changer. All sugars were highly retained with the
Eu(III) system whereas the Fe(IIT) system was selec-
tive for monosaccharides and sugar alcohols. The
ligand-exchange reaction, studied by frontal analy-
sis and being of second order, was metal ion, pH
and concentration dependent. Rapid elution of the
solutes was performed by introduction of an acidic
mobile phase. Using this technique off- or on-line in
a coupled column separation system, selective sep-
aration and isolation of saccharides from complex
matrices is proposed.
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ABSTRACT

Commercial glucooligosaccharide mixtures (Polycose) and polysaccharide hydrolysates (acid and enzymatic) were fractionated by
hydrophilic interaction chromatography and observed by pulsed amperometric detection. Seven peaks were observed when 625 ng of
glucose oligomers in Polycose were fractionated. The between-run precision of retention times (n = 10, 100 ug, 15 peaks) ranged from a
relative standard deviation (R.S.D.) of 0.09 to 0.40%; between-run precision of peak areas (n = 10) for the same separations had values
that ranged from 2.66 to 14.4%. Injection-to-injection time was 48 min. When polysaccharide hydrolysates were fractionated using a
gradient program capable of resolving all of the oligosaccharide species, dextran-derived a-(1—6)-glucooligosaccharides were retained
to a greater degree than amylose-derived a-(1—4)-glucooligosaccharides, which were retained to a greater degree than f-(2—1)-
fructooligosaccharides derived from inulin. Excluding the peaks that eluted before glucose or fructose, 25 to 35 peaks were observed
after fractionation of the hydrolysates. Differences in elution profiles were observed between acid and enzymatic hydrolysis products of
the same polysaccharide as well as between hydrolysis products of different polysaccharides. In" conjunction with high-performance

size-exclusion chromatography, the method demonstrated the effect of preheating starch before hydrolysis with isoamylase.

INTRODUCTION

Hydrophilic interaction chromatography (HIL-
IC) {1,2] describes the separation of polar molecules
on a variety of hydrophilic bonded supports [3—12].
The mechanism by which carbohydrates are sep-
arated, as determined on silica bonded amine col-
umns [7,11], appears to result from the partitioning
of the carbohydrate between the amine-bound wa-
ter layer and the mobile phase.

Glucose oligomers are used in medicine, biomed-
ical research and the biotechnology industry. Con-
sequently, a variety of chromatographic procedures
have been devised for their separation and analysis.
Size-exclusion chromatography has been used to
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fractionate oligomers of amylose, cellulose, pullu-
lan and dextran [13]; oligomers with a degree of
polymerization (DP) between 1 and 20 have been
resolved, and differences in the retention times of
a-(1-4)- and a-(1-6)-glucosidic linkages have
been observed. Cation-exchange supports loaded
with either Ag*™ or H* counterions have been used
to fractionate degradation products in biomass hy-
drolysates [14], enzymatic starch digests [15], and
malto-, cello-, galacturonic- and chitooligosaccha-
rides [16] (oligomers < DP 14 were resolved). Glu-
cooligomers have been separated on a C,s-bonded
vinyl alcohol copolymers support using alkaline
eluents, and oligomers up to DP 23 were resolved
[17]. Chromatography of cellooligosaccharides on a
silica-bonded C,g column resulted in the resolution
of oligosaccharides up to DP 30, and 10 pmol of
cellotetraose were detected electrochemically after

1993 Elsevier Science Publishers B.V. All rights reserved
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passage through a cellulase-based enzyme reactor
[18]. Glucooligosaccharides (up to DP 35) were re-
solved on a 3-um amine-bonded silica support [10],
and a polyamine-bonded polymer support was used
to separate dextran oligosaccharides up to DP 8
[19]. High-performance anion-exchange chroma-
tography resolved glucooligosaccharides and poly-
saccharides (DP > 50) using alkaline eluents fol-
lowed by pulsed amperometric detection [20]. The
same methodology was used to analyze isoamylase
digests of amylopectin from various sources, and
plots of concentration versus DP served as chro-
matographic “fingerprints” [21].

In a previous study [22], 33 ug of a glucooligo-
saccharide mixture with added monosaccharide
were fractionated by HILIC on a Protein-Pak 60
column and 19 peaks were resolved; fractionation
and column reequilibration required 90 min. The
objectives of the present study were (1) to decrease
the fractionation time of glucooligosaccharides in
Polycose and to submit to HILIC nanogram
amounts of Polycose, (2) to determine the retention
times of enzyme and acid hydrolysates of polysac-
charides using identical gradient conditions, and (3)
to demonstrate the potential of HILIC and high-
performance  size-exclusion  chromatography
(HPSEC) as chromatographic tools in the investiga-
tion of starch structure.

TABLE 1
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EXPERIMENTAL

Materials

The custom-packed Protein-Pak 60 column was
from Waters (Milford, MA, USA). The Bio-Gel
SEC-60 XL and guard columns were purchased
from Bio-Rad (Richmond, CA, USA). Inulin (from
chicory root), amylose (Type 1II, from potato),
amylopectin (from corn), starch (soluble ACS re-
agent, from potato), dextran (clinical grade, pro-
duced by Leuconostoc mesenteroides), trifluoroace-
tic acid (TFA), dextranase (EC 3.2.1.11, from Pen-
icillium sp.), and isoamylase (EC 3.2.1.68, from
Pseudomonas amyloderamosa) were purchased from
Sigma (St. Louis, MO, USA). Acetonitrile (HPLC
grade) and sodium hydroxide solution, 50% (w/w),
were obtained from Fisher Scientific (Houston, TX,
USA).

Hydrophilic interaction chromatography
Chromatography was performed on a Waters
860 system; the system configuration was described
previously [22]. A Waters custom-packed Protein-
Pak 60 column (150 mm X 7.9 mm 1.D., 10 um)
was used to separate a commercially available mix-
ture of glucooligosaccharides (Polycose) and acid
and enzymatic hydrolysates of polysaccharides. A
temperature control unit (Waters) was used to

GRADIENT ELUTION CONDITIONS FOR THE FRACTIONATION OF OLIGOSACCHARIDES

Oligosaccharides Time (min)  Acetonitrile (%, v/v) Water (%, v/v)
Glucose polymers 0 67 33
from Polycose 1 67 33
8 60 40
10 60 40
17 55 45
19 55 45
27 50 50
37 50 50
38 67 33
48 67 33
Oligosaccharides 0 67 33
from acid and 10 67 33
enzymatic hydrolysates 65 50 50
of amylose, 75 50 50
amylopectin, starch, 76 67 33.
dextran and inulin 86 67 33
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maintain the column temperature at 25°C. Samples
(10-25 pl) were injected by a Waters Model 710
Wisp autoinjector and separated by gradient elu-
tion at 1.0 ml/min using two Waters Model 510
pumps; the gradient programs for the elution of the
oligosaccharides are described in Table 1. Solvents
were sparged with helium and maintained in a heli-
um atmosphere. Postcolumn eluate was delivered
into a 3-way PTFE mixing tee and mixed with 0.5
M sodium hydroxide which was delivered at a flow-
rate of 0.6 ml/min (helium, at 4.13 bar). After mix-
ing, the peaks were detected with a Waters Model
464 pulsed electrochemical detector equipped with
a gold working electrode. The potentials and time
periods were set as follows: E1 was 0.1 V, E2 was
0.6V, E3 was —0.6 V, T1 was 500 ms, T2 was 166
ms, and T3 was 83 ms. For all fractionations, the
detector was set at 2.0 uA except where otherwise
specified.

High-performance size-exclusion chromatography

Starch and isoamylase digests of starch were
chromatographed on a Bio-Gel SEC-60 XL column
(300 mm x 7.5 mm LD., 13 um) equipped with a
guard column. Samples (10 ul) were injected and
eluted isocratically at 1.0 ml/min; Milli-Q water was
the mobile phase. Polysaccharides were detected
with the Model 464 detector, and with the exception
of the detector setting (5.0 nA), all other detector
parameters were identical to those described for
HILIC..

Partial acid hydrolysis

Amylose, amylopectin and starch (20 mg each)
were mixed separately with 10 ml of 0.1 M TFA and
hydrolyzed for 15.0 min at 100°C [10]; after hydrol-
ysis, the solutions were centrifuged at 3600 g for 3.0
min to remove insoluble polysaccharide. The super-
natant was lyophilized, and the dry material was
weighed and redissolved in Milli-Q water to a final
concentration of 10.0 mg/ml. Dextran (20 mg) was
hydrolyzed with 10.0 ml of 0.3 M TFA for 30 min at
100°C [10]; after centrifugation and lyophilization
of the supernatant as described above, the dry ma-
terial was weighed and redissolved in Milli-Q water
to a final concentration of 10.0 mg/ml. Inulin (20
mg) was mixed with 10.0 ml of 0.1 M TFA and
hydrolyzed for 15 min at 30°C. This solution was
centrifuged and the supernatant lyophilized as
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above; the material was weighed and redissolved in
Milli-Q water to a final concentration of 10.0 mg/
ml.

Enzymatic hydrolysis

Amylose, amylopectin and starch (100 mg each)
were digested with isoamylase, with modifications,
as previously described [21]. Briefly, the polysaccha-
rides were suspended separately in 0.025 M sodium
acetate buffer, pH 4.5, to a final concentration of
10.0 mg/ml. Isoamylase (35000 U, 5.54 ug) was
added and the mixtures were hydrolyzed for 16 h at
45°C. After hydrolysis, the mixtures were heated at
100°C for 5.0 min, then cooled to ambient temper-
ature. The mixtures were centrifuged for 3.0 min at
3600 g, the supernatants were lyophilized, and the
hydrolysates were resuspended in Milli-Q water to a
final concentration of 10.0 mg/ml. In a separate ex-
periment, starch was digested with isoamylase as
stated above, except that before the addition of en-
zyme, the substrate was heated at 100°C for 5.0 min
and then allowed to cool. The mixture was centri-
fuged for 3.0 min at 3600 g , lyophilized, and was
resuspended in Milli-Q water to a final concentra-
tion of 10.0 mg/ml. In one set of substrate controls,
one sample was heated for 5.0 min at 100°C while
the other was not; both samples were then centri-
fuged (3.0 min, 3600 g), lyophilized, and resuspend-
ed to a final concentration of 10.0 mg/ml. In the
second set, one sample was heated at 100°C for 5.0
min while the other was not; both samples were
then incubated, without enzyme, for 16 h at 45°C.
After centrifugation (3.0 min, 3600 g) and lyophil-
ization of the supernatant, the dried material was
resuspended in Milli-Q water to a final concentra-
tion of 10.0 mg/ml. Dextran (100 mg) was dissolved
in 10.0 ml of 0.1 M potassium phosphate buffer, pH
6.0 and 50 ul of dextranase (50 ug, 10 U) was added.
The mixture was heated for 15.0 min at 37°C [23],
and the enzyme was deactivated by heating at 100°C
for 5.0 min. After the mixture cooled, it was cen-
trifuged (3.0 min, 3600 g), lyophilized, and resus-
pended to a final concentration of 10.0 mg/ml. Af-
ter each aforementioned treatment, 10 ul of sample
were submitted to HPSEC, 25 ul to HILIC.

Separation of a commercial glucose polymer mixture
Polycose was added to Milli-Q water to a concen-
tration of 10.0 mg/ml then diluted to concentrations
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0f 2.5, 1.25, 0.625 and 0.0625 mg/ml. The solutions
were injected separately onto the Protein-Pak 60
column and fractionated by the gradient program
described in Table 1. The detector sensitivity was set
between 0.2 uA and 10.0 pA.

Precision studies

To determine reproducibility of the fractionation
of glucooligosaccharides, five samples of the Poly-
cose mixture were separated by HILIC on two con-
secutive days; the within-run (» = 5) and between-
run (n = 10) precision of the retention times and
peak areas were determined. A 10-ul volume con-
taining 100 ug of the Polycose mixture was injected

A. S. Feste and I. Khan [ J. Chromatogr. 630 (1993) 129-139

and fractionated using the gradient program de-
scribed in Table I. The detector sensitivity was set at
10.0 pA.

Determination of retention times of oligosaccharides
Jfrom polysaccharide hydrolysates

A 25-ul volume of the amylose (n = 3), dextran
(n = 3), and inulin acid hydrolysates (3 hydroly-
sates, 1 injection) were fractionated by HILIC using
the gradient program described in Table I. The de-
tector sensitivity was set at 2.0 uA.

Statistical methods
Analysis of variance for repeated measures and
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Fig. 1. The gradient elution HILIC fractionation of nanogram to microgram amounts of Polycose. The tracings depict the fractionation
of Polycose in the following amounts: 100 ug (a), 25 ug (b), 12.5 ug (¢), 6.25 ug (d), 1.25 ug (e) and 0.625 ug (f). The detector settings
were 10.0 A (a), 2.0 pA (b), 1.0 A (c), 0.5 uA (d) and 0.2 uA (e and f). The gradient elution conditions are described in Table I, and the
retention times of the peaks are listed in Table II. PAD = Pulsed amperometric detection.
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trend analysis (BMDP2V statistical software pack-
age) were used to compare species (dextran, amy-
lose, and inulin hydrolysates) across peaks. A mul-
tiple comparison procedure [24] was then used to
isolate differences between species at specific peaks.

RESULTS AND DISCUSSION

Precision studies and chromatography of ng to ug
amounts of glucose polymers

After separation of 100 ug (Fig. 1a) and 25 ug
(Fig. 1b) of Polycose by HILIC, 15 peaks were ob-
served; injection of 12.5 ug (Fig. 1c) and 6.25 ug
(Fig. 1d) of material resulted in the detection of 14
peaks. Fractionation of smaller amounts of Poly-
cose resulted in the detection of fewer peaks: 8
peaks for 1.25 ug (Fig. le), and 7 peaks for 625 ng
(Fig. 1f). The within-run precision values of the re-
tention times (Table II, n = 10, 100 ug, 15 peaks)
were from 0.05 to 0.37% relative standard deviation
(R.S.D.); the values for the between-run precision
of the retention times were 0.09 to 0.40% R.S.D.
(Table II). Values for the within-run precision for
peak areas were from 1.14 to 6.19% R.S.D.; thir-

TABLE II
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teen of the peaks had values less than 5.0% R.S.D.
The between-run precision values of peak areas
were from 2.66 to 14.4% R.S.D.; nine peaks had
values less than 4.10% R.S.D. A previous report
described the separation of glucose polymers on
aqueous size-exclusion columns by HILIC [22]; of
those columns, the Protein-Pak 60 (diol-bonded sil-
ica) resolved 19 peaks when 33 pug of a glucooligo-
saccharide mixture (Polycose) with added monosac-
charides were fractionated by gradient elution; 90
min were required to separate the glucose polymers
and reequilibrate the column (300 mm X 7.9 mm
I.D.). In addition, the o factors (ratio of capacity
factors) for the separation of DP 1 through DP 7
were larger than were required for baseline resolu-
tion. In the present study, a custom-packed Protein-
Pak 60 column (150 mm X 7.9 mm 1.D.) was used
to shorten the analysis time, and an altered gradient
program was used to decrease the o factors for the
separation of DP 1 through DP 7. The initial start-
ing condition was reduced from 70% aqueous ace-
tonitrile [22] to 67% aqueous acetonitrile; the gra-
dient slope was not significantly altered. The reduc-
tion in column length enabled the resolution of 15

WITHIN-RUN AND BETWEEN-RUN PRECISION OF RETENTION TIMES (#,) AND PEAK AREAS FOR THE GRADIENT
ELUTION SEPARATION OF GLUCOSE POLYMERS ON THE PROTEIN-PAK 60 COLUMN

Peak Within-run (n = 5)

Between-run (n = 10)

no.”

fp (min) Area (uV/s) ty (min) Area (uV,/s)
Mean R.S.D. (%) Mean R.S.D. (%) Mean R.S.D. (%) Mean R.S.D. (%)
1 7.83 0.05 11229 981 6.19 7.82 0.09 9712271 14.4
2 9.07 0.24 16357890 342 9.04 0.21 14 975 394 8.91
3 10.4 0.23 11 749 878 1.33 104 0.30 11265174 4.08
4 11.9 0.37 7276 845 1.41 11.9 0.26 7090 427 3.62
5 13.4 0.33 5935130 1.20 13.4 0.40 5773 448 3.06
6 14.7 0.30 8164714  3.50 14.7 0.21 8 549 155 4.02
7 15.9 0.28 6401022  3.32 15.9 0.20 6 582 857 2.69
8 17.2 0.24 3055016 1.22 17.2 0.28 2945452 4.09
9 18.6 0.22 1 968 951 1.14 18.6 0.38 1854 749 2.66
10 19.7 0.22 1 419 840 1.32 19.8 0.21 1311617 8.23
11 21.0 0.21 1053027 285 21.0 0.24 986 847 5.88
12 220 0.20 765 165 1.96 22.0 0.19 745 510 3.99
13 23.1 0.19 508 647 1.95 23.0 0.14 491 572 341
14 24.0 0.19 292 153 5.32 239 0.18 300 886 6.00
15 24.7 0.18 150 921 4.95 247 0.17 157 175 6.81

¢ For peaks see Fig. la.
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Fig. 2. Retention times of polysaccharide-derived oligosaccha-
rides after HILIC. Oligosaccharides from dextran (Q), amylose
(@) and inulin () were prepared as described in the Experi-
mental section and fractionated by gradient elution as described
in Table 1.

peaks within 26 min and an injection-to-injection
time of 48 min. The lower starting concentration of
acetonitrile reduced the « factors for the separation
of DP 1 through DP 7 without sacrificing baseline
resolution (Fig. 1). The gradient used for fraction-
ation of glucooligosaccharides in Polycose (Table I)
was also used to fractionate glucooligosaccharides
and glucose polymers in hydrolysates of amylose,
amylopectin, starch, and dextran (data not shown),
Fructooligosaccharides fractionated with the same
gradient, however, were not completely resolved
(data not shown).

Retention times of polysaccharide hydrolysates

The retention times observed for the oligosaccha-
rides and polysaccharides derived from polysaccha-
ride hydrolysates are depicted in Fig. 2. The compo-
sition, bond type, and linkage position of the oligo-
saccharides studied are listed in Table III. The ob-
jective of this experiment was to determine the effect
of composition and linkage position on the reten-

TABLE 111
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tion times of the different oligosaccharide and poly-
saccharide species. These retention times were de-
termined using the same gradient elution program
rather than an isocratic mobile phase, which re-
quires inordinately long fractionation times for oli-
gosaccharides of DP 10 to DP 30. The gradient de-
picted in Table I was chosen because it enabled res-
olution of the fructooligosaccharides obtained from
acid hydrolysis of inulin; the gradient used for the
fractionation of glucooligosaccharides in Polycose
was not able to resolve the fructooligosaccharides
in the inulin hydrolysate. For the oligosaccharides
obtained from hydrolysates of amylose and dex-
tran, the numbering of peaks was initiated with glu-
cose (peak 1); for the oligosaccharides obtained
from the hydrolysis of inulin, the numbering of the
peaks was initiated with fructose (peak 1). The re-
tention times of the oligosaccharides derived from
the acid- and enzymatic hydrolysis of amylose,
amylopectin and starch were identical; consequent-
ly, only the retention times of the amylose-derived
oligosaccharides are depicted in Fig. 2. The R.S.D.
of the retention times of the oligosaccharides de-
rived from dextran, amylose, and inulin had values
that ranged from 0 to 0.56% (80% <0.36), 0 to
0.82% (88% <0.30), and 0 to 0.60 (72% <0.38),
respectively. Although peak number cannot un-
equivocally be equated with DP (except for DP 1 to
DP 10 for a-(1 — 4)-glucooligosaccharides, data
not shown), it is likely that they correspond. Even
so, each species of oligosaccharide (all peaks within
a series) clearly exhibited different retention times (p
< 0.001) when fractionated using identical gradient
elution conditions. Glucose (peak 1, Fig. 2) pro-
duced by hydrolysis of amylose and dextran had a
retention time of 8.42 min, and fructose (peak 1,
Fig. 2) produced by hydrolysis of inulin had a reten-
tion time of 7.65 min. Subsequent comparisons at

GLYCOSIDIC BOND TYPE, LINKAGE POSITION, AND COMPOSITION OF THE POLYSACCHARIDES STUDIED

Polysaccharide

Glycosidic bond type, linkage position and composition

Amylose

Amylopectin

Dextran Linear a-(1—6)-glucopyranosyl units
Starch Amylopectin—amylose (80:20)

Inulin

Linear a-(1—4)-glucopyranosyl units with few a-(1 —6)-glucopyranosyl units
Linear a-(1 —4)-glucopyranosyl and branched o-(1 —6)-glucopyranosyl units

Linear f-(2—1)-fructofuranosyl units with terminal a-(1— 1)-glucopyranosyl
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Fig. 3. HILIC of amylose hydrolysates. Elution profiles of the
products of acid hydrolysis (a) and isoamylase hydrolysis (b).
Hydrolysates were prepared as described in the Experimental
section and chromatographed using the gradient elution pro-
gram depicted in Table I.

specific peaks (for peaks 2-25) indicated differences
between all three species (p < 0.001; p represents
the probability value based on analysis of variance)
at all peaks, i.e., the retention time of any peak (2—
25) was significantly different for all three species.
The data clearly demonstrate that o-(1 —6)-gluco-
oligosaccharides (dextran) were retained to a great-
er degree than the o-(1—-4)-glucooligosaccharides
(amylose, amylopectin, and starch), which in turn
were retained to a greater degree than f-(2—1)-
fructooligosaccharides (inulin). When a-(1—4)- and
a-(1—6)-glucooligosaccharides were separated on
an amine-bonded silica column using an isocratic
mobile phase composition of 57% (v/v) acetonitrile
in water, similar results were obtained [10], i.e.,
a-(1—6)-glucooligosaccharides were retained to a
greater degree than were the o-(1—4)-glucooligo-
saccharides.

HILIC of the hydrolysates of amylose, amylopectin,
dextran, and inulin

HILIC of the glucooligosaccharides obtained by
partial acid hydrolysis of amylose (Fig. 3a) revealed
30 glucooligosaccharide peaks, whereas HILIC of
the glucooligosaccharides obtained by isoamylase
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hydrolysis of amylose (Fig. 3b) revealed 28 gluco-
oligosaccharide peaks. The chromatogram depicted
in Fig. 3b was not expected; amylose is comprised
of a mixture of linear, a-(1—4) linked molecules
and molecules with a limited number of long-chain
branches involving -(1 — 6) linkages [25]. Enzymat-
ic hydrolysis with isoamylase should not, therefore,
have resulted in the profile observed (Fig. 3b).
When amylose was digested under similar condi-
tions without enzyme (0.025 M sodium acetate, pH
4.5, 45°C, 16 h, data not shown), peaks 1-4 were
produced to the degree observed in Fig. 3b; how-
ever, peaks 5-20 were present in minor amounts
and did not resemble the profile in Fig. 3b. Al-
though the amylose preparation was supposed to be
essentially free of amylopectin, a comparison of
peaks 5-28 in Fig. 3b with peaks 5-33 in Fig. 4b
(isoamylase digest of amylopectin) reveals a simi-
larity in the elution profiles. It is likely, therefore,
that the amylose preparation contained amylopec-
tin. In a previous study that used a silica-bonded
amine column to fractionate partial acid hydroly-
sates of amylose, 32 peaks were resolved [10]. When
anion-exchange chromatography was used to frac-
tionate a mixture of short-chain amylose, approxi-
mately 46 peaks were resolved; maltodextrins pre-
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Fig. 4. HILIC of amylopectin hydrolysates. Elution profiles of
the products of acid hydrolysis (a) and isoamylase hydrolysis (b).
Hydrolysates were prepared as described in the Experimental
section and chromatographed using the gradient elution pro-
gram depicted in Table 1.
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pared from Amylo-Waxy maize were resolved into
approximately 85 peaks [20]. The fractionation of
amylose hydrolysates in this communication and on
the silica-bonded amine column [10] used acetoni-
trile-water eluents, while the fractionation of the
glucose polymers on the anion exchange column
used alkaline eluents [20]. The greater solubility of
glucose polymers in alkaline solution was respon-
sible for the observation of the greater number of
peaks observed after anion exchange analysis [20].

Fractionation of the partial acid hydrolysis prod-
ucts of amylopectin resulted in the separation of 29
peaks (Fig. 4a). Equal amounts of amylose and
amylopectin were acid-hydrolyzed and fractionated
using identical conditions; although the peaks were
not quantitated, the amylopectin peak areas were
smaller than the amylose peak areas, which indicat-
ed that the amylopectin was hydrolyzed less com-
pletely than the amylose. In addition, the relative
intensity of peak areas for peaks 2-30 (Figs. 3a, 4a)
was different for both hydrolysates. The elution
profile of the fractionated enzymatic hydrolysates
of amylopectin (Fig. 4b) was substantially different
from the profile of the fractionated acid hydroly-
sates; a total number of 33 peaks were separated
and the relative intensity of the peak areas of peaks

PAD response

PAD response

Minutes

Fig. 5. HILIC of dextran hydrolysates. Elution profiles of the
products of acid hydrolysis (a) and dextranase hydrolysis (b).
Hydrolysates were prepared as described in the Experimental
section and chromatographed using the gradient elution pro-
gram depicted in Table 1.
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1-33 was different from that of the peak areas of
peaks 1-30 observed after acid hydrolysis. Anion-
exchange chromatography with alkaline eluents
was used to estimate the chain-length distribution
of amylopectin obtained from various sources [21].
Fifty-five to sixty peaks were resolved; as was the
case with glucose polymers derived from amylose
[20], the enhanced solubility of the higher-molec-
ular-mass polymers in the alkaline mobile phase re-
sulted in the greater number of peaks [21]. Al-
though only 33 peaks were observed after HILIC
(Fig. 4b), the elution pattern (peaks 1-33) closely
resembled the patterns obtained after anion-ex-
change analysis [21].

Fractionation of the partial acid hydrolysis prod-
ucts of dextran resulted in the resolution of 30
peaks. When compared to the elution profiles of
acid hydrolysates from amylose (Fig. 3a) and amy-
lopectin (Fig. 4a), the profile of the dextran acid
hydrolysates (Fig. 5a) was quite different; in gener-
al, smaller amounts (that is, lower relative intensity
of peak areas) of the products represented by peaks
1-9 were produced by acid hydrolysis of dextran. In
addition, the differences in the relative intensity of
peak areas for peaks 2-30 (Fig. 5a) were less pro-
nounced than for the acid hydrolysates of amylose
(Fig. 3a) and amylopectin (Fig. 4a). Twenty-seven
peaks were resolved after fractionation of the dex-
tranase hydrolysis products (Fig. 5b). In contrast to
the results from acid hydrolysis, much less of peak 1
(glucose) was produced by enzymatic hydrolysis
with dextranase. Chromatography of partial acid
hydrolysates of dextran on silica-bonded amine {10}
and anion-exchange [20] columns resulted in the
resolution of approximately 28 and 40 peaks, re-
spectively.

Inulin represents a group of polymers called
“fructansa”; they are polymers comprised of
B-(2—1)-p-fructofuranosyl units which contain ter-
minal D-glucosyl residues [26]. The conditions for
the partial acid hydrolysis of inulin were much mil-
der than for the other polysaccharides. After frac-
tionation of the hydrolysis products, 35 peaks were
resolved; peak 1 was fructose. Including the three
peaks that eluted before fructose, the total number
of peaks observed was 38 (Fig. 6).

HILIC of starch hydrolysis products
The elution profile obtained after fractionation
of the acid hydrolysates of starch (Fig. 7a) closely
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Fig. 6. HILIC of inulin acid hydrolysis products. Inulin was hy-
drolyzed as described in the Experimental section and the oligo-

saccharides were fractionated using the gradient elution program .

depicted in Table I.

resembled the elution profile of the amylose acid
hydrolysates (Fig. 3a); a total of 30 peaks were re-
solved. Very little hydrolysis occurred when starch
was digested with isoamylase for 16 h at 45°C (Fig.
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Fig. 7. HILIC of starch hydrolysates. Elution profiles of acid
hydrolysate (a), isoamylase digest without preheating (b) and
isoamylase digest with preheating (c). Hydrolysates were pre-
pared as described in the Experimental section and chromato-
graphed by the gradient elution program depicted in Table 1.
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7b). However, when starch was heated for 5.0 min
at 100°C, cooled to ambient temperature, and then
reacted with isoamylase, hydrolysis occurred (Fig.
7c). Potato starch contains approximately 80%
amylopectin and 20% amylose [25], and the elution
profile of the isoamylase digest of starch (Fig. 7¢)
resembled the elution profile obtained after frac-
tionation of the isoamylase digest of amylopectin
(Fig. 4b). Twenty-six peaks were observed (Fig. 7c).
Starch granules are comprised of amorphous re-
gions that are susceptible to hydrolysis and crystal-
line regions that are resistant to hydrolysis [27]. The
crystalline regions may exist as a consequence of the
presence of double helical chains formed between
adjacent amylose molecules or adjacent clusters of
chains in either the same or neighboring amylopec-
tin molecules [27]. In addition, an amylopectin-rich
zone may be located near the surface of the granule
[27]. When potato starch in warm water was heated
to approximately 70°C, amylose of relatively low
DP was released and a high-molecular-mass f-amy-
lolysis limit fraction could be extracted [28]; heating
the starch enabled isoamylase hydrolysis, which
might have occurred as a result of (1) hydrolysis of
released species, or (2) hydrolysis of a newly ex-
posed region of the heat-ruptured granule that con-
tained amylopectin.

HPSEC of starch and starch hydrolysis products
The Bio-Gel SEC-60 XL column reportedly ex-
hibits a fractionation range of M, 40000 to
8 000 000 for polyethylene glycols, and its range
was estimated at M, <200 000000 daltons for
globular proteins {29]; the support is made up of a
hydrophilic, hydroxylated polyether. When starch
was left at ambient temperature for 5.0 min, then
fractionated by HPSEC, one peak at 12.2 min was
observed (Fig. 8a). However, after starch was ex-
posed to 100°C for 5.0 min, the HPSEC elution pro-
file revealed the presence: of species that eluted at
4.34,5.60, 6.77 and 12.1 min. (Fig. 8d). These prod-
ucts could represent the low-DP and high-DP spe-
cies that were released when potato starch was heat-
ed at 70°C [28]. Fig. 8b represents the elution profile
of starch after 16 h at 45°C, while Fig. 8e represents
the elution profile of starch after it was heated at
100°C for 5.0 min, then at 45°C for 16 h. The eclution
profiles are identical. Heating (16 h, 45°C) caused
the solubilization of the species depicted in Fig. 8b;
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Fig. 8. HPSEC of starch and hydrolysis products. Fractionation of starch that was not preheated (a), starch that was not preheated, but
was then heated at 45°C for 16 h (b), isoamylase digest of starch that was not preheated (c), starch that was preheated (d), starch that
was preheated, then further heated at 45°C for 16 h () and isoamylase digest of starch that was preheated (f). Samples were prepared

and chromatographed as described in the Experimental section.

these species do not, however, serve as substrates
for isoamylase (Fig. 7b). Because the preheated
starch produced the same elution profile after 16 h
at 45°C (Fig. 8e) as did the starch that was not pre-
heated (Fig. 8b), it is possible that the products re-
leased by heat rupture of the granule (Fig. 8d) are
aggregates and that heating for 16 h at 45°C may
cause dissociation and thereby result in the elution
profile depicted in Fig. 8e. If so, then the products
observed after heat pretreatment (Fig. 8d and ¢) are
probably not substrates for isoamylase. When isoa-
mylase was added to starch that was not preheated,
and the mixture was then incubated, the elution
profile changed (Fig. 8c), and species were observed
whose molecular masses were apparently higher
(4.84, 5.42 and 6.27 min). Although significant isoa-
mylase hydrolysis did not occur (Fig. 7b), limited
hydrolysis could have yielded the products ob-

served (Fig. 8c). Addition of isoamylase to starch
after the heat pretreatment (Fig. 8f), resulted in an
elution profile that was different from those depict-
ed in Fig. 8a and e. Aside from the alteration in
retention times, the peak at 12.3 min had a much
larger peak area than the peak with the same reten-
tion time in any of the other chromatograms (Fig.
8a and e). The peaks at 12.3 and 13.9 min could
represent species that were formed by hydrolysis of
accessible regions of the starch granule that con-
tained amylopectin; other products included the oli-
gosaccharides depicted in Fig. 7c. Although the in-
terpretations of the data depicted in the elution pro-
files in Figs. 7 and 8§ are not conclusive, this commu-
nication demonstrates the utility of HILIC and
HPSEC as tools for investigating starch structure.
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CONCLUSIONS

Nanogram to microgram amounts of glucooligo-
saccharides were fractionated within 26 min. The
method and the conditions described for the frac-
tionation of Polycose have potential use for the
manufacturers of infant formulas. When the gra-
dient program was altered to enable the resolution
of oligo- and polysaccharides from different poly-
saccharide hydrolysates, the retention behavior of
the column was significantly different for the differ-
ent polysaccharide hydrolysates that were fraction-
ated. Although the lower solubility of higher-mo-
lecular-mass glucose polymers in acetonitrile—water
eluents may not allow the fractionation of polymers
of DP > 35-40, retention time precision and chro-
matographic resolution using different gradient
programs demonstrate the utility of HILIC. Fur-
thermore, these two chromatographic techniques,
HILIC and HPSEC (with pulsed amperometric de-
tection), will be powerful tools for the investigation
of polysaccharide structure.
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ABSTRACT

Hyaluronic acid (HA) was digested with various kinds of depolymerizing enzymes and the products were analysed by high-perform-
ance liquid chromatography (HPLC) after derivatization with 1-(4-methoxy)phenyl-3-methyl-5-pyrazolone (PMPMP). As hyaluronate
4-glycanohydrolase (EC 3.2.1.35) from sheep testis showed a high efficiency for depolymerization, giving the tetra- and hexasaccharides
abundantly, and is inexpensive, a method for the specific determination of HA was established, based on digestion by this enzyme
followed by determination of the tetra- or hexasaccharide derived therefrom as the PMPMP derivatives by HPLC with UV detection.

This method allowed the determination of HA in the range 0.5-50 ug with high reproducibility.

INTRODUCTION

Hyaluronic acid (HA) is widely distributed
among connective tissues of mammalian bodies and
microorganisms, and is important for the treatment
of geriatric arthritis and as an additive in cosmetics.
HA is a macromolecular compound having a rela-
tive molecular mass of more than 10°. It is com-
posed of glucuronic acid and N-acetylglucosamine
linked alternatively through the f1 — 3 and the 1
— 4 linkages, respectively, as shown in Fig. 1.

In clinical analysis, HA is determined exclusively
by electrophoresis on a cellulose acetate membrane.
It can be also determined by size-exclusion chroma-
tography with UV photometric detection at a low
wavelength [1], but sensitivity and selectivity are not
high. HA can be depolymerized by hydrolases to

Correspondence to: S. Honda, Faculty of Pharmaceutical
Sciences, Kinki University, 3-4-1 Kowakae, Higashi-Osaka 571,
Japan.
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Fig. 1. Structure of hyaluronic acid.

give oligosaccharides having various degrees of
polymerization (DP). Hyaluronate 4-glycanohy-
drolase (hyaluronoglucosaminidase, EC 3.2.1.35)
from animal testes [2] and hyaluronate 3-glycano-
hydrolase (hyaluronoglucuronidase, EC 3.2.1.26)
from leech [3] cleave the glucosaminide and glucu-
ronide linkages, respectively. The resultant oligo-
saccharides can be measured by high-performance
liquid chromatography (HPLC) after derivatization
with 2-aminopyridine [4]. There is another type of
depolymerizing enzyme, hyaluronate lyase (EC
4.2.2.1), which cleaves specifically the hexosaminide
linkage, giving oligosaccharides having one double

1993 Elsevier Science Publishers B.V. All rights reserved
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bond each on the glucuronic acid residue at the
non-reducing ends. The resultant oligosaccharides
show weak absorption at 232 nm due to the double
bond [5]. Modification of the reducing ends of the
resultant oligosaccharides with 2-aminopyridine en-
hances UV absorption and allows fluorescence de-
tection with high sensitivity [4]. The accurate HPLC
determination of individual oligosaccharides de-
rived with these enzymes will make it possible to
elucidate the mechanisms of enzymic reactions and
also determine the content of HA.

In a previous study, we developed a method for
the determination of urinary chondroitin sulphates
based on the capillary electrophoresis of unsaturat-
ed disaccharides derived therefrom by digestion
with chondroitinase ABC, as 1-phenyl-3-methyl-5-
pyrazolone (PMP) derivatives [6]. This method al-
lows the simultaneous sensitive determination of
chondroitin, chondroitin sulphate A and C and re-
lated glycosaminoglycans with UV absorption, and
1s suitable for clinical analysis because of the sim-
plicity of the procedure. In continuation of this
work, we compared the capabilities of PMP ana-
logues, and found that 1!-(4-methoxy)phenyl-3-
methyl-S-pyrazolone (PMPMP) derivatives of oli-
gosaccharides showed a higher molar absorptivity
than PMP derivatives.

In this paper, we propose a method for the deter-
mination of HA, based on HPLC of the oligosac-
charides derived therefrom as PMPMP derivatives.

EXPERIMENTAL

Materials

A sample of HA from pig skin, obtained from
Sigma (St. Louis, MO, USA) was used throughout.
Hyaluronate 4-glycanohydrolase (sheep testis, Type
V) was also obtained from Sigma. Samples of hya-
luronate 3-glycanohydrolase (Hirudo medicinalis)
and hyaluronate lyase (Streptomyces hyalurolytics)
were purchased from Seikagaku Kogyo (Tokyo, Ja-
pan). PMPMP reagent was prepared according to
the method described previously [7]. All other
chemicals were of the highest grade commercially
available.

Instruments
The HPLC system consisted of a Hitachi
655A-12 liquid chromatographic pump, a Shimad-
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zu SPD-6A UV detector and a Shimadzu C-R6A
chromato-recorder for measurements of peak area
and elution time. A column (150 mm X 6 mm I.D.)
packed with Cosmosil SC18-AR (average particle
diameter 5 um) (Nacalai Tesque, Kyoto, Japan)
was used as the stationary phase. Elution was per-
formed with acetonitrile-100 mM phosphate buffer
(pH 7.0) (15:85, v/v) at a flow-rate of 0.8 ml/min,
and PMPMP derivatives of HA-derived oligosac-
charides were monitored at 249 nm.

Fast atom bombardment mass spectrometry
(FAB-MS) of HA-derived oligosaccharides was
performed on a JEOL SX102 apparatus in the nega-
tive-ion mode (glycerol as matrix) using JEOL stan-
dard software.

Enzymic digestion

HA (50 mg) was dissolved in 60 mM citrate buff-
er (pH 5.2, 5.0 ml), hyaluronate 4-glycanohydrolase
from sheep testis (0.5 mg) was added and the mix-
ture was incubated for 24 h at 37°C. The enzymic
reaction was terminated by keeping the mixture on
a boiling water-bath for 3 min and the mixture was
centrifuged at 10 000 g for 10 min. The supernatant
solution was applied to a column of Sephadex G-15
(70 cm x 2.5cm 1.D.) equilibrated with 0.1% acetic
acid, and the column was eluted with the same sol-
vent. Fractions of 7 ml were collected, with UV
monitoring at 220 nm. A 300-ul portion of each
fraction was subjected to carbazole—sulphuric acid
assay for glucuronic acid [8]. Each of the fractions
that showed a positive reaction to the assay was
lyophilized and a 100-ug portion was examined by
FAB-MS. Another portion was derivatized with
PMPMP and the elution volume of the product was
compared with those of the peaks from the deriv-
atized digestion mixture obtained on an analytical
scale (see Fig. 3a).

Comparative study of depolymerizing enzymes

In the comparative study of various depolymeriz-
ing enzymes, HA (50 pg) was dissolved in water (10
ul) and an aqueous solution (1 U, 10 ul) of hyaluro-
nidase and 100 mA/ citrate-phosphate buffer (pH
5.0 for hyaluronate 3-glycanohydrolase from Hiru-
do medicinalis, pH 5.2 for hyaluronate 4-glycano-
hydrolase from sheep testis and pH 6.0 for hyalur-
onate lysase from Streptomyces hyalurolytics) (40
ul) were added. Each mixture was incubated for 24
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h at 37°C. After terminating the enzymic reaction
by heating the mixture on a boiling water-bath for 3
min, the mixture was evaporated to dryness in a
centrifugal concentrator (CC-10; Tomy, Tokyo, Ja-
pan), derivatized with PMPMP and the product
analysed by HPLC.

Time course study

HA (1 mg) was dissolved in 2 ml of water. An
aqueous solution (20 U, 200 ul) of hyaluronate 4-
glycanohydrolase (sheep testis) and 100 mM ci-
trate—phosphate buffer (pH 5.2) (800 ul) were added
and the solution was incubated at 37°C. After spec-
ified periods, aliquots (150 pl each) were removed
and evaporated to dryness in a centrifugal evap-
orator. The residues were derivatized with PMPMP
and the products analysed by HPLC.

Determination of HA

An aqueous solution (100 ul) containing HA
(0.1-50 ug) was added to citrate—phosphate buffer
(pH 5.2) (40 pl). Hyalyronate 4-glycanohydrolase
from sheep testis (5 U per 10 ul in water) was added
to the mixture, which was incubated for 5 h at 37°C.
The enzymic reaction was terminated by heating the
mixture on a boiling water-bath for 3 min and the
mixture was evaporated to dryness in a centrifugal
evaporator. The residue was directly subjected to
derivatization with PMPMP (see below).

Derivatization with PMPMP

The procedure was essentially the same as that
reported for the derivatization of oligosaccharides
from glycoproteins [7]. An 0.3 M solution of sodi-
um hydroxide (20 ul) was added to a lyophilized
sample of HA-derived oligosaccharides or the resid-
ue obtained by the enzymic digestion described
above. To the mixture was added a methanolic 0.5
M solution of PMPMP (20 ul) was added and the
solution was kept at 70°C for 20 min. After addition
of 0.3 M HC1 (20 pul) for neutralization, water (200
ul) and ethyl acetate (200 ul) saturated with water
were added. The mixture was shaken vigorously
and the organic phase was carefully removed. Ethyl
acetate (200 ul) was added and the procedure was
repeated twice more. The aqueous phase finally ob-
tained was evaporated to dryness in a centrifugal
evaporator, the residue was dissolved in 15% aque-
ous acetonitrile (200 ul) and an aliquot (20 ul) of the
solution was injected onto the HPLC column.
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RESULTS AND DISCUSSION

The reducing ends of reducing oligosaccharides
are modified with PMPMP in such a manner that
the hemiacetal bond is cleaved and two molecules of
PMPMP are attached to C-1' of the sugar moiety
through C-4 of the pyrazolone ring (Fig. 2).

The derivatization is quantitative under weakly
alkaline conditions and the remaining reagent can
be easily removed by extraction with ethyl acetate.
The derivatives have a high molar absorptivity
around 249 nm, and a negative charge due to enol-
ization of the keto group at the C-3 position.

The PMPMP derivatives of HA-derived oligosac-
charides were efficiently separated in the reversed-
phase partition mode using an ODS column and a
neutral phosphate buffer containing acetonitrile.

Fig. 3 compares the elution profiles of the
PMPMP-derivatized products of HA digestion by
(a) hyaluronate 4-glycanohydrolase from sheep tes-
tis, (b) hyaluronate 3-glycanohydrolase from Hiru-
do medicinalis and (c) hyaluronate lyase from Strep-
tomyces hyalurolytics. All of the enzymic reactions
were carried out under conditions ensuring comple-
tion.

The product of digestion by hyaluronate 4-glyca-
nohydrolase was derivatized with PMPMP. The
chromatographic profile (Fig. 3a) shows a relatively
simple pattern composed of a few peaks of PMPMP
oligosaccharides. It also shows a peak of the re-
maining reagent (peak 3) and a few minor peaks.
The digestion product similarly obtained was frac-
tionated on a column of Sephadex G-50. Each frac-
tion was monitored for uronic acid, and each uronic
acid-containing fraction was examined by FAB-
MS. The fraction giving the most intense colour in
the carbazole—sulphuric acid assay gave a peak of
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Fig. 2. Reaction of cabohydrates with PMPMP reagent.
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Fig. 3. Comparison of the elution profiles of the PMPMP-derivatized digestion mixture of HA. The digestion by all these enzymes was
almost complete under the conditions employed. Digestion with (a) hyaluronate 4-glycanohydrolase from sheep testis, (b) hyaluronate
3-glycanohydrolase from Hirudo medicinalis and (c) hyaluronate lyase from Streptomyces hyalurolytics. The procedures for enzymic
digestion and derivatization with PMPMP are described under Experimental. Column, Cosmosil 5C18-AR (150 mm X 6 mm LD,
column temperature, ambient; eluent, 100 m3 phosphate buffer (pH 7.0)-acetonitrile (15:85, v/v); flow-rate, 0.8 ml/min; detection UV
absorption at 249 nm. Peaks: 1 = hexasaccharide; 2 = tetrasaccharide; 3 = reagent (PMPMP); 4 = disaccharide.

myfz 797 (Fig. 4), which corresponds to [M— 1]~ ion
from the HA tetrasaccharide. Another portion of
this fraction was derivatized with PMPMP and ex-
amined by HPLC under the conditions as in Fig. 3.
The derivative from this fraction gave a peak identi-
cal with peak 2 in Fig. 3a. Hence peak 2 was identi-
fied as the tetrasaccharide GIcUAS1 — 3GlcNAcS1
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— 4GIcUAS1 — 3GIcNAc. In a similar manner,
peaks 1 and 4 were assigned to the hexa- and di-
saccharides, respectively. The PMPMP derivatives
of this series of oligosaccharides were eluted in or-
der of decreasing DP in this separation mode.

The digestion product with hyaluronate 3-glyca-
nohydrolase (Fig. 3b) gave multiple peaks of oligo-

m/z 797 (M-1)

Fig. 4. Negative-ion FAB mass spectrum of the hyaluronate 4-glycanohydrolase-derived tetrasaccharide.
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Fig. 5. Elution profiles of the PMPMP-derivatized incomplete
digestion mixture of HA. HA (50 pg) was digested by hyalur-
onate 4-glycanohydrolase from sheep testis. Digestion period:
(a) 20 min; (b) 5 h. Peak assignment and analytical conditions as
in Fig. 3.

saccharides having various DP values. Although
HA was digested for an ample period using a large
amount of the enzyme, oligosaccharides having
high DP values were resistant to further hydrolysis.

The digestion of HA with hyaluronate lyase from
Streptomyces hyalurolytics (Fig. 3c) gave a similar
pattern as that in Fig. 3a, although the structures of
the resultant oligosaccharides are slightly different
from those of the corresponding oligosaccharides in
Fig. 3a in that they have a double bond per mole-
cule.
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Comparison of these three profiles led to the con-
clusion that the use of either hyaluronate 3-glycano-
hydrolase or hyaluronate lyase is advantageous for
the determination of HA because of the higher de-
polymerizing efficiencies. Of these two enzymes,
hyaluronate 3-glyconohydrolase is to be preferred
because it is cheaper.

Fig. 5 shows the chromatographic patterns ob-
tained with a smaller amount of hyaluronate 3-gly-
canohydrolase to establish the time course of diges-
tion. The profile for a 20-min digestion (Fig. 5a)
shows weak multiple peaks of higher oligosaccha-
rides, whereas that for a 5-h digestion (Fig. 5b)
shows large peaks of lower oligosaccharides (main-
ly the tetra- and hexasaccharides). However, oligo-
saccharides having DP values higher than 8 still re-
mained with 5-h digestion. These observations sug-
gest that this enzyme randomly cleaves interglyco-
sidic linkages.

We optimized the conditions for the production
of the tetra- and hexasaccharides from HA by di-
gestion with hyaluronate 3-glycanohydrolase from
sheep testis. Fig. 6a shows the pH dependence of the
production of these saccharides. At ca. pH 5 the
yields of both oligosaccharides became maximum.

Fig. 6b shows the effect of incubation period on
the yields of both oligosaccharides. Under the con-
ditions employed, the yields of both oligosaccha-
rides became almost constant after 5 h of incuba-
tion. The production of the hexasaccharide was

w
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Fig. 6. Optimization of the enzyme digestion of HA by hyaluronate 4-glycanohydrolase from sheep testis. (a) pH dependence; (b) effect
of incubation period. The conditions for the enzymic digestion are described under Experimental. Analytical conditions as in Fig. 3.
B = PMPMP derivative of the tetrasaccharide; @ = PMPMP derivative of the hexasaccharide.
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y = 4.5068 + 1.2801x10%«
(R = 0.993)
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y = 1.4844 + 1.0387x10%x
(R = 0.998)
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Fig. 7. Calibration graphs for HA, as observed from the yields of
the tetra- or hexasaccharide derived therefrom. The conditions
for the enzymic digestion are described under Experimental.
Analytical conditions as in Fig. 3. B = Observed from the yield
of the PMPMP derivative of the tetrasaccharide; ® = observed
from the yield of the PMPMP derivative of the hexasaccharide.

much greater than that of the tetrasaccharide in the
initial stages, but it was almost the same as the latter
when the incubation time was longer than 7 h. It
seems that large molecules of HA and HA-derived
oligosaccharides are easily cleaved by hyaluronate
3-glycanohydrolase but the smaller oligosaccha-
rides below hexasaccharides are resistant to this en-
zyme. This enzyme might require at least two bind-
ing sites to exert its enzymic affect. One of the bind-
ing sites is obviously the point of scission, and the
other(s) are at point(s) sufficiently apart from the
point of scission. HA-derived oligosaccharides
smaller than the hexasaccharides cannot have these
additional binding sites, and therefore cannot be
cleaved. Hence hyaluronate 4-glycanohydrolase
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randomly cleaves the glucuronide bond, provided
that the DP is larger than 8, but is does not work on
smaller oligosaccharides.

Under the conditions established above (incuba-
tion for 5 h at 37°C at pH 5.2), various amounts of
HA were digested and the PMPMP derivatives of
the tetra- and hexasaccharides were analysed by
HPLC. The calibration graphs based on the peak
response were linear from 0.5 to 50 ug of HA (Fig.
7), and the relative standard deviations of peak re-
sponse at the 1.0-, 10.0- and 50-ug levels of HA
were 2.3, 1.5 and 1.8%, respectively, for the deriv-
ative of the hexasaccharide. The detection limit was
0.1 ug as HA (10 ng as amount injected). Use of the
calibration graph for the tetrasaccharide gave simi-
lar results.

The established method is sensitive. The specifici-
ty depends on that of hyaluronate 4-glycanohydro-
lase. The process of derivatization also excluded
substances that could possibly interfere in the deter-
mination. Therefore, it may be useful for the deter-
mination of HA in drugs and cosmetics in addition
to clinical samples. The results of its application to
such samples will appear elsewhere.
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ABSTRACT

A high-performance liquid chromatographic (HPLC) profiling method was developed to separate trace impurities in L-tryptophan
products associated with the eosinophilia—myalgia syndrome (EMS) epidemic. The test portion was dissolved in water, and the solution
was filtered and chromatographed on a silica-based C, ; reversed-phase HPLC column by using linear gradient elution with water and
acetonitrile-water (80:20); both solvents contained 0.1% trifluoroacetic acid for ion-pairing. The method was used to profile 200 test
samples from six manufacturers of L-tryptophan. The method was modified to include the use of a C, , disposable cartridge to retain the
1,1"-ethylidenebis(L-tryptophan) (peak E, peak 97 or EBT), the impurity most strongly associated with EMS, and to remove the
L-tryptophan before HPLC separation and quantitation. Recoveries of EBT added to test portions (2 ug/g and above) averaged 80%.

INTRODUCTION

In the fall of 1989, physicians in New Mexico,
USA, noted that several patients had developed a
peculiar illness marked by eosinophilia and severe
myalgia [1]. Epidemiologic investigations by these
physicians and researchers at the Mayo Clinic and
the Centers for Disease Control (CDC) [2-6] associ-
ated this illness with the consumption of L-trypto-
phan (L-Trp). The CDC case definition of the syn-
drome has been (1) an eosinophil count >1 - 10/,
(2) generalized debilitating myalgia and (3) no evi-
dence of infection or neoplasm that would explain
the eosinophilia or the myalgia [7). To date, more
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than 1600 cases of eosinophilia—myalgia syndrome
(EMS) have been reported, with 38 deaths [8].
Warnings and recalls of -Trp by the Food and
Drug Administration (FDA) in November 1989 [9]
promptly ended the epidemic. Research was imme-
diately initiated to determine the cause of EMS.
Since L-Trp had been used previously without any
reported toxicity, this research focused on the
search for a contaminant or contaminants.

L-Trp was produced in Japan by six manufactur-
ers. The bulk was made into capsules, powder or
tablets by many distributors in the USA. It was
used to treat insomnia, premenstrual syndrome,
obesity and drug withdrawal.

In early February 1990, we developed a high-per-
formance liquid chromatographic (HPLC) proce-
dure to screen L-Trp products for minor impurities.
Studies by the CDC and other researchers in Ore-
gon and Minnesota found a strong association be-
tween EMS and L-Trp produced by Showa Denko
K.K. between October 1988 and June 1989 [10]. A
method for isolating and quantifying one of the im-
purities, 1,1"-ethylidenebis(L-tryptophan) (EBT,
peak E or peak 97), was developed.
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EXPERIMENTAL

HPLC profiling of L-tryptophan

The laboratory sample was ground, 0.5 g of the
powder was placed into a 15-ml polypropylene cen-
trifuge tube and 5 ml of water were added. The mix-
ture was vortexed for 2 min, centrifuged and fil-
tered, and 50-100 ul of the filtrate were injected into
the HPLC system. The system consisted of a Waters
U6K injector, a 15-cm Delta-Pak Cyg, 300-A (pore
size), 3-um (particle size) column, two pumps, a UV
detector set at 220 and 280 nm and a Digital Profes-
sional 350 computer equipped with Waters soft-
ware. The linear gradient elution used consisted of
solvent A: 0.1% trifluoroacetic acid (TFA) in water,
and solvent B: 0.1% TFA in acetonitrile-water
(80:20). The mobile phase started with 100% sol-
vent A for 2 min followed by a linear gradient to
80% solvent B at 37 min.

Isolation of EBT

A saturated solution of L-Trp (10 ml) was passed
through a Waters C,s Sep-Pak cartridge that had
been conditioned with 6 ml of methanol and 6 ml of
water. The cartridge was washed with 30 mi of wa-
ter, followed by 6 ml of acetonitrile—water (6:94) to
eliminate most of the L-Trp. The contaminants were
then eluted with 6 ml of acetonitrile—water (70:30).
The solvent was evaporated by using a Speed Vac
(Savant) vacuum evaporator, the residue was dis-
solved in 2 ml of water, the solution was filtered and
500 ul of the filtrate were chromatographed on a
30-cm NovaPak C; g, 3-um (particle size) column by
using a linear gradient from 20% solvent B to 60%
solvent B over 23 min. The HPLC system and sol-
vents A and B were the same as previously de-
scribed.

Quantitation of EBT

EBT standard solution was prepared in 0.1 M
triethylammonium acetate (pH 9.2) buffer. The L-
Trp manufactured by Tanabe Seiyaku Co. con-
tained no EBT and, therefore, was used as the con-
trol in the recovery studies. Various amounts of
EBT were added to a 0.5-g test portion (from
ground L-Trp tablets or contents of L-Trp capsules)
in a 250-ml Erlenmeyer flask. The test portion was
extracted with 100 ml of 0.1% TFA solution by
shaking the mixture for 3 min, the extract was fil-
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tered and 50 ml of the filtrate was passed through a
C,g Sep-Pak cartridge that had been conditioned
with methanol and water. A vacuum manifold was
used to adjust the flow-rate to about 10 ml/min. The
cartridge was washed with 30 ml of water and 6 ml
of acetonitrile-water (6:94). After most of the sol-
vent had been eliminated by applying vacuum for
an additional 2 min, a polyethylene 15-ml centri-
fuge tube was placed under each cartridge. A small
amount of L-Trp and the impurities were then elut-
ed with 6 ml of methanol-acetonitrile (1:1). The el-
uate was concentrated in a Speed Vac vacuum evap-
orator to about 0.2 ml. The final extract was diluted
to 2 ml with water, centrifuged at high speed and
injected onto a 30-cm Delta Pak C, 5, 5-um (particle
size) column. Solvents A and B were the same as
previously described. The UV detector was set at
280 nm. A combination of gradient, isocratic and
step gradient elution was used, starting with a linear
gradient from 20% solvent B to 30% solvent B in 10
min, followed by isocratic elution for 15 min and
then immediate step gradient elution to 80% sol-
vent B for 10 min. The retention time of EBT was
about 19.5 min.

RESULTS AND DISCUSSION

The HPLC fingerprint profiles (200 samples from
different manufacturers) are relatively consistent
from lot to lot of the individual manufacturers.
HPLC profiling can be used to determine the source
of an unknown lot. The variation in chromatograph-
ic patterns is probably related to differences in the
manufacturing processes. The chromatograms
from patient-related materials showed many more
small peaks. More than 200 test samples of L-Trp
were analyzed. Most of the patient-related materi-
als were produced by Showa Denko K.K. Figs. 1
and 2 show typical chromatograms of L-Trp from
two different manufacturers. Fig. 2 is that of a Sho-
wa Denko K.K. product.

Using similar HPLC profiling procedures, re-
searchers at the CDC and at the Mayo Clinic have
attempted to correlate the impurities found by
HPLC with the incidence of EMS. They concluded
that EBT (Fig. 2) may be associated with the illness
[2,11]. Our effort has been centered on the isolation
of EBT and some of the later-eluting components.

In the EBT isolation procedure, the disposable
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Fig. 1. Chromatogram of L-tryptophan (w) from manufacturer
1. Chromatographic conditions: 15-cm C,, column; linear gra-
dient from 0 to 80% B over 35 min; detection at 280 nm. Mobile
phase components: solvent A, 0.1% TFA in water; solvent B,
0.1% TFA in acetonitrile-water (80:20).

C,s cartridge was used to separate the bulk of the
L-Trp from the contaminants. Components repre-
senting five of the HPLC peaks shown in Fig. 3 were
collected and then analyzed separately by using var-
ious mass spectrometric (MS) techniques. In pre-
liminary results obtained in collaboration with the
University of Virginia, we found all five compo-
nents to have molecular masses of less than 500,
using a Fourier transform MS procedure. The exact
molecular mass (M;) of EBT (one of the five com-
ponents, M, 766) was determined in collaboration
with PE Sciex, Canada. The MS data suggested sev-
eral structures. High-resolution secondary ion MS
performed at the FDA with a VG instrument gave
the exact elemental composition, limiting the struc-
ture to an L-Trp dimer joined by an ethylidene
bridge. However, it was not certain whether the two
L-Trp molecules were joined with a bridge at the
amino nitrogens or the indole nitrogens. By using a
procedure developed by Showa Denko K.K., the
component corresponding to peak E was synthe-
sized and the structure was determined to be 1,1'-
ethylidenebis(L-tryptophan), now known as- EBT
(Fig. 4) [12]. Researchers at the Mayo Clinic inde-

1 bl

Retention Time (min)

30.000mv

cht

L 6.00mv
40

Fig. 2. Chromatogram of L-tryptophan (w) from manufacturer
2. Chromatographic conditions and mobile phase components
as in Fig. 1.
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Fig. 3. Chromatogram of concentrated minor components in
L-tryptophan (w). Chromatographic conditions: 30 cm C,, col-
umn; linear gradient from 20 to 60% B over 23 min; detection at
280 nm. Mobile phase components as in Fig. 1.

pendently determined the structure of this com-
pound, which was isolated from the contaminated
L-Trp [13]. EBT is an aminal, an L-Trp dimer joined
by an ethylidene linkage at the indole nitrogens.
With the availability of EBT as a reference stan-
dard (purity >95%), it became possible to develop
a quantitative method for EBT in L-Trp tablets or
capsules. (MS showed that the M, of 766 and the
fragmentation pattern for the standard and the iso-
lated EBT were the same.) The solubility and stabil-
ity of EBT were determined. Although EBT is read-
ily soluble in either acidic or basic solution, it is
more stable in basic solution. EBT in 0.1% TFA
solution kept at 5°C decomposed completely within
1 week (no HPLC peak at the retention time of the
peak produced by the original solution before stor-
age). A solution of 10 mg EBT/100 ml of 0.1 M
triethylammonium acetate (pH 9.2) buffer kept at
5°C for 1 month gave an HPLC peak that was the
same height as the peak produced by the original
solution before storage for the same injection vol-
ume. L-Trp is more soluble in 0.1% TFA solution

NH,

NH, COH
COH
+CHiCHO —_— P>C—CH3 +H0
H N
L-Tryptophan Acetaldehyde \
NH,
coH

1,1’-ethylidenebis(L-tryptophan)
peak E, Peak 97, or EBT

Fig. 4. Synthesis of 1,1'-ethylidenebis(L-tryptophan).
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Fig. 5. Chromatogram of non-patient-related material. Chro-

matographic conditions: 30-cm C, ; column; linear gradient from

20 to 3% B over 10 min, isocratic elution for 15 min, step-gra-

dient elution to 80% B, hold for 8 min. Mobile phase compo-

nents as in Fig. [. W = L-Trp.

than in water (pK, values for L-Trp are 2.43 and
9.44); therefore, spiked test portions were dissolved
in TFA solution. It is not advisable to dissolve the
compound in basic solution because most silica gel
bonded-phase C;g cartridge packings will be de-
stroyed at a pH > 7. Recoveries of EBT added at
levels of 0.6, 1, 2 and 4 ug/g of L-Trp were 117, 113,
84 and 82%, respectively. The high recoveries for
the lower levels were due to slight background inter-
ferences.

This method was used to analyze some of the pa-
tient-related and non-patient-related materials. All
of the patient-related materials were found to con-
tain EBT at >70 ug/g of tablet, whereas the non-
patient-related materials either did not contain EBT
or contained significantly less EBT, as showii by the
absence of a peak at the approximate retention time
of EBT (Figs. 5 and 6).

o
"

0 5 10 15 20 25 30 35
Retention Time (min)

Fig. 6. Chromatogram of patient-related material. Chromato-
graphic conditions and mobile phase components as in Fig. 5.
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CONCLUSIONS

All L-Trp preparations contain various minor im-
purities. These vary with the manufacturing
processes. One of the impurities, EBT (peak E or
peak 97), from Showa Denko K.K. products was
isolated. The structure was elucidated and a quanti-
tative method of analysis was developed. Although
preliminary testing in an animal model indicates
that EBT may have some role in EMS, other factors
may be involved [14].
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ABSTRACT

The use of sequence-specific DNA affinity adsorbents for the isolation of restriction endonucleases EcoR] and Sphl to near homoge-
neity has been reported. However, the high cost of these adsorbents is a limiting factor for their wider application. This paper reports
the application of sequence-specific DNA affinity ligands containing recognition sequences for 34 restriction endonucleases as group-
specific ligands in the isolation of restriction endonucleases. Crude samples of six restriction endonucleases, namely BsAFI, BamHI,
Smal, Sacll, Pvull and Sall, were shown to bind to these adsorbents and could be eluted at different KCI concentrations. High
purification factors and recoveries were obtained. Restriction endonuclease BshF1, an isoschizomer of Haelll, from the microorganism
Bacillus sphaericus was purified to near homogeneity employing a two-step procedure which involves DNA-cellulose chromatography
and oligonucleotide-ligand affinity chromatography. The enzyme exists as a monomer with an apparent relative molecular mass of

34 000 as determined by both sodium dodecyl sulphate—polyacrylamide gel electrophoresis and size-exclusion chromatography.

INTRODUCTION

Sequence-specific DNA affinity chromatography
has been successfully applied to the isolation of pro-
teins that interact with specific DNA sequences
[1-6]. The use of this technique for the isolation of
restriction endonucleases to homogeneity has also
been reported [7,8]. Although several procedures
have been published regarding the purification of
restriction endonucleases, most of them involve
lengthy and laborious protocols [9,10]. However,
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1515, Heraklion 711 10, Crete, Greece.
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rapid two-step chromatographic procedures involv-
ing triazine dye adsorbents, HPLC and affinity par-
titioning have been reported, resulting in partially
purified restriction endonucleases free from con-
taminating nuclease activities [11-13]. Although se-
quence-specific DNA affinity chromatography
compares favourably with other adsorbents used
for the isolation of restriction endonucleases to ho-
mogeneity, the high cost of this technique, resulting
from the different synthesis of the ligand for each
restriction endonuclease, is a limiting factor for its
wider application.

Affinity chromatography using specific ligands
requires a different and elaborate synthesis for each
purification problem. Further, as the choice of the
ideal ligand is still largely empirical, extensive ex-

1993 Elsévier Science Publishers B.V. All rights reserved
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perimentation is needed to achieve satisfactory sep-
arations [14,15].

Group-specific adsorbents exhibit affinity for
whole groups of enzymes and therefore display
great versatility in application. The development of
oligonucleotide affinity adsorbents containing sites
for a number of restriction enzymes which can
therefore be used as group-specific adsorbents
could potentially solve this problem.

This paper describes the synthesis of two group-
specific DNA affinity adsorbents and their potential
application in the isolation of a number of restric-
tion endonucleases recognizing sequences within
this oligonucleotide ligand. The purification of re-
striction endonuclease BsiFI, an isoschizomer of
Haelll, [16] to homogeneity employing a two-step
procedure is also presented.

EXPERIMENTAL

Materials

Restriction endonucleases (BshFI, BamHI,
Pyull, Smal, Sacll, Sall), ADNA, ADNA-HindIII
digest and T, DNA ligase were kindly supplied by
Minotech (Heraklion, Greece), T4 polynucleotide
kinase was obtained from New England Biolabs
(Beverly, MA, USA), DNA cellulose from Sigma
(St. Louis, MO, USA), cyanogen bromide-activated
Sepharose 4B from Pharmacia (Uppsala, Sweden)
and a Sep-Pak C;g column from Waters (Milford,
MA, USA).

Yeast extract, tryptone and other chemicals were
purchased from Merck (Darmstadt, Germany) and
agarose for gel electrophoresis from Bethesda Re-
search Labs. (Bethesda, MD, USA).

Growth of cells

Bacillus sphaericus (BshFI) was grown at 30°C
until late logarithmic phase on a medium contain-
ing yeast extract 5 g/l, tryptone 10 pg/l and NaCl 5
g/l with a yield of 4 g of cell paste per litre of growth
medium. Cells were harvested at 4°C by centrifu-
gation and stored frozen at —70°c.

Enzyme assays

Routine assays for locating BshFI, BamHI,
Pvull, Smal, Sacll and Sall endonuclease activity
during the chromatographic runs were performed
as described previously [12]. One unit of enzyme
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activity is defined as the amount of enzyme required
to produce a complete digest of 1.0 ug of ADNA at
37°C (25°C for Smal) for 1 h in a total volume of
50ul.

Preparation of oligodeoxynucleotide affinity adsor-
bents

Two complementary oligodeoxynucleotides of
the sequence 5-GATCGCATGCCGCGGATCC-
CGGGCCCAGGTGGCCAGCTGTCGAC-3’
and 3’-CGTACGGCGCCTAGGGCCCGGGTC-
CACCGGTCGACAGCTGCTAG-5" were synthe-
sized (1-pumol scale; Applied Biosystems) and kindly
provided by the Microchemistry Department of
IMBB, already deprotected in ammonia solution.

The crude oligodeoxynucleotides were evaporat-
ed to remove ammonia, dissolved in water, centri-
fuged to remove benzamides formed during protec-
tion, evaporated and resuspended in 50 mM tri-
ethylammonium acetate (TEA-Ac) (pH 7.0). An
initial purification step was then performed with a
size-exclusion G-25 Sephadex gel column, followed
by a desalting step with a Sep-Pak C,g column [7].
Annealing of strands was performed in 100 ul of
buffer containing 50 mM NaCl, 1 mM EDTA and
10 mM Tris-HCI (pH 8.0) by heating at 90°C for 2
min, then at 65°C for 90 min and 55 °C for 30 min
and cooling slowly to room temperature.

Preparation of oligodeoxynucleotide affinity adsor-
bent 1

After annealing had been performed, 1.8 mg of
the DNA was phosphorylated in a reaction mixture
containing 1800 U/ml T4 polynucleotide kinase, 5
mM ATP (containing 5 uCi of [y->*P]ATP), 70 mM
Tris—-HCI (pH 7.6), 10 mM MgCl, and 5 mM di-
thiothreitol (DTT) for 2 h at 37°C. The DNA was
precipitated with ethanol and dried in vacuo. The
oligonucleotide was dissolved in ligation bufler con-
taining 66 mM Tris—HCI (pH 7.5), 10 mM MgCl,,
15 mM DTT, 1 mM spermidine-HCl and 1 mM
ATP and was polymerized with T4 DNA ligase (50
Weiss units) for 18 h at 15°C. DNA was extracted
with phenol-chloroform, precipitated with ethanol
and resuspended in water, to be used for coupling to
cyanogen bromide-activated Sepharose gel (3.5 g)
according to the method of Kadonaga and Tjian
[4]. By measuring the radioactivity that remained in
the washings after the coupling, the concentration
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of bound DNA was calculated to be ca. 60 ug
DNA/ml gel (10 ml total gel).

Preparation of oligodeoxynucleotide affinity adsor-
bent I1

A 1.8-mg amount of the annealed DNA was
phosphorylated as above and then coupled to 3.5 g
of cyanogen bromide-activated Sepharose gel [4].
After coupling the concentration of bound DNA
was ca. 70 ug DNA/ml gel (10 ml total gel).

Protein assay and electrophoresis techniques

Protein determination was performed according
to Bradford using bovine serum albumin as protein
standard [17]. Polyacrylamide gel electrophoresis
(PAGE) of proteins in the presence of sodium dode-
cyl sulphate (SDS) was performed according to the
method of Laemmli [18]. Agarose gel electrophore-
sis of DNA fragments was performed as described
previously [12].

Comparison of properties of oligonucleotide affinity
adsorbents I and 11

The same sample of a partially purified prepara-
tion of BshFI (20 ml; 4 mg; 900000 U/mg;
3 600 000 U) was applied to the same size of column
of both affinity adsorbents I and II (2 x 1.6 cm
I.D.; 4 ml). The columns were washed with 25 mM
4-(2-hydroxyethyl)-1-piperazineethanesulphonic
acid (HEPES) (pH 7.8), containing 7 mM fS-mer-
captoethanol, | mM EDTA and 10% (v/v) glycerol
until no absorption at 280 nm was evident in the
effluents, and then developed with a 0.3 M step gra-
dient of KCI.

Fractions with BsAFT activity eluted with the 0.3
M KCI step gradient from adsorbent I (0.32 mg;
6 400 000 U/mg; 2 050 000 U) and adsorbent II
(0.168 mg; 11 309 520 U/mg; 1900 000 U) were
pooled and stored at 4°C.

Enzyme purification procedures

For purification of BshF1, frozen cell paste (8 g)
was thawed with 80 ml of 20 mM potassium phos-
phate buffer (pH 7.0) containing 7 mM f-mercap-
toethanol, 1 mM EDTA and 5% (v/v) glycerol
(buffer A), sonicated in an ice-bath for a total of 7
min (14 x 30 s) and centrifuged at 4°C for 1 h at
100.000 g. The supernatant (80 ml; 2 mg/ml; 160
mg) was loaded onto a dsSDNA cellulose column (4
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x 4.4 cm 1.D.; 60 ml) previously equilibrated in
buffer A. The column was washed with buffer until
no adsorption at 280 nm was evident in the efluents
and then developed with a linear gradient of NaCl
(600 ml total volume, 0-0.8 M) in buffer A at a
flow-rate of 40 ml/h. Fractions (5 ml) with BshFI
activity corresponding to ca. 0.15 M NaCl in the
gradient were pooled (80 ml), concentrated with
PEG (M, 30 000) treatment and dialysed against 25
mM HEPES (pH 7.8) containing 7 mM f-mercap-
toethanol, 1 mM EDTA, 10% (v/v) glycerol (buffer
B) and 0.1 M KCl.

A sample (20 ml; 1 mg; 1920 000 U) from the
latter preparation was applied to an adsorbent
bearing immobilized ligand II (adsorbent II, 5 x
1.6 cm 1.D.; 10 ml) which had previously been equil-
ibrated in buffer B containing 0.1 M KCI. The col-
umn was washed with buffer B containing 0.1 M
KCl (56 ml) and subsequently with buffer B con-
taining 0.2 M KCI (78 ml) and then developed with
a linear gradient of KCl (114 mi; 0.2-0.4 M) in buff-
er B at a flow-rate of 9 ml/h. Fractions (2.8 ml) with
BshFI activity corresponding to ca. 0.25 M KCl in
the gradient were pooled (36.4 ml; 1.35 pug; 40 U/ul;
1 456 000 units) and stored at 4°C.

Purification of restriction endonucleases BshFI,
BamH]1, Smal, Sacll, Pvull and Sall

Partially purified preparations of restriction en-
donucleases BshFI (1.26 mg; 3.96-10° U), BamHI
(0.2 mg; 20 000 U), Smal (0.46 mg; 40 000 U), Sacll
(3.22 mg; 42 500 U), Pvull (0.5 mg; 196 000 U) and
Sall (0.35 mg; 80 000 U) were separately applied to
Affinity adsorbent IT (5 x 1.6 cm 1.D.; 10 ml) which
had previously been equilibrated in buffer B. The
column was washed with buffer B until no absorp-
tion at 280 nm was evident in the effluents and then
three successive step gradients consisting of 0.1, 0.2
and 0.3 M KCl in buffer B were applied at a flow-
rate of 9 ml/h. BshFI (22.5 pg; 3.4-10° U) and Bam-
HI (0.5 ug; 15000 U) were eluted with 0.3 M KCl,
Smal (9.2 ug; 35 000 U) and Sacll (25 ug; 40 000 U)
with 0.2 M KCI and Pvull (4 ug; 168 000 U) and
Sall (35 ug, 64 000 U) with 0.1 M KCl. Fractions
with BshFI, BamHI, Smal, Sacll, Pvull and Sall
activities were pooled and stored at 4°C.
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RESULTS AND DISCUSSION

Several purification procedures have been de-
scribed for the isolation of restriction endonucleas-
es free from contaminating nuclease activities.
Among these, recent methods based on dye-ligand
chromatography [11], HPLC [12] and affinity parti-
tioning [13], although effective, required the use of
two or three columns, resulting in partially purified
restriction enzyme preparations.

Sequence-specific DNA affinity chromatography
has been successfully applied for the isolation of
several proteins to homogeneity [1-6]. This tech-
nique has also been employed in order to prepare
restriction endonucleases of high purity [7,8]. A lim-
iting factor in the application of this technology is
the high cost involved, resulting from the expensive
synthesis of the oligonucleotide ligands. The con-
struction of two oligonucleotide affinity ligands
containing recognition sequences for 34 restriction
endonucleases is reported in this paper. The restric-
tion enzymes, their recognition sequences and rec-
ognition sites (number of first base) within the oli-
gonucleotide affinity ligand are illustrated in Table
I. One of the two affinity ligands was constructed
after annealing of two oligonucieotides and subse-
quent polymerization and the other after annealing
of two oligonucleotides without any further poly-
merization (Fig. 1). Both affinity ligands were sub-
sequently coupled to cyanogen bromide-activated
Sepharose. The oligonucleotides were designed in
such a way that the resulting DNA affinity ligands
contained 5’-single-strand overlapping termini in
order that primary amines of the free bases could be
coupled to activated agarose.

The resulting affinity adsorbents having roughly
the same ligand concentration were compared in
terms of capacity and specificity using partially pu-
rified preparations of the restriction endonuclease
BshFI. Although both adsorbents exhibited similar
capacities (ca. 500 000 U/ml gel) the adsorbent that
resulted from the unligated ligand (adsorbent II) ex-
hibited higher specificity (42 pg of protein/ml of gel
were bound) than that resulting from polymeriza-
tion of the oligonucleotide (80 ug of protein/ml of
gel were bound, adsorbent I). We therefore em-
ployed adsorbent 11 for all subsequent experiments.

In order to hydrolyse DNA, restriction enzymes
require the presence of divalent metal ions, usually
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TABLE I

RESTRICTION ENZYME RECOGNITION SITES CON-
TAINED IN SEQUENCE-SPECIFIC DNA AFFINITY LIG-
ANDSTAND II

Enzyme Recognition Recognition site
sequence’ (number of first base)

Accl GTMKAC 39

Alul AGCT 35

Alwl GGATC 14

Apal GGGCCC 21

Aval CYCGRG 18

Ball TGGCCA 30

BamHI GGATCC 14

Banll GRGCYC 21

Bgll GCCNNNNNGGC 23

Bsp12861 GDGCHC 21

BsiNI CCWGG 25

BsiU] CGCG 11

BsiY1 RGATCY 14

Eael YGGCCR 30

FnudHI GCNGC 9

Haelll GGCC 22,31

Hincll GTYRAC 39

Hpall CCGG 19

Mbol GATC 15

Neil CCSGG 18, 19

Nlalll CATG 6

NialV GGNNCC 14, 21

Nspl RCATGY 5

NspBII CMGCKG 10, 34

Pvull CAGCTG 34

Sacll CCGCGG 10

Sall GTCGAC 39

SerF1 CCNGG 18, 19, 25

Secl CCNNGG 10, 18, 24

Sfil GGCCNNNNNGGCC 22

Smal CCCGGG 18

Sphl GCATGC 5

Taql TCGA 40

Xmal CCCGGG 18

ap= GorAorT;H=AorCorT;K=GorT;M=AorC;
N=AorCorGorT;R=A0rG;S=GorC;W=AorT,
Y = TorC.

Mg?*. For this reason, the addition of EDTA in all
buffers for chelating the metal ion is necessary. The
same method is used for DNA—cellulose or DNA~
agarose in order to avoid hydrolysis from non-spe-
cific nucleases [19].

In order to examine the potential application of
affinity adsorbent II as a group-specific adsorbent
for the isolation of restriction endonucleases, we
used partially purified enzyme preparations of
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a

5-GATCGCATGCCGCGGATCCCGGGCCCAGGTGGCCAGCTGTCGAC-3'

+

3-CGTACGGCGCCTAGGGCCCGGGTCCACCGGTCGACAGCTGCTAG-S'

¢ Annealing

5-GATCGCATGCCGCGGATCCCGGGCCCAGGTGGCCAGCTGTCGAC-3
3-CGTACGGCGCCTAGGGCCCGGGTCCACCGGTCGACAGCTGCTAG-S'
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Kinase
Ligase

5’ -GATCGCATGCCGCGGATCCCGGGCCCAGGTGGCCAGCTGTCGACGATCGCATGCCGCGGATCCCGGGCCCAGGTGGCCAGCTGTCGAC. ... .....
3-CGTACGGCGCCTAGGGCCCGGGTCCACCGGTCGACAGCTGCTAGCGTACGGCGCCTAGGGCCCGGGTCCACCGGTCGACAGCTGCTAG. ...

b

5'-GATCGCATGCCGCGGATCCCGGGCCCAGGTGGCCAGCTGTCGAC-3

+
3-CGTACGGCGCCTAGGGCCCGGGTCCACCGGTCGACAGCTGCTAG-S

¢ Annealing

5'-GATCGCATGCCGCGGATCCCGGGCCCAGGTGGCCAGCTGTCGAC-3

3-CGTACGGCGCCTAGGGCCCGGGTCCACCGGTCGACAGCTGCTAG-S

Fig. 1. Preparation of two sequence-specific DNA affinity ligands containing recognition sequences for 34 restriction endonucleases.
(a) The two oligonucleotides were annealed, phosphorylated at the 5' protruding ends with T, polynucleotide kinase and ATP and
complementary oligonucleotides were polymerized with T, DNA ligase and ATP (affinity ligand I). (b) The two oligonucleotides were

annealed without subsequent polymerization (affinity ligand II).

BshF1, BamHI, Smal, Sacll, Pvull and Sall, which
have recognition sequences within the oligonucleo-
tide ligand. All enzyme preparations tested were
bound to this adsorbent and were subsequently
eluted at different salt concentrations by step gra-
dients of KCI. The ability of adsorbent II, which
was designed in order to interact specifically with

TABLE 11

ELUTION OF RESTRICTION ENDONUCLEASES FROM
OLIGONUCLEOTIDE AFFINITY ADSORBENT II AT
VARIOUS KCl CONCENTRATIONS

Enzyme Elution Purification Recovery
[KCL (M)} (-fold) (%)
BshF1 0.3 48 86
BamH1 0.3 > 300 75
Smal 0.2 43 88
Sacll 0.2 122 94
Pyull 0.1 108 86
Sall 0.1 8 80

restriction enzymes, was evaluated on the basis of
the KCI concentration that was necessary for the
desorption of the enzymes. BshFI and BamHI were
eluted with 0.3 M, Smal and Sacll with 0.2 M and
Pyull and Sall with 0.1 M KCl, which is an in-
dication of the different affinities of the enzymes for
the ligand in the absence of MgZ* (Table II). The
purification factors obtained varied from 8- to
greater than 300-fold and the recoveries varied from
75 to 94% (Table II). The estimated association
constants of the interaction between the above re-
striction endonucleases and their recognition sites
(2.4 uM ligand concentration) varies from 1.2-10°
to 6.5-10°% 1 mol ™!, under the buffer conditions de-
scribed [20]. After each application the affinity col-
umn was regenerated with 2.5 M KCl in order to
wash out traces of bound material. Despite the la-
bility of the DNA ligand, the column showed very
good stability and could be used more than ten
times for the purification of the above enzymes.
Employing a two-step procedure including
DNA-—cellulose and affinity adsorbent II, we puri-
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Fig. 2. Purification of BshFl by chromatography on oligonucleotide affinity adsorbent 1i. A sample (20 ml, | mg; 1.92:10° units) of
partially purified BshFI on a dsDNA—cellulose column was applied to an oligonucleotide affinity adsorbent (5 x 1.6 cm; 10 ml)
previously equilibrated in buffer B containing 0.1 M KCI. The affinity column was washed with buffer B containing 0.1 Af KCI (56 ml)
and subsequently with buffer B containing 0.2 M KCI (78 ml) and then developed with a linear gradient of KCI (114 ml total volume;
0.2-0.4 M) in buffer B at a flow-rate of 9 ml/h. Fractions (2.8 ml) with BshF1 activity correspondend to ca. 0.25 M KCl. The protein
content was followed with a UV monitor at 280 nm, 0.05 a.u.f.s. (solid line). Dashed line, KCl concentration. ® = Enzyme activity.
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Fig. 3. Denaturing SDS-PAGE of the cluate containing BshF1
activity and obtained from the oligodeoxynucleotide affinity ad-
sorbent I1. Lanes: 1 = crude protein mixture obtained from Ba-
cillus sphaericus strain after cell lysis; 2 = fractions with BshFl
activity eluted from the DNA—cellulosc adsorbent; 3 = fractions
with BshF] activity eluted from the oligonucleotide affinity ad-
sorbent 11; M = relative molecular mass markers, with the val-
ues shown on the left.

fied restriction endonuclease BshAFI to homogeneity
(Figs. 2 and 3, Table IIT). The successful isolation of
the enzyme is mainly due to the effectiveness of the
affinity chromatographic column. The enzyme
preparation was enriched 562-fold and a 76% yield
was obtained (Table II). The affinity column’could
be used repeatedly more than 20 times to isolate
restriction endonuclease BshFI without any de-
crease in its performance. The enzyme exists in its
native form as a monomer with an apparent relative
molecular mass of 34 000 as determined by both
SDS-PAGE and size-exclusion chromatography.

DNA—cellulose proved to be a very effective step
in order to remove proteins that exhibited non-spe-
cific interaction with DNA from the crude extract,
as reported previously [8].

A possible explanation for the weak interaction
of Pwull and Sall with affinity adsorbent II is that
the specific interaction of the enzymes with their
recognition sequence might require the presence of
Mg?* ions. The only enzymes that have been stud-
ied and for which it has been demonstrated that the
specific interaction with DNA is independent of the
presence of Mg?* ions are the enzymes EcoRI and
BgllI [19,21]. Further, it has been reported that in
the absence of Mg?* the binding affinities of EcoRlI
for specific and non-specific DNA differ by a factor
of 1-10° [21-23]. Similar results were obtained with
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TABLE 111

SUMMARY OF THE PURIFICATION PROTOCOL FOR BshFI
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Step Protein Enzyme Specific Purification Yield
(mg) activity activity (-fold) (%)
() (U/mg)
Crude extract 160 - - - -
DNA-—cellulose 1 1.92-108 1.92-108 1 100
Adsorbent II 1.3510°3 1.46:108 1.08-10° 562 76

Rsrl, an isoschizomer of EcoRI [24], whereas with
EcoRYV the ratio of binding affinities is 1 [25].

This study has demonstrated the effectiveness of
a group-specific oligonucleotide affinity adsorbent
for the isolation of restriction endonucleases. It is
expected that restriction endonucleases that exhibit
higher affinity for specific rather than non-specific
DNA sequences will be successful candidates for
purification by sequence-specific DNA affinity
chromatography.
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ABSTRACT

A column liquid chromatographic method suitable for the quality control of tylosin A is described. The determination can be carried
out on different C, or C,, columns, using a mobile phase containing acetonitrile, 0.2 M tetrabutylammonium hydrogensulphate, 0.2 M
phosphoric acid and water. The flow-rate is 1 ml/min and detection is performed at 280 nm. The method shows good selectivity towards
the major components tylosin A, B, C and D and demycinosyltylosin. Minor degradation products, mainly observed in solutions, are
also separated. The compositions of several standards are compared and results for a number of commercial samples are presented.

INTRODUCTION

Tylosin, a macrolide antibiotic, is produced by
fermentation of Streptomyces strains [1]. It consists
of a substituted sixteen-membered lactone, an ami-
no sugar (mycaminose) and two neutral sugars, my-
cinose and mycarose [2,3]. Tylosin is used extensive-
ly as a feed additive and as a therapeutic substance
in the treatment of mycoplasmosis in poultry and
livestock [4]. In addition to the main compound,
tylosin A (TA), several related structures are co-
produced during the fermentation process. Desmy-
cosin or tylosin B (TB) [2], macrocin (TC) [5], relo-
mycin (TD) [6] and demycinosyltylosin (DMT) [7]
have been isolated and their structures determined
(see Fig. 1).

The first reversed-phase liquid chromatographic
(LC) methods described did not allow the separa-
tion of the different tylosins [8,9]. It is necessary to
separate these tylosins as it is known that they have

Correspondence to: J. Hoogmartens, Katholicke Universiteit
Leuven, Laboratorium voor Farmaceutische Chemie, Instituut
voor Farmaceutische Wetenschappen, Van Evenstraat 4, B-3000
Leuven, Belgium.
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different antibiotic activities [4]. A method for the
analysis of tylosin in fermentation broths has also
been described [10]. The selectivity was poor and
the pH of the mobile phase too basic (>11) for
continuous use with reversed-phase columns. Later,
an improved method at lower pH was published by
the same author [11]. The separations were carried
out on C,g and Cg columns. The mobile phase con-
sisted of tetrahydrofuran (THF), acetonitrile
(CH5CN), sodium pentanesulphonate, acetic acid
and water. The selectivity was further improved by
increasing the temperature to 55°C [11,12]. The ma-
jor disadvantage of this method was the poor selec-

“tivity towards impurities, eluted close to the main
component.

This was much improved by the method de-
scribed by Fish and Carr [13]. Three stationary
phases were found suitable: Nucleosil ODS, Zorbax
Cs and Hypersil Cg. The mobile phase consisted of
CH;CN in 0.85 M sodium perchlorate adjusted to
pH 2.5 with 1 M hydrochloric acid. The high salt
concentration combined with the corrosive chloride
ion is a drawback of the method. The variance in
selectivity for different batches of the same station-
ary phase sometimes results in a decrease in resolu-

1993 Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Structures of tylosins.
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tion for minor components [13]. Using this method,
it is necessary to adjust the composition of the mo-
bile phase to provide sufficient resolution between
the tylosin components. This method is now pre-
scribed by the British Veterinary Pharmacopoeia
(BP Vet) [14] and by the French Pharmacopoeia
[15].

The LC method described here ensures a selec-
tivity that is better than that obtained with the BP
Vet method. The mobile phase is not corrosive and
its composition needs less adjustment when the
method is used on different stationary phases.

EXPERIMENTAL

Reagents and samples

Organic solvents were obtained from Janssen
Chimica (Beerse, Belgium). Tetrahydrofuran
(THF) was distilled after monitoring for the ab-
sence of peroxides. Tetrabutylammonium (TBA)
hydrogensulphate was also obtained from Janssen
Chimica. Other reagents were of analytical-reagent
grade (Merck, Darmstadt, Germany). Water was
freshly distilled from glass apparatus. Buffer solu-
tions were prepared by mixing 0.2 M phosphoric
acid with 0.2 M potassium dihydrogenphosphate
until the desired pH was reached. The 0.2 M TBA
solutions incorporated in the mobile phases were
neutralized to the same pH as the mobile phase
buffer with dilute sodium hydroxide.

The World Health Organization (WHO) interna-
tional reference preparation of tylosin (WHO-IS,
1000 I.U./mg), the British Pharmacopoeia chemical
reference substance (BP-CRS, batch 1226) and E.
Lilly standards of tylosin A (lot 294-F14-180-1x)
and of tylosin (lot 186TD 1, 1073 1.U./mg) were
available. House standards were prepared of TA
(89.2%), TB (93.9%), TC (93.0%) and TD
(98.9%), this content (% w/w) being expressed on
the substance ‘“‘as is”. Bulk samples of tylosin were
of known origin (Bulgaria, Italy and USA). A small
amount of demycinosyltylosin (DMT) was also pre-
pared but the purity of this compound was not de-
termined precisely as it is only a minor impurity.

Columns

The columns (250 % 4.6 mm 1.D.) were packed in
the laboratory following a published method [16].
The reversed-phase stationary phases were Zorbax
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(DuPont, Wilmington, DE, USA), Nucleosil (Ma-
cherey—-Nagel, Diiren, Germany), Partisil (What-
man, Clifton, NJ, USA), RSil and RoSil (Bio-Rad,
Eke, Belgium), Hypersil (Shandon, Runcorn, UK)
and Spherisorb (Phase Separations, Queensferry,
UK). The columns were always heated at 30°C.

LC apparatus and operating conditions

Isocratic elution was performed throughout the
study. The apparatus consisted of a Milton Roy
mini-pump (Laboratory Data Control, Riviera
Beach, FL, USA), a Model CV-6-UHPa-N60 in-
jector (Valco, Houston, TX, USA) equipped with a
20-ul loop, a Model LC 3 UV variable-wavelength
detector (Pye Unicam, Cambridge, UK) set at 280
nm and a Model 3390A integrator (Hewlett-Pack-
ard, Avondale, PA, USA). For the final analyses of
standards and samples a RoSil Cg (8 um) column
was used with acetonitrile—0.2 A TBA-0.2 M phos-
phoric acid—water (20:8:5:67, v/v) as mobile phase.
The mobile phase was degassed by sonication and
the flow-rate was 1.0 ml/min. For all samples an
amount equivalent to 50.0 mg of tylosin base was
dissolved in water an diluted to 50.0 ml. The solu-
tions were stored at 6°C in the dark.

RESULTS AND DISCUSSION

Development of the chromatographic method

The LC method was developed using a Zorbax
Cg column. A mobile phase containing CH;CN,
phosphoric acid and water was examined first. It
was observed that the addition of quaternary am-
monium ions improved both efficiency and symm-
etry. Tetrabutylammonium (TBA) gave better re-
sults than tetramethylammonium and therefore
TBA was used in all further experiments. TBA
masks the residual silanol activity and acts as a
competing analyte [17,18]. This causes the tylosin
components not only to be better separated but also
eluted faster. The influence of the pH of the mobile
phase was investigated by replacing the 0.2 M phos-
phoric acid with 0.2 M phosphate buffers of pH up
to 4.0. Increasing the pH caused an increase in re-
tention times and symmetry factors and a decrease
in resolution. The use of 0.2 M sulphuric acid gave
results similar to those obtained with 0.2 M phos-
phoric acid. The latter was chosen for further work.

The influence of the amount of TBA in the mo-
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Fig. 2. Influence of the concentration (%, v/v) of 0.2 M TBA in
the mobile phase on the separation of tylosin A, B, C, D. Col-
umn, Zorbax Cg (8 um); mobile phase, CH,CN-0.2 M TBA-0.2
M phosphoric acid—water [23:x:5:(72 — x)].

bile phase is shown in Fig. 2. The retention times
decrease with increasing TBA concentration. The
best resolution was obtained between 5 and 8%
TBA. An amount of 5% TBA was chosen for fur-
ther work. The influence of the organic modifier
was also investigated. The capacity factors are re-
ported in Table I. The amount of organic modifier
was adjusted to obtain comparable retention times

TABLE 1
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or to improve the separation. The best selectivity
and symmetry were obtained with CH;CN, which
was chosen for further work.

In order to examine the general applicability of
the mobile phase thus developed, a sample contain-
ing tylosin A, B, C, D and some minor impurities
was analysed on columns packed with different Cg
and C, g stationary phases. The capacity factors for -
tylosin A, B, C and D are given in Table II. The
elution order was the same on all the columns ex-
amined. The selectivity towards minor impurities,
eluted before TC and immediately before and after
TA, was similar. It was also observed that the reten-
tion was weaker on the older Zorbax column, but
the selectivity was similar. A more important influ-
ence of column age was reported previously for the
LC of erythromycin [19]. In a series of separate ex-
periments it was observed that the presence of TBA
improves the reproducibility of the selectivity on the
different columns. In the presence of TBA there is
less difference between Cg and C,g materials. The
separation between major (TA, TB, TC, TD) and
minor components can be improved also by varia-
tion of the 0.2 M TBA content in the mobile phase
between 3 and 8% (v/v). Throughout the entire
study a column temperature of 30°C was main-
tained to improve the uniformity of working condi-
tions. Another temperature between 20 and 35°C
may be chosen with no effect on the selectivity.

Fig. 3 shows the typical chromatogram accompa-
nying the BP-CRS batch 1226 and obtained with
the BP Vet method. TAD is an impurity called aldol
impurity. Fig. 4 shows a typical chromatogram of
the same substance obtained with the proposed

INFLUENCE OF THE ORGANIC MODIFIER ON THE CAPACITY FACTORS OF TYLOSIN A, B, C AND D
Column, Zorbax C,; mobile phase, organic modifier—0.2 M TBA-0.2 M phosphoric acid-water [x:5:5:(90 — x), v/v].

Organic modifier x (%, vIV) k'

TC TB TD TA
Methanol 40 3.7 4.5 6.8 6.7
2-Propanol 17 4.8 6.1 9.1 9.4
2-Ethoxyethanol 27.5 4.2 5.0 6.6 7.5
Tetrahydrofuran 17.5 3.1 3.8 49 6.2
Tetrahydrofuran + acetonitrile 8.75 + 11.5 3.1 3.8 5.1 6.5
Acetonitrile 23 3.0 3.8 4.7 6.6
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CAPACITY FACTORS OF TYLOSIN A, B, C AND D ON DIFFERENT COLUMNS
Mobile phase, CH;CN-0.2 M TBA-0.2 M phosphoric acid-water [x:5:5:(90 — x), v/v].

Stationary phase Particle k' x
size (um)
TC TB TD TA

Zorbax BP-C, (1) 8 3.0 3.8 4.7 6.6 23
Zorbax BP-C; (II)* 8 2.8 3.1 4.4 53 21
Partisil C, 10 22 24 33 4.0 20
RoSil C, 8 3.1 37 4.8 6.7 22
Partisil ODS 10 4.4 45 7.1 7.8 20
RSil C,5 LL 10 2.9 34 4.6 5.9 23
RSil C,4 HL 10 32 42 5.4 7.7 23
Spherisorb ODS 1 5 3.0 3.5 4.8 6.3 23
Spherisorb ODS 1 10 33 38 53 7.0 23
Spherisorb ODS 2 5 23 3.0 38 5.0 23
Spherisorb ODS 2 10 37 4.8 6.3 8.8 21
Nucleosil ODS 10 2.9 3.8 5.0 7.1 23
Hypersil ODS 5 25 3.1 4.2 6.1 23

2 T.= New column; II = old column.

method. The general elution pattern obtained with
both methods is very similar, but the selectivity to-
wards minor impurities is better with the proposed
method. The major advantage of the new method,
however, is the better reproducibility of the selec-
tivity on different stationary phases. To verify the
selectivity a system suitability test was needed. It
was observed that a resolution of at least 4.0 be-
tween TA and TB and a symmetry factor of less
than 1.5 for TA guaranteed a sufficient separation
on all the columns examined. TB was chosen for the
resolution test because it can be prepared easily

TA
D D“;AT
B CI
mer o e
—
MIN 14 12 10 8 6 4 2 o

Fig. 3. Typical chromatogram accompanying the BP-CRS batch
1226 and obtained with the BP Vet method.

from TA by acid degradation. TD and TAD are not
commercially available, nor can they be obtained
by easy to perform chemical reactions. Using puri-
fied TA it was checked that no TB was formed in
the column during analysis.

Calibration graphs and repeatability

Quantitative work was carried out on a RoSil Cg
column. Calibration graphs were obtained with the
house standards for TA, TB, TC and TD. The fol-
lowing relationships were found, where y = peak
area, x = amount of base injected in micrograms,

MIN 14 12 10 8 6 4 2 [o]
Fig. 4. Chromatogram of the BP-CRS batch 1226 obtained with

the proposed method. Column, Hypersil C,;, mobile phase,
CH,CN-0.2 M TBA-0.2 M phosphoric acid—water (23:3:5:69).
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n = number of analyses, r = correlation coefficient,
S,,» = standard error of estimate and R = range of
injected mass examined: TA, y = 67 + 8913x,n =
10, r = 0.9989, S, . = 61, R = 12-24 ug; TB, y =
120 + 9009x, n = 10, r = 0.9996, S, . = 150, R =
0.1-035 pug; TC,y = 16 + 8698x, n = 10, r =
0.9999, S, = 17, R = 0.1-3 ug; TD, y = 88 +
8961x,n = 10,r = 0.9998, S, . = 72,r = 0.1-2 ug.
The limit of quantification was 0.05%. When the
house standard was analysed ten times over a peri-
od of 4 days, the relative standard deviation
(R.S.D.) was 0.6%.

Comparison of tylosin standards

The composition of the tylosin A house standard
was determined as follows. The total base content
expressed as TA was determined by titration with
perchloric acid in non-aqueous conditions, using
acetic acid as the solvent. The mean result was
91.1% (n = 4, R.S.D. = 0.4%). The water content
(9%) was determined by Karl Fischer titration (n =
5, RS.D. = 2%). The total mass was therefore ac-
cepted to be explained by tylosin bases and water.
The chromatographic purity was determined using
the proposed method. As the values of the specific
absorbance for the different tylosins must be very
close, as can be concluded from the similarity of the

TABLE 111
COMPOSITION OF TYLOSIN STANDARDS
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slopes of the calibration graphs and as only small
amounts of impurities were present, their content
was expressed as TA. The content of the TA house
standard was therefore accepted to be 100 — (9.0 +
1.4 + 0.4) = 89.2%.

Using this TA house standard, the standards
were compared by the proposed method and the
results are reported in Table IT1. Titrations were not
carried out on the standards, owing to the limited
amount available. The deviation between the total
mass explained and 100% may be due to the pres-
ence of solvents in the WHO and Lilly standards.
The WHO standard was dried over phosphorus
pentoxide before being sealed in ampoules and it is
possible that the very hygroscopic sample took up
some water during the packing procedure and/or
after the opening of the ampoule. The BP CRS con-
tent is very low, probably because it is a tartrate
salt. It should be emphasized that this CRS is not
used for quantitative work. The content of the Lilly
standard exceeds the theoretical amount of 1000 ug/
mg because the micrograms concerned have to be
interpreted as micrograms of activity, determined
by microbiological assay against a standard, and
not as micrograms of mass. This is confirmed by the
deviation between declared content and that found
by LC. This situation can be a source of confusion
[20].

Values in percent (w/w) in terms of the base; relative standard deviations (R.S.D., %) are given in parentheses.

Component House standard WHO BP-CRS E. Lilly E. Lilly

TA (1000 1.U./mg) house standard tylosin A

(1073 pg/mg)

n = 10)* n = 16)° (n = 3) n=17" (n = 95)
DMT 1.4 (5.8) 0.3 (15 2.6 (8.3) 0.3 (14) 0.1(6.2)
TC <0.05 0.2(9.3) 1.4 (1.6) 5.8(5.8) 0.1(8.9)
TB <0.05 0.2 (15) 1.6 (9.4) 0212 0.3 (23)
TD 0.4 (31) 2.53.0) 39 (3.8) 2.9 (1.4) 0.6 (13)
TAD <0.05 <0.05 2.8 (3.6) <0.05 <0.05
TA 89.2 (0.6) 93.0 (0.5) 73.4 (0.9) 86.0 (0.8) 96.6 (0.9)
Others <0.05 1.0 (9.9) 0.1 <0.05 0.3 (3.6)
Subtotal 91.0 97.2 85.8 95.2 - 98.0
Water? 9.0 (2.0) 0.0° ND* ND ND

(n =5y

¢ Number of analyses.
® Karl Fischer.
¢ As mentioned on the label.

4 ND = Not determined owing to the limited amount of sample.
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TABLE IV
COMPOSITION OF BULK SAMPLES OF TYLOSIN
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Results are expressed in % (w/w). Tylosins-and related substances are calculated as tylosin A. Water was determined by Karl Fischer

titration.
Sample n® TA DMT TC TB TD Others Water Total
origin and
number Mean R.S.D. Mean n R.S.D.

(%) (%)
Al 4 83.5 0.2 0.5 0.4 1.6 2.8 0.1 33 2 0.9 92.2
A2 4 81.8 0.4 1.0 0.7 1.0 42 0.4 4.6 2 33 93.7
A3 4 80.6 0.8 0.5 0.4 14 6.1 0.2 5.8 2 0.7 95.0
A4 4 88.0 0.4 0.5 0.7 0.9 3.7 0.4 5.4 4 4.3 99.6
AS 4 89.5 0.6 0.2 0.2 04 1.8 0.6 3.4 4 1.7 96.1
Bl 5 90.7 0.7 0.2 1.5 0.3 4.6 0.1 2.0 5 0.6 99.4
B2 5 85.9 0.5 0.4 2.6 0.5 7.5 0.1 2.2 S 2.2 99.2
B3 8 81.2 1.4 1.0 3.4 0.3 3.2 0.4 2.3 3 3.8 91.8
B4 4 86.7 0.6 2.1 1.4 0.7 2.6 0.7 2.3 3 1.3 96.5
BS 5 86.5 0.6 1.8 1.2 0.9 2.9 <0.1 24 3 3.1 95.7

“ Number of analyses.

Analysis of commercial samples

Commercial samples were analysed as described
above for the standards. Table IV gives the results
for tylosin bulk samples. For simplicity, R.S.D. val-
ues are not mentioned for impurities. The repeat-
ability for the TA assay is good. The major part of
the impurities is explained by DMT, TC, TB and

TABLE V

TD, which is the major impurity. Most of the sam-
ples also contain small amounts of other related
substances. The water content varied from 2.2% to
5.8%. The total mass explained ranges from 91.8%
t0 99.6%. It is probable that many of these samples
contain salts which are not detected by LC.

Table V gives the results for tylosin tartrate sam-

COMPOSITION OF BULK SAMPLES OF TYLOSIN TARTRATE

Results are expressed in % (w/w). Tylosins and related substances are calculated as tylosin A base. Pure TA tartrate contains 92.4% of

TA. Water was determined by Karl Fischer titration.

Sample n® TA DMT TC TB TD  Others Total Water Total
origin and tylosins as
number Mean R.S.D. tartrate Mean »n. R.S.D.

(%) (%)
A4 3 67.9 0.6 2.2 0.5 8.0 2.3 <0.1 87.6 5.9 4 2.6 93.5
A5 4 78.1 0.8 0.2 0.2 2.0 2.5 0.1 89.9 35 4 4.0 93.4
A6 4 78.7 0.1 0.1 0.3 1.7 2.7 0.1 90.5 35 3 1.3 94.0
B4 6 69.1 0.6 0.4 1:2 34 3.7 <0.1 84.2 4.8 3 2.7 89.0
BS 5 68.9 0.4 0.9 1.2 3.5 34 <0.1 84.3 4.8 3 4.9 89.1
B6 4 70.3 0.4 0.2 0.7 4.5 33 <0.1 85.5 5.0 6 4.9 90.5
Ci 3 68.9 0.1 0.2 2.1 1.2 9.5 0.2 889 1.6 4 44 90.5
C2 3 734 0.3 0.2 0.6 1.1 8.4 0.2 908 1.7 5 2.8 92.5
C3 3 69.8 0.9 0.2 38 0.9 7.7 0.5 897 1.5 6 3.8 91.2

“ Number of analyses.
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ples. The same impurities are present, but the total
amount is higher than for the base samples. The TB
content is higher than in the base samples. TB can
be formed from TA by acid hydrolysis. The sum of
tylosins and related substances is calculated as the
tartrate salt. The water content varies from 1.5% to
5.9%. The total mass explained ranges from 89.9%
to 94.0%, which is much lower than for the base
samples. The low content of these samples is due to
impurities which are not detected by LC. This is
reflected by the sulphated ash values, which are
higher for the tartrate salts than for the base sam-
ples.

CONCLUSIONS

The results obtained have shown that the LC
method described is suitable for the analysis of tylo-
sin and its tartrate salt. Advantages over existing
methods are the less corrosive chromatographic
conditions, a better selectivity and, above all, a bet-
ter reproducibility on different stationary phases.
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Analysis of the explosive 2,4,6-
trinitrophenylmethylnitramine (tetryl) in bush bean plants

S. D. Harvey, R. J. Fellows, D. A. Cataldo and R. M. Bean

Pacific Northwest Laboratory, P.O. Box 999, Richland, WA 99352 (USA)
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ABSTRACT

Previous attempts to delineate the metabolism of the explosive 2,4,6-trinitrophenylmethytitramine (tetryl) in plants have been
unsuccessful. Development of an appropriate analytical methodology has been thwarted due to the extreme thermal and base lability of
tetryl as well as its propensity to undergo photodecomposition. This study presents a methodology based on solvent extraction of plant
tissue followed by fractionation of the organic extract on silica gel with subsequent determination of tetryl by HPLC. This methodology
allowed 82.70 + 5.54% recovery of tetryl from fortified bush bean leaves. The developed methodology was applied to study tetryl
uptake and metabolism in bush bean plants exposed to tetryl-amended hydroponic cultures.

INTRODUCTION

Munitions manufacturing, packing, and decom-
missioning activities result in large quantities of
wastewaters. In the past, before the environmental
impact of this practice was fully realized, the waste-
waters were directed to holding lagoons for primary
settling of solid material before being released to
rivers and streams. Presently, munitions residues
are removed from the wastewater streams by ad-
sorption on carbon columns prior to discharge.
However, the pollution legacy of lagooning practic-
es remains because the holding lagoons have since
evaporated, leaving heavily contaminated localized
areas. Although 2,4,6-trinitrotoluene (TNT) and
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) are
the principal pollutants of concern, significant
quantities of tetryl were also released. It has been
estimated that approximately 16 kg of tetryl was
released from the daily operation of a single manu-
facturing plant [1]. The contaminated land is pres-
ently becoming revegetated, causing further con-

Correspondence 10: S. D. Harvey, Pacific Northwest Laboratory,
P.O. Box 999, Richland, WA, 99352, USA.

cerns based on the potential for plant uptake of mu-
nitions residues and their soil transformation prod-
ucts. The possibility exists that plant metabolism of
these compounds may result in the formation of
highly toxic metabolites that may propagate
through the food chain.

The toxicity of tetryl is well documented. Early
munitions workers often suffered dermatitis from
exposure to this explosive [2,3]. Tetryl has also been
shown to be mutagenic in several different bacterial -
assay systems [4].

Very little is known about the environmental fate
of tetryl. It has recently been demonstrated that te-
tryl undergoes rapid transformation in the soil envi-
ronment [5]. Two independent transformation
pathways were implicated. The primary transfor-
mation pathway involved cleavage of the aniline ni-
tro group resulting in the formation of N-meth-
y1-2,4,6-trinitroaniline. The second, less prominent,
pathway involved direct ring nitro reduction of te-
tryl, resulting in the formation of an aminodinitro-
phenylmethylnitramine isomer. Other, more polar
transformation products were observed in Soxhlet
extracts of tetryl-amended soil and were hypothe-
sized to be nitro reduction products of N-meth-
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yl-2,4,6-trinitroaniline and aminodinitrophenyl-
methylnitramine. Additionally, an unidentified te-
tryl transformation product was observed in room
temperature methanol extracts of tetryl-amended
soil that was absent from Soxhlet extracts. This
thermally labile transformation product was quan-
titatively destroyed by conditions utilized for Soxh-
let extraction (48 h at 65°C) [5].

Our past studies have shown extreme differences
in the plant metabolism of the explosives TNT and
RDX [6,7]. The hexahydrotriazine explosive RDX
was found to be bioaccumulated in the aerial tissues
of plants, whereas the nitroaromatic explosive TNT
was rapidly metabolized to polar products which
were localized primarily in the root tissue. Virtually
nothing is known about the plant metabolism of
tetryl. Slow progress in this area is primarily due to
the lack of an appropriate analytical methodology
to analyze for this explosive in plants. Undoubtedly
these problems result from the extreme lability of
tetryl. This explosive is photosensitive and known
to undergo decomposition in the presence of base
[8]. Additionally, tetryl is thermally labile. Decom-
position of tetryl to N-methyl-2,4,6-trinitroaniline
is known to occur upon gas chromatographic anal-
ysis, even when cold on-column injection is utilized
[5,9]. Therefore, analysis by milder techniques, such
as high-performance liquid chromatography
(HPLQ), is mandated.

The primary goal of this study was to develop an
analytical procedure for the analysis of tetryl in
plant tissues that gives both acceptable recoveries
and precision. A secondary objective was to apply
the developed methodology to study plant metabo-
lism of tetryl in bush bean plants exposed hydro-
ponically to this explosive for either 1 or 7 days.
Central to our research approach was the use of
uniformly ring-labeled 1*C-tetryl. Radiotracer
studies allow for both unambiguous identification
of metabolic products and a mass balance assess-
ment.

EXPERIMENTAL

Radiolabeled and bulk tetryl

Uniformly ring-labeled *#C-tetryl (specific activ-
ity of 14.64 mCi/mmol) was obtained from New
England Nuclear (E.I. du Pont de Nemours, Bos-
ton, MA, USA). The purity of **C-tetryl was deter-
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mined to be 98.70% by HPLC radiochromatogra-
phy. This purity was judged adequate for plant up-
take and metabolism studies and was used without
purification. Bulk tetryl was obtained from US Ar-
my Biomedical Research and Development Labo-
ratory (Fort Detrick, MD, USA). HPLC analysis of
the bulk material indicated a purity in excess of
95%. The identities of both radiolabeled and bulk
tetryl were verified by comparison of retention
times with an authentic tetryl standard provided by
the US Army Toxic and Hazardous Materials
Agency (Aberdeen Proving Ground, MD, USA).

Analytical separations

The chromatographic system was manufactured
by Waters Assoc. (Milford, MA, USA) and consist-
ed of a Model 600E gradient controller and pump, a
WISP Model 710 automatic injector, and a Model
490E variable wavelength detector. A Beckman Ul-
trasphere (San Ramon, CA, USA) octadecyl silica
column (24 cm x 4.6 mm I.D., d, 5 yum) was uti-
lized for separations. Injection volumes were 20 ul
for all chromatographic runs. The column was de-
veloped with a water—acetonitrile mobile phase pro-
grammed from 35 to 100% acetonitrile over 30 min
and held at the final composition for an additional
10 min. HPLC-grade solvents, obtained from J. T.
Baker (Phillipsburgh, NJ, USA), were used
throughout these studies. Detection was accom-
plished at 264 nm at a sensitivity of 0.008 AUFS.
Integrated peak areas, provided by a Hewlett-Pack-
ard 3390A integrator, formed the basis for quantifi-
cation.

Radiochromatographic detection was performed
by collecting successive 0.5-ml fractions of the
HPLC column eluate. After addition of 15.0 ml of
Ready Solv EP scintillation cocktail (Beckman), the
individual fractions were assayed for radiocarbon
by liquid scintillation spectrometry.

In several instances, plant-produced tetryl me-
tabolites were characterized by their alkylphenone
retention indices [10,11]. These indices were deter-
mined by co-injection of a mixture of alkylphe-
nones (Aldrich, Milwaukee, WI, USA) with the
plant extract of interest. An authentic N-meth-
yl-2,4,6-trinitroaniline standard was utilized during
characterization of tetryl plant metabolites and was
synthesized as described previously [5].
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Plant cultivation and hydroponic exposures

Bush beans were chosen for these studies as a
representative dicotyledon having a wide geograph-
ical distribution and agricultural significance. Bush
bean (Phaseolus vulgaris, var., tendergreen) plants
were grown from seed and maintained for 21 to 26
days in hydroponic nutrient solutions [12] prior to
tetryl uptake exposures. Plant growth and hydro-
ponic exposures were conducted in a growth cham-
ber environment that simulated the luminous inten-
sity and spectral dispersion of sunlight (180 W m ~2
of photosynthetically active radiation) during the
16-h daily light cycle. The chamber temperature
was regulated at a day/night temperature of 26/
22°C and a relative humidity of 50%.

Tetryl-amended exposure solutions were pre-
pared by adding 1.0 ml of methanol containing ap-
propriate quantities of non-radiolabeled and radio-
labeled tetryl to 500 ml of nutrient solution to give a
final tetryl concentration of 10 ppm with a total of 5
uCi '#C-tetryl/500 ml. The solutions were filter-
sterilized and placed in autoclaved 600-ml beakers
to minimize microbial contamination that could
promote tetryl transformation. Plant exposure
beakers were equipped with aeration capillaries and
sheathed with opaque covers to protect the roots
from the growth chamber lights. Exposures were
conducted in triplicate for either 1, 4, or 7 days.
Controls were run concurrently with plant expo-
sures and allowed assessment of tetryl loss due to
volatilization and/or photodecomposition. Control
solutions consisted of three hydroponic cultures;
one of these solutions was aerated and exposed to
the full intensity of the growth chamber lights, an-
other was exposed to the lights and not aerated, and
a third was aerated and maintained in the dark. Hy-
droponic exposure and control solutions were sam-
pled for liquid scintillation spectrometry and HPLC
analyses after amendment and at the conclusion of
each exposure period. At harvest, plants were re-
moved from the hydroponic cultures and the roots
sequentially rinsed with 0.1 M calcium chloride and
methanol-water (80:20, v/v). Both rinse solutions
were assayed for radiocarbon content by liquid
scintillation spectrometry. The plant was then seg-
regated into leaf, stem, and root tissues; the individ-
ual tissues were minced and thoroughly mixed. Tis-
sues were stored at —80°C until sampled for chem-
ical analysis or oxidation.
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Tissue fractionation and analysis of plant tissues
The quantity of radiolabel contained in the plant
tissues was determined by total combustion on a
Packard Model 306 oxidizer (Packard, Downers
Grove, IL, USA). The *CO, generated by oxida-
tion of the tissues was subsequently assayed for ra-
diocarbon by liquid scintillation spectrometry.
The tissue fractionation and extraction proce-
dure is outlined in Fig. 1. Tissue samples (1.0 g fresh

1.00 g PLANT TISSUE

10.0 mi 1 MHCI

HOMOGENIZE

1 Hrin DARK, 100 °C

10.0 ml MeCl,
MeCl, ACID-NEUTRAL HCI PELLET

‘ 4.0 ml 4 M NH40H
10.0 ml MeCl,
COMBINE
MeCl,, BASE
AQUEOUS BASIC

EVAPORATE AND RECONSTITUTE
WITH 2.0 ml MeCl,

Y
SILICA CHROMATOGRAPHY

| | l

LOAD +7.0ml 5.0ml 5.0ml

MeCl, 5% EtOAc 100 %
F1 95 % MeCl MeOH
F2 F3
EVAPORATE AND RECONSTITUTE WITH
1.0 ml MeOH
Y
ANALYZE BY HPLC

Fig. 1. Flowchart outlining the fractionation of tetryl from plant
tissues. After homogenization and acid hydrolysis of tissue, the
mixture was partitioned with methylene chloride, giving rise to
the methylene chloride acid-neutral (MeCl, AN), aqueous hy-
drochloric acid (HCI), and pellet fractions. The HCI layer was
made basic and again partitioned with methylene chloride. The
resulting layers were designated the aqueous basic (Aqueous ba-
sic) and methylene chloride base (MeCl, base) fractions. The
pooled methylene chloride layers were evaporated, reconstituted
with 2.0 ml of methylene chloride (MeCl,) and subjected to chro-
matography on silica with various mobile phases. The mobile
phase compositions consisted of MeCl,, a mixture of MeCl, and
ethyl acetate (EtOAc), or methanol (MeOH), as described above.
Tetryl, which was contained in fraction F1, was further analyzed
by reversed-phase HPLC, with detection at 246 nm. .
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weight) were homogenized for 2.5 min in 10.0 ml of
1 M HCI in a Sorval Omni-Mixer (Newton, CT,
USA). The homogenized samples were transferred
to 25-ml Corex centrifuge tubes and acid hydrolysis
was performed by submerging the tubes in a boiling
water bath for 1 h. The Corex tubes were wrapped
in aluminum foil to exclude light during acid hy-
drolysis. After cooling to room temperature, the hy-
drolysis mixture was extracted with 10.0 ml of meth-
ylene chloride. The organic layer (MeCl, acid-neu-
tral fraction) and pellet were separated from the
aqueous hydrochloric acid layer (HCI fraction) af-
ter centrifugation for 10 min at 3000 g. Aliquots of
each fraction (100 ul) were removed for liquid scin-
tillation spectrometry. The tissue pellet was ox-
idized to determine the amount of sequestered ra-
diolabel. The acidic aqueous layer was next made
basic by the addition of 4.0 m! of 4 A NH,OH and
extracted with a second 10.0-ml portion of methy-
lene chloride. After centrifugation the resulting or-
ganic (MeCl, base fraction) and the aqueous (aque-
ous basic fraction) phases were separated. Aliquots
for liquid scintillation spectrometry were then re-
moved, the organic fractions pooled, and the sol-
vent evaporated to dryness with a gentle stream of
nitrogen.

The residue remaining after evaporation of the
pooled methylene chloride layers was reconstituted
with 2.0 ml of methylene chloride prior to fraction-
ation on silica gel. Silica Sep-Pak (Waters Assoc.)
cartridges were preconditioned with 10.0 ml meth-
ylene chloride immediately before use. Three frac-
tions were collected from silica gel chromatography
of the plant extracts. The first fraction (fraction F1)
resulted from application of the plant extract fol-
lowed by 7.0 ml of methylene chloride mobile
phase. Tetryl was contained within fraction F1. The
second fraction (fraction F2) was eluted with 5.0 ml
of methylene chloride—ethyl acetate (95:5, v/v). The
final fraction (fraction F3) was eluted with 5.0 ml of
methanol in an attempt to strip the silica of the
maximal amount of adsorbed material. After re-
moval of 100-ul aliquots from each fraction for
scintillation spectrometry, fraction F1 was evapo-
rated to dryness and reconstituted with 1.0-ml
methanol in preparation for HPLC analysis. The
spent silica sorbent was removed from the Sep-Pak
cartridge and adsorbed radiolabel was determined
by liquid scintillation spectrometry.
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Determination of **CO, and volatile organic plant
emissions

Volatile organic and #*CO, emissions were meas-
ured by a previously described technique [13].
Briefly, a 28-day-old bush bean plant was placed in
a specially designed split-chamber enclosure that
isolated the roots from the aerial tissues. The plant
was maintained on a hydroponic culture containing
7.5 ppm tetryl with a total of 22 uCi radiolabel. Air
was pulled by vacuum through each chamber, then
through a pair of sorbent traps, and finally through
a series of bubbler traps at a flow-rate of 500 ml/
min. Two tandem sorbent columns (10 x 1.0 cm)
packed with XAD-II resin were located immediate-
ly after the chambers to sorb volatile organic emis-
sions. This was followed by four sequential bubbler
traps filled with 3 M NaOH designed to remove
14CQO,. Radiocarbon present in the sampling train
was analyzed every 24 h for 3 consecutive days. Ra-
diolabel contained in the NaOH traps and the
methanol eluated from the XAD resin was deter-
mined by liquid scintillation spectrometry.

RESULTS AND DISCUSSION

Plant hydroponic exposures

Analysis of hydroponic control solutions indicat-
ed rapid tetryl photodecomposition. The control
solution that was aerated and exposed to the
growth chamber lights maintained a constant quan-
tity of radiolabel throughout the 7-day exposure pe-
riod; however, tetryl progressively decomposed
from an initial 4.73 mg/beaker to 3.64 and 0.83 mg/
beaker after 1 and 7 days of exposure, respectively.
Similar results were obtained for the control solu-
tion exposed to the growth chamber lights but not
aerated. HPLC analysis of the light-exposed control
solutions revealed the formation of a photodecom-
position product that increased in concentration
throughout the 7-day exposure period. This photo-
decomposition product (alkylphenone retention in-
dex of 920) was subsequently identified by co-in-
jection experiments as N-methyl-2,4,6-trinitroani-
line. Formation of this colored product accounted,
at least in part, for the bright yellow hue acquired
by tetryl solutions upon exposure to light. The con-
trol solution that was maintained in the dark re-
mained colorless and displayed only a small loss of
tetryl throughout the exposure period. For this so-
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lution, the quantity of radiolabel remained constant
at 5.51 uCi/beaker, while the tetryl content de-
creased from an initial 4.71 mg/beaker to 4.33 and
4.06 mg/beaker after 1 and 7 days of exposure, re-
spectively. HPLC analysis of this control solution
did not reveal the presence of transformation prod-
ucts absorbing at 264 nm.

Hydroponic exposure solutions that supported
bush beans (solutions were aerated and shielded
from light) displayed loss of radiolabel due to plant
uptake and root-catalyzed transformation of tetryl.
Initial exposure solutions contained 5.56 * 0.09
uCi radiolabel with a total tetryl content of 5.03 +
0.07 mg/beaker. Analysis of solutions after support-
ing bush beans for 1 day indicated that practically
all the tetryl had been transformed. Although these
solutions contained 55% of the initial radiolabel,
tetryl accounted for only 3% of the mass originally
amended. Polar products that eluted coincident
with the column dead volume were the principal
transformation products observed in the plant ex-
posure solutions. Analysis of solutions from the 7-
day exposure period indicated that 1.23 + 0.07 uCi
radiolabel remained in solution and tetryl concen-
trations were below the detection limit of 0.10 ppm.

The quantity of radiolabel assimilated by the
plant was calculated by subtracting the sum of the
radiolabel remaining in the post-exposure hydro-
ponic solution, the 0.1 M calcium chloride rinse,
and the methanol-water (80:20, v/v) rinse solutions
from the amount initially amended to the hydro-
ponic solution. Total radiolabel uptake calculated
in this manner was 1.89 + 0.25, 3.04 + 0.34, and
3.60 % 0.19 uCi for the 1-, 4-, and 7-day exposures,
respectively. The actual amount of radiolabel con-
tained within the tissues was determined by oxida-
tion. Plants contained 1.53 + 0.31, 2.04 + 0.51,
and 2.27 £ 0.20 uCi for the 1-, 4-, and 7-day expo-
sures, respectively, as based on oxidation. Values
calculated from the oxidation data were consistent-
ly lower than values based on analysis of the hydro-
ponic and rinse solutions. This discrepancy between
plant uptake and tissue content of radiolabel may
reflect tetryl metabolism to volatile organic prod-
ucts or *CO,.

Analytical methodology for analysis of tetryl in plant
tissue
Previous studies conducted in this laboratory
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have developed analytical methods for the analysis
of TNT [5] and RDX [6] in plant tissues. Methodol-
ogies developed for these explosives were similar to
the scheme outlined in Fig. 1, with the exceptions
that diethyl ether rather than methylene chloride
was utilized for solvent extraction and chromato-
graphic fractionation was performed on Florisil
(Sep-Pak cartridges, Waters, Milford, MA, USA)
rather than silica adsorbent. The method previously
developed for RDX [6] was evaluated for the analy-
sis of tetryl-fortified bush bean leaf tissue as an en-
try point for studies described here. Application of
the RDX method resulted in both low recoveries
and decomposition of tetryl. A suitable analytical
method for tetryl (shown in Fig. 1) was developed
by investigating each step of the entire RDX frac-
tionation scheme (starting from the last step and
working backward) and incorporating changes that
maximized tetryl recovery. RDX analysis steps that
were not appropriate for tetryl analysis were traced
to a combination of the following: (1) fractionation
on Florisil adsorbent, (2) the use of diethyl ether as
an extraction solvent, and (3) the acid hydrolysis
procedure. These areas are individually discussed
below.

Florisil adsorbent was evaluated by fractionating
a methylene chloride extract of acid-hydrolyzed
bush bean leaf tissue that was spiked with tetryl. It
was found that Florisil chromatography of the te-
tryl-containing plant extract led to decomposition
of this explosive. The composition of Florisil in-
cludes 18% magnesium oxide which confers basic
properties to this adsorbent. It is likely that Florisil
promotes tetryl decomposition due to the lability of
this explosive toward basic conditions. This obser-
vation is consistent with previous studies describing
irreversible alteration of tetryl resulting from chro-
matography on Florisil [14]. For this reason, silica
gel was evaluated as an alternative chromatograph-
ic sorbent. Tetryl was not strongly adsorbed by sil-
ica and was eluted from silica with methylene chlo-
ride mobile phase. Methylene chloride was of suffi-
cient solvent strength to elute some plant carotenoid
pigments from silica within the same fraction that
contained tetryl; however, these pigments did not
interfere with the subsequent HPLC determination
of tetryl. Liquid scintillation and HPLC analyses of
fraction F1 revealed nearly quantitative recovery of
tetryl from the silica gel. The majority of the plant
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pigments were eluted within the second fraction by
methylene chloride—ethyl acetate (95:5, v/v) mobile
phase. Methanol was used to elute the final frac-
tion, which contained a moderate quantity of plant
pigment.

Problems associated with the solvent extraction
portion of the analytical scheme were traced to the
use of diethy! ether. Diethyl ether, a relatively high-
polarity solvent, was used in the past studies of
TNT and RDX due to its ability to extract fairly
polar plant metabolites. However, for tetryl, use of
this solvent led to poor recoveries. For example,
diethyl ether extraction combined with silica gel
fractionation of bush bean leaves spiked with tetryl
gave a 73.85 + 1.31% recovery based on radiocar-
bon analysis and a 68.26 + 6.26% chromatograph-
ic recovery of tetryl within fraction F1. Higher re-
coveries of tetryl were obtained from tetryl-spiked
acid-hydrolyzed tissues when methylene chloride
was substituted for diethyl ether. An explanation of
this result again emphasizes the lability of tetryl to-
ward base. Diethyl ether allows a relatively large
quantity of base to partition into the organic phase
during extraction of the ammonium hydroxide-con-
taining aqueous phase. Residual base is then con-
centrated during evaporation of the pooled organic
extract which, in turn, leads to the decomposition of
tetryl. By virtue of the low solubility of water in
methylene chloride, extraction with this solvent
minimizes transfer of base into the pooled organic
extract and, consequently, tetryl decomposition is
minimized.

The acid hydrolysis procedure was also found to
contribute to tetryl decomposition. Tetryl decom-
position was not felt to be due to the acidic condi-
tions, but rather to sensitization of tetryl to photo-
decomposition at the elevated hydrolysis temper-
ature. This concern was readily addressed by wrap-
ping the hydrolysis tube in aluminum foil to exclude
illumination from the laboratory fluorescent lights.
Further alterations of the hydrolysis variables (i.e.,
temperature and duration) were not pursued, as ex-
clusion of light during this step resulted in reason-
able tetryl recoveries. As a precaution against pho-
todecomposition of tetryl, all extraction and frac-
tionation steps were performed either under sub-
dued light or, when possible, in the dark (i.e., dur-
ing evaporation of solvents).

Consolidation of the RDX methodology modifi-
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TABLE 1

RADIOLABEL DISTRIBUTION AMONG VARIOUS
CHEMICAL FRACTIONS OF BUSH BEAN LEAVES
SPIKED IN TRIPLICATE WITH 4.58 PPM TETRYL

Chemical fraction Percentage of total radiolabel

+ SD.(n = 3)
HCl 2.60 + 0.14
MeCl, acid-neutral 84.33 + 0.73
Aqueous basic 0.36 &+ 0.34
MeCl, base 0.04 £ 0.06
F1° 80.49 + 0.59
F2 3.87 + 0.89
F3 0.68 + 0.18
Silica sorbent 0.68 + 0.18
Pellet 1.49 + 0.45

4 Chromatographic recovery of tetryl in fraction F1 was 82.70
+ 5.54%.

cations summarized above resulted in the analysis
scheme for tetryl outlined in Fig. 1. Triplicate sam-
ples of bush bean leaf tissue were spiked with 4.58
ppm tetryl containing a total of 63 953 dpm radiola-
beled tetryl and analyzed in accordance with Fig. 1
to evaluate the recove