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Comparing steady counterflow separation with

differential chromatography

Donald K. Roper* and Edwin N. Lightfoot

1415 Johnson Drive, Department of Chemical Engineering, University of Wisconsin-Madison, Madison, WI 53706 (USA)

(First received December 22nd, 1992; revised manuscript received June 9th, 1993)

ABSTRACT

Separation of closely related solutes by steady solid—fluid counterflow is compared with differential separation in a fixed
chromatographic bed. Analogous expressions for exit concentration and mean residence time in the two systems are presented. A
counterpart to chromatographic resolution is derived for binary steady counterflow separations. Estimated counterflow savings in
product-concentration dilution, solvent volume requirement and solid-phase volume requirement obtained with these expressions
relative to comparable chromatographic operations are compared with experimental results from adsorptive, simulated moving
beds. Analysis of a size-exclusion protein separation suggests counterflow substantially decreases solvent and resin usage relative

to conventional, batch operation.

INTRODUCTION

Our purpose in this work is to compare the
separation of closely related solutes by steady
counterflow of a carrier liquid and an adsorptive
solid with the performance expected from com-
parable fixed-bed chromatography. We are moti-
vated by reports which indicate that reduced
solvent and adsorbent volumes are required in
experimental simulated-counterflow systems rel-
ative to conventional batch adsorption.

Perhaps the most attractive method of achiev-
ing steady counterflow without moving a granu-
lar bed is to adopt the simulated moving-bed
strategy first described by Broughton et al. [1] at
Universal Oil Products for a continuous para-
xylene (PAREX) separation. Movement of solid
adsorbent counter to fluid feed and desorbent
streams was simulated by intermittently switch-
ing feed, extract and raffinate points in the
direction of fluid flow using a patented rotary

* Corresponding author.

0021-9673/93/$06.00
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valve. These authors reported simulated-coun-
terflow extraction of 98.5% of one component in
a hypothetical binary mix at 99.5% purity de-
creased adsorbent inventory 25-fold and halved
desorbent circulation relative to fixed-bed opera-
tion. :

This strategy has been adopted in a number of
Sorbex-type systems. Recently, Negawa and
Shoji [2] reported that to resolve racemic 1-
phenylethanol to 99% enantiomeric excess, 87
times less solvent volume per gram of product
was required by simulated counterflow than by
batch chromatography. The measured adsorbent
productivity of counterflow, (calculated as grams
of product per hour per liter of bed) was 61
times higher than that of chromatography. Rossi-
ter and Tolbert [3] reported an average ten-fold
reduction in adsorbent inventory and roughly
50% reduction in elution volume when
simulated-counterflow contacting replaced ion-
exchange batch adsorption of amino and car-
boxylic acids. Relative savings in adsorptive costs
upon switching to solid-fluid counterflow were
noted by Ernst and McQuigg [4] for recovery of

© 1993 Elsevier Science Publishers B.V. All rights reserved
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citric and lactic acid from crude fermentation
broths.

But early comparisons of model countercur-
rent and chromatographic separations have not
anticipated order-of-magnitude decreases in ad-
sorbent volume and substantial reductions in
solvent volume which are indicated by these
reports. Liapis and Rippin [5] reported a three-
fold relative increase in counterflow carbon-ad-
sorbent utilization after numerically simulating
non-linear, binary separations in three modes:
batch, periodically switched and continuous-
countercurrent operation. In their model, ortho-
gonal collocation was used along the particle
radii and along the bed axis in a differential
model to account for convective axial dispersion,
film resistance to mass transfer, and intraparticle
diffusion. Ruthven [6] predicted a four-fold
adsorbent volume reduction in staged-counter-
flow relative to batch chromatography for linear
systems with equivalent net solute flow-rates and
separation factors of 1.1 which yielded 99%
fractional purity. The staged-counterflow inter-
nal solute reflux in this model was minimized
while the fixed-bed production rate was maxi-
mized.

Effort has been dedicated in previous model-
ling of linear and non-linear counterflow systems
to obtain and verify intracolumn concentration
profiles from underlying equilibrium and mass
transfer processes. Lapidus and Amundson [7]
calculated analytic expressions for equilibrium
stage composition of a single component from an
unsteady-state, difference model of two-phase,
linear counterflow separation. Miyauchi and Ver-
meulen [8] derived pointwise concentration
profiles from a steady-state, differential descrip-
tion. Subsequent analyses which considered ef-
fects of non-linear equilibria, mass-transfer re-
sistances, multicomponent adsorption and per-
iodic switching have been summarized by
Ruthven and Ching [9]. Modelling of separations
in simulated moving-bed counterflow by Ernst
and Hsu [10] and Storti et al. [11] and in
continuous moving-bed counterflow by Fish et al.
[12] have recently been reported. In the chro-
matographic literature, models giving effluent
peaks for a range of systems have been detailed

by Giddings [13], Aris and Amundson [14],
Ruthven [6], Lin et al. [15] and others.

Rather than emphasizing concentration
profiles, our objective in this work has been to
address these practical questions: (i) what is the
basis for substantial apparent decreases in sol-
vent and adsorbent usage obtained by simulating
counterflow?, (ii) how do the relative gains
which have been reported compare with those
expected from ideal chromatographic and coun-
terflow systems?, and (iii) is the anticipated
increase in performance sufficient to justify re-
placing a particular chromatographic separation
with a simulated-counterflow split?

We begin by comparing reliable descriptions of
chromatography and steady counterflow of suffi-
cient detail to analyze reasons for the improved
efficiency of simulated moving-bed separations.
We then derive general expressions to estimate
the volumes of solvent and solid resin required
by steady counterflow relative to the corre-
sponding volumes required by differential chro-
matography for difficult, binary separations of
equal resolution. We measure the performance
of experimental systems, including separations of
solutes whose isotherms are non-linear, using
these expressions. We conclude by comparing
counterflow and chromatography in a hypotheti-
cal separation of two proteins.

SEPARATION IN STEADY COUNTERFLOW AND
DIFFERENTIAL CHROMATOGRAPHY

We now summarize analytic relations for exit
composition, solute mean residence time and
binary resolution in analogous chromatographic
and counterflow separations, beginning with
chromatography. Other than an equation for
separation effectiveness in binary counterflow
which we derive in the Binary counterflow sepa-
ration section, these relations have been estab-
lished by previous investigators and we briefly
review pertinent literature as they are intro-
duced. For clarity we define the parameters of
the relations in context. We will subsequently use
these relations to determine the basis for a
steady counterflow advantage and to derive
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expressions for the performance of counterflow
relative to chromatography.

Differential chromatography

A lumped-parameter, asymptotic solution to
one-dimensional, pseudocontinuum equations of
differential chromatography in linear systems
was obtained by Reis et al. {16] for rapid adsorp-
tion and later extended by Gibbs and Lightfoot
[17] to account for adsorption kinetics and to
examine gradient elution. This solution can be
extended using the principle of superposition to
describe batch adsorption and elution [18].
Athalye et al. [19] have recently demonstrated
the predictability of protein separations in com-
mercially available size-exclusion systems using
this model, together with independent, a priori
estimates of three transport rate parameters: the
convective dispersion coefficient, the intraparti-
cle diffusivity and the fluid-phase mass-transfer
coefficient.

Fundamental mass-transport rate processes
—convection, diffusion and adsorption— under-
lie linear systems as well as those in which non-
linearities arise due to concentration-dependence
of transport parameters and solute—solute inter-

actions. For this reason, evaluation of steady
counterflow efficiency relative to fixed-bed chro-
matography in linear systems is a useful first step
to predicting and optimizing separation perform-
ance in more complex operations.

In Table I the fluid-phase solute concentration
distribution ¢; from a sharp-pulse input of solute
mass m, which is eluted isocratically in a long
column is given as a function of axial coordinate
z and time t. The mean solute position, z, = uvt,
is proportional to both the interstitial fluid ve-
locity, v, and the fraction of solute in the moving
fluid phase at long times, u=ae,/[ae, + (1 —
€,)], where ¢, is the interparticle or column void
fraction. The column cross-sectional area is A.
Increases in H, the height of a theoretical chro-
matographic plate N, with velocity have been
estimated using coefficients of physical transport
rate processes. Subscripts f and b refer to the
moving fluid and stationary bulk phases, respec-
tively. The bulk phase consists of chromato-
graphic packing of porosity €, which entrains
fluid referred to by subscript p'.

The differential separation of two individual
solutes, distinguished by their respective equilib-
rium and mass transport rate parameters, is

TABLE [
SUMMARY OF ANALOGOUS RELATIONS FOR STEADY COUNTERFLOW AND DIFFERENTIAL CHROMATOG-
RAPHY
Relation Differential chromatography Steady counterflow
E .tC .t. ( ) m()u I:_(Z_Zo)z] ye',
xit Composition clz, )= ex =
P ‘ AeN2nHz, TL 2Hz, Yy DI
v = Ve
1,67 Ps M X
@; p_u E,‘:o r;
Resid i - _NH o Hg(Nsc+1) [ r FNSC“—l]
esidence time t="" Fo uvge F—1 pNsctl g
PU i
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Resolution R= 3 Nocror =2 s 1]1+1




illustrated in Fig. 1. Observe that only a small
fraction of the adsorbent bed actively resolves
the overlapping solutes. The remainder acts as
expensive storage or is unused (frontal and
displacement operations are qualitatively simi-
lar). Each solute partitions between fluid and
bulk phases thermodynamically as shown by its
partition coefficient, a=c;/c,=1/[¢, + (1 -
€, )K.,], with a constant equilibrium distribution
coefficient defined by K., =k, /ks,=c//c,.
Subscript s refers to the surface of the porous
packing, while k,, and k., are kinetic rate
constants for adsorption and desorption, respec-
tively.

The solute mean residence time, #, given in
Table I is the first temporal moment of the
fluid-phase solute concentration at the column
outlet, z = L. The second central temporal mo-
ment (variance), s°=fH/uv, is the measured
width of a peak in Fig. 1. It is proportional to
both the residence time and the chromatographic

Iy
<
L) I

0.95%, )

l

mou/Aey, L

D.K. Roper and E.N. Lightfoot | J. Chromatogr. A 654 (1993) 1-16

plate height. Evaluation of temporal moments of
¢, is straightforward, because this distribution
approaches Gaussian form in time when
evaluated at a given coordinate as the number of
theoretical chromatographic plates becomes
large. Van Deemter [20] obtained equivalent
relations for mean residence time and peak
width from an equilibrium-plate, continuous-flow
description of linear chromatography. Karol [21]
derived identical relations from a staged, inter-
mittent-transfer description in which u,— 0.
The effective separation of similar components
1 and 2, as illustrated in Fig. 1, has been related
to specific thermodynamic and transport rate
properties by defining the chromatographic res-
olution as the ratio of peak separation to the
average peak width. In Table I we give a relation
for resolution in which the thermodynamic driv-
ing force for separation is represented by & =
2lu, —u,|/(u, +u,), the fractional difference in
migration velocities of 1 and 2. This separation

[y

Normalized Concentration ( 1)

W
N

0.0 0.2 0.4 0.8

Normalized Bed Length (1)

0.8

Fig. 1. Underutilization of stationary bed in a binary chromatographic separation. Only 5% of the bed volume (crosshatched) is
actively separating component 1 (dashed line) from component 2 (solid line). 9% of the bed volume (hatched) merely retains the
eluting species. 86% of the bed is unused. Normalized axial fluid-concentration profiles for 1 and 2 were caiculated using the
equation for ¢, in Table I at t = 0.95 #,. The thermodynamic driving force between 1 and 2 is 0.05. The column illustrated resolves

1 and 2 to unity at z/L =1.
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driving force equals the product of relative
selectivity and retention factors [22].

We now describe analogous relations from a
model of counterflow separation.

Equilibrium-staged counterflow

An equilibrium-stage description of counter-
flow with constant stage-to-stage phase flow-rates
and linear stage-exit equilibrium was introduced
by Kremser [23] and Souders and Brown [24]
and has been discussed by King [25], Treybal
[26] and Henley and Seader [27]. Ruthven [6]
showed that an equilibrium-stage approach gives
intracolumn profiles which are essentially the
same as those from a discrete, one-dimensional,
pseudocontinuum description of counterflow.
Ching et al. [28] and Ruthven and Ching [9]
demonstrated qualitative agreement between
concentration profiles calculated using the
equilibrium-stage description and measurements
from four-section simulated moving-bed experi-
ments. Klinkenberg and co-workers [29,30]
specialized the Kremser—Souders—-Brown equa-
tions to model a column with negligible feed
flow-rate relative to the flow-rates of initially
pure fluid and solid phases.

In Table I the fluid-phase mass fraction of
solute i in the stripper product, yy,, and the
solid-phase mass fraction in the enricher prod-
uct, x,;, are related recursively to the mass
fraction of i at a central feed stage, y.;. The
model counterflow column consisting of a strip-
ping section of Ny hypothetical stages separated
by a single feed stage (subscript e) from an
enriching section of M hypothetical stages is
sketched in Fig. 2. The extraction ratio, I;=
(a;p5/py;)|U/S|, summarizes the phase-partition-
ing of component i at steady mass flow-rates of
fluid eluent, U=(1-r)¢,VT, and solid adsor-
bent, S= —r(1—¢,)VT. The volume of one
stage is V, T represents the transfer rate of one
stage volume, r is the fractional relative motion
of the solid phase and p, is the density of phase
p. Subscripts U and S refer to the fluid and solid
phases, respectively. The fluid-phase mass
flow-rate is related to the equivalent counter-
current interstitial liquid velocity, vge, by U =
Agc€Uscpy Where Ao is the counterflow-col-
umn cross-section.

5 My,
N— | THois T Yn-2i
L [oRRR
N YO Y
‘ -2 t YN-3i

e ———
M F
M-1
3
2
1

Ms,,, v

Fig. 2. Equilibrium-stage representation of steady counter-
flow. The enricher is composed of M stages. N stages
comprise the stripper. The feedstream (F) enters stage e.
Pure solid (§) and fluid (U) streams enter the stripper and
enricher, respectively. The mass flow-rates of component i
exiting the column from the stripper (M ;) and the en-
richer (Mg, ;) are indicated. Within the column, component i
enters and exits a representative stage j = N — 2 of height H
with mass fraction values in the lower solid phase (spheres)
(x;;) and upper fluid phase (y;,) as shown.

Solutes 1 and 2 enter the column dissolved in
liquid eluent at the feed stage and are completely
equilibrated on each stage j so that exiting fluid
and solid mass fractions are related: y,;,=
aX; ,ps/py. Ruthven [6] used a pseudocontinuum
description of counterflow to relate the height of
a steady counterflow stage, Hy., to operating
conditions as well as to individual contributions
of microscopic, mass-transfer rate processes in
difficult separations.

The solute mean residence time in counter-
flow, 7., given in Table I has been evaluated by
taking the temporal first moment of the dynamic
response to an impulse injection [31]. Subscript
F refers to the feedstream. An identical relation
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for mean residence time was derived by these
authors, following Buffham and Kropholler [32],
by calculating the ratio of total solute inventory
to throughput in a steady counterflow system.

We now derive the relation for separation
effectiveness in steady counterflow given in
Table I.

Binary counterflow separation

A compact, analytical equation analogous to
chromatographic resolution which relates separa-
tion by steady counterflow to specific thermo-
dynamic (8) and transport rate properties (re-
flected in Hy. or equivalently, in Ngc) is not
available from the literature. Our derivation of
this equation follows. We first relate fractional
purity in an optimally operated column to the
extraction ratio and the number of equilibrium
counterflow stages using the counterflow mass
ratio. We then express the extraction ratio in
terms of the thermodynamic driving force to
obtain the desired relation.

The fractional purity P, ; of species i leaving a
counterflow column in phase p may be written in
terms of corresponding solute mass flow-rates as

P A=___.__1}4._P_’f”‘— (1)
Pt Mp,j,i +Mp,j,h#i

where the mass flow-rate of solute i leaving stage
j in phase p, M, ., is the product of a solute
mass fraction and its corresponding phase flow-
rate i.e. My ;,=Uy,,. For fractional purity in
the exiting upper liquid phase, the exit-stage
subscript j equals N and the phase subscript p
equals U. By way of comparison, fractional
purity achieved in differential chromatography

can be approximated as

” Aeuey(t)|, -1

(F1+1y)/2 m,

pP= dt = ®(2R) )
where the Gaussian nature of the effluent con-
centration suggests writing this integral as a
cumulative distribution function, &, described by
Hogg and Ledolter [33]. The argument of this
function simplifies to 2R since ideal mean resi-
dence times and distributional variances of simi-
lar solutes are nearly equal. The fractional purity
corresponding to a chromatographic resolution,

R can be obtained from tabulated values of
@(2R).

The species mass flow-rates in eqn. 1 are
eliminated in favor of the extraction ratio and
stage number using the counterflow mass ratio
My /Mg, =T"c™" which is obtained for
Ngc =M from the recursion relations (see Ap-
pendix). At operating conditions which produce
the maximum binary separation, the mass ratio
of one component equals the reciprocal of the
other. For optimal operation we rearrange eqn.
1 to obtain

In Mg ..,/ Mg; +In Py,/(1—Py,)
NSC + 1 = ifllal ln F (3)

where M ; is the mass flow-rate of solute i in the
feedstream.

Now we express the extraction ratio in terms
of the thermodynamic separation driving force, 8
for difficult, optimized separations to obtain the
final form of eqn. 3. In a difficult separation, & is
small and either value of the dimensioniess
migration velocity, u,, is close to the average of
both, & =1/2(u, + u,). Combining the operating
condition for an optimal binary separation,
IT, =1 (see Appendix), with the definitions for
I, u; and 8 yields

ri=1+(- 1)2“[5 + + 0(52)] (4)

1—-u
Many bioseparations in particular have large
solid-phase capacities for which & <<1, so that a
good approximation for the extraction ratio
when separating closely related solutes is I’ S
1+ (—1)*"s. (The error between this approxi-
mation and the “real” value of the extraction
ratio relative to the average of the two is,
neglecting terms second-order or higher in &

‘Flz _ F?approx[ Sii

oo = —  (5)
FTHITTT) 1—a+(—1)2“5[1—%]
which approaches zero rapidly as & and & be-
come small.)

Finally, for a steady counterflow system oper-
ated to give maximum separation of similar
solutes, we substitute I;2=1+(—1)*'8 into
eqn. 3 to obtain
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PUi
21n [—-——1 — PU,i]

5 —1|+1 (6)

NSC,tot = 2
where Ngc ., =2Ngc + 1 is the total number of
steady counterflow stages in the column. This is
the relation we sought.

The equations summarized in Table I relate
exit composition, mean residence time and res-
olution in analogous differential chromatography
and steady counterflow systems to column geom-
etry (N and H or Ny and Hgc, €,, p,), equilib-
rium parameters (a,u) and operating conditions
(v or vse, I'). For equivalent values of these
parameters, separation of two closely related
solutes by model chromatographic and counter-
flow processes can be directly compared.

COMPARING STEADY COUNTERFLOW WITH
DIFFERENTIAL CHROMATOGRAPHY

We now examine general expressions to com-
pare optimized counterflow separation of closely
related solutes with conventional fixed-bed chro-
matography. We begin by contrasting the
number of stages and processing residence time
required by each process to achieve a given
resolution. We then estimate the relative vol-
umes of solvent required for two cases: (i) when
feedstreams to each system are equally concen-
trated, and (ii) when mass loading constrains the
operation of each system. Finally, we estimate
the relative solid-phase requirement in these two
cases by comparing columns with identical mass
processing rates which produce equally pure
products.

Basis of a counterflow advantage

Consider separating two closely related solutes
to a predetermined resolution (or fractional
purity) by either differential chromatography or
steady, solid-liquid counterflow. The equations
for resolution in Table I suggest that the number
of counterflow stages required to achieve: the
split increases inversely with the thermodynamic
driving force for separation, 8. In contrast, the
number of chromatographic plates required in-
creases with the square of the inverse of 6.

Suppose (i) that the same eluent and large-
capacity adsorbent are used in both systems so
that their equilibrium and transport properties
are equal; and (ii) that the systems are operated
with equivalent interstitial velocities. Comparing
pseudocontinuum formulations of H by Gibbs
and Lightfoot [17] and Hy. by Ruthven suggests
that the height of a counterflow stage is approxi-
mately one-half that of a chromatographic plate
under these conditions.

In addition to physical requirements, the time
necessary to purify solutes by adsorption is a
concern. Zhang et al. [34] investigated biological
separations and reported that protein degrada-
tion by proteolysis, denaturation and other
known processes [35,36] increased with process-
ing time. The relations for residence time in
Table I suggest a relative ratio for solute process-
ing time, f./¢, of

_w (Nsc tor + 1)2HSC 7
~ NH 8uvge )

N|I.ﬂ !

since the bracketed term of 7. reduces to (Ngc +
1)/2 for closely related solutes. Assuming that
identical resolution is obtained in systems which
are operated equivalently gives

®(2R) \ ?
In <¢>&2R)) ®

Nll'ﬂ !

This expression suggests that relative solute
processing time is approximately equal in dif-
ferential chromatography and steady counterflow
for values of resolution between 0.9 and 1.5.
Three additional observations are in order.
First, the number of counterflow stages required
in a difficult separation where both solutes tend
to partition to the liquid phase (& ~ 1) increases
proportional to (1 — «#)/8. Thus, the equation for
steady counterflow resolution in Table I appears
adequately cautious in such a case. Second,
eqns. 7 and 8 conservatively estimate the relative
solute residence time at steady state by using the
maximum expected value of £z —the counterflow
mean residence time. For values of the extrac-
tion ratio much greater or less than unity, the
bracketed term in the equation for 7 in Table 1
reduces to unity so that smaller processing times
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would be anticipated for counterflow relative to
chromatography. Lastly, both Lapidus and
Amundson [7] and Ching and Ruthven [37]
reported that the time required after start-up to
approach steady-state in counterflow was signifi-
cant and increased with the difficulty of the
separation. The transient-response time will in-
fluence both physical and temporal requirements
of counterflow.

Relative solvent requirement

We estimate relative solvent usage by deter-
mining the solvent volume per unit mass re-
quired in steady counterflow relative to differen-
tial chromatography: [V,,,/m]sc/{[Viow/M]pc-
Expressions for comparable systems constrained
by feedstream concentration or by load limita-
tion are obtained by calculating respective values
of the product-concentration dilution. We con-
clude by examining viscous effects at high load-
ing.

We evaluate the maximum fluid-phase solute
concentration in the first and final plates to
estimate chromatographic concentration dilution
as (cP™| y-)/(c™| y—) = VN. This form is con-
sistent with work by Snyder [38] which shows
that product dilution in isocratic elution in-
creases at the same rate as resolution.

Dilution of stripper-product concentration in
steady counterflow is the ratio of feedstream
concentration to stripper effluent concentration
—M; ,U/My,  ;F at constant density where Mg is
the solute mass flow-rate in the feedstream.
Substituting the recursion relation for yy; and
making use of the feedstage accumulation (total
solute input to the feedstage divided by solute
input by the feedstream) obtained by Klinken-
berg [29]

MU,e,i + Ms’e’i Fl +1 F£V5C+1 -1
Mg ; - Nsctlyq  T,—1 )
yields for the product dilution
1
Ce _ T [Nsctt U .
cn 1 +l Fy  F (10)
r

where Fy . is the fraction of i which exits the

-

feed stage in the fluid phase. Enricher-product
dilution is obtained analogously.

Dilution in counterflow is relatively indepen-
dent of stage number and extraction ratio, vary-
ing only in proportion to U/F as is consistent
with intuition. At optimized operation, dilution
decreases slightly from 2U/F for closely related
solutes to U/F for considerably easier separa-
tions. (Because I' <1 identifies a species whose
net flow is toward the enricher exit, it is infinite
as I'—0.) The assumption by Klinkenberg that
feed flow-rate is negligible appears to have
inconsequential affect on our estimates of dilu-
tion.

The volume of solvent required by counterflow
to separate closely related solutes relative to
chromatography corresponds to the ratio of
product concentration dilutions:

[ Vsolv]
m_JIsc 2U C;naxlzv= 1
= 11
o] VN an
m DC

We have neglected the void volume of solvent in
differential chromatography, supposing that per-
iodic injections are made at a frequency high
enough to produce non-overlapping, back-to-
back pairs of resolved effluent peaks.

For optimized units whose feedstream concen-
trations are equal, relative solvent requirement
varies with U/F and decreases in direct propor-
tion to square root of the number of chromato-
graphic plates necessary to resolve the solutes.
Antia and Horvdath [39] and Felinger and
Guiochon [40] have shown, however, that sepa-
ration by differential chromatography in systems
with non-linear, multicomponent Langmuir iso-
therms deteriorates at large solute loadings.
Ching et al. [41] demonstrated that only diluting
a 40:20 (% w/v) monoethanolamine~methanol
feedstream could duplicate simulated moving-
bed resolution attained at 20:10 (% w/v) due to
type-1 non-linearity in the monoethanolamine
isotherm.

Suppose that a maximum solute load in chro-
matography and counterflow is prescribed to
avoid degrading the respective separations.
Because the largest solute concentration occurs
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at the chromatographic inlet and at the counter-
flow feedstage in our model systems, we obtain
for similar solutes

Cmax _ F
%F”EW(NSC +1) (12)
since the ratio of feedstage to feedstream con-
centration equals the product of the feedstage
accumulation and (Fy; .F)/U. Hence, where both
columns have been constrained comparably due
to non-linearities at high loading

e, ot

L

which suggests a relative two-fold increase in
counterflow solvent usage for values of resolu-
tion between 0.9 and 1.5.

Consider now viscous effects at high sample
loading which include viscous fingering observed
by Athalye [42] and gross band deformation
reported by Yamamoto et al. [43] in differential,
size-exclusion chromatography. These occur at
local concentration gradients where fast-moving,
low-viscosity eluent displaces a viscous solute
band. We divide the ratio of the peak fluid-phase
solute concentration to its value at n standard
deviations from the peak (z =z, + ns) by ns to
estimate the local chromatographic concentra-
tion change as

max eX n2
1 a7 TP (14)
ns Cf|z=ns nH \/N
The local counterflow concentration change
per stage, estimated in the enricher using the
stagewise recursion relation, y;/y, ="’ —1)/
r*'-1),is

j+1
2 I -1 (15)
Y r'-1
Fig. 3 illustrates the magnitude of local dilution
in counterflow for two separations with thermo-
dynamic driving forces of 0.209 and 0.00209,
respectively. Although composition changes (see
Fig. 4) are large near column exits and the feed
stage, local dilution measured by eqn. 15 is

~
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Fig. 3. Local dilution profiles in counterflow for the two
separations described in Fig. 4. In the easier separation
(6 =0.209) solute 1 (A) partitions preferentially to the upper
fluid phase while solute 2 (<) tends to the lower solid phase.
Similarly, in the more difficult separation (8 = 0.00209) solute
1 is represented by the dashed line and solute 2 by the solid
line. In each case, profiles were calculated using stagewise
recursion relations for the enricher and stripper with M =N
large enough to resolve 1 and 2 to unity (Py ; = 0.9772).

Ye

Normalized Composition (%)

°
°
[

Normalized Stage Number (3747)

Fig. 4. Relative concentration profiles in counterflow for two
separations. In the easier separation (8 = 0.209) solute 1 (A)
partitions preferentially to the upper fluid phase while solute
2 (©) tends to the lower solid phase. Similarly, in the more
difficult separation (6 = 0.00209) solute 1 is represented by
the dashed line and solute 2 by the solid line. In each case,
profiles were calculated using stagewise recursion relations
for the enricher and stripper with M = N large enough to
resolve 1 and 2 to unity (P, =0.9772).
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largest in difficult separations for both compo-
nents near the stripper and enricher exits where
relative compositions are relatively small. Dilu-
tion values for components 1 and 2 in the larger
column are nearly indistinguishable.

Finally, we note that steady counterflow
composition profiles (and . dilution profiles) plot-
ted for difficult, high-resolution separations using
scaled variables vary little over two decades of 6,
as illustrated in Fig. 4 (and Fig. 3). The appro-
priate scaling factors —y, ; for stage composition
y;; and M +1 for enricher-stage j— were de-
termined by applying the binomial theorem and
counterflow mass ratio to the stagewise recursion
relation for solute 1 which partitions preferen-
tially to the liquid to obtain

Yin 2 .(1‘PU,1)2 [ Py, ]
Yo M+1 2P, -1 M1-Py,

x{1+(j—lﬁ[1+(j—2w(1+-~ﬂ}

2 3
(16)

Relative solid-phase requirement

We estimate relative solid-phase usage by
calculating the ratio of counterflow and chroma-
tography column volumes necessary to produce
equally pure products at identical mass process-
ing rates, My, v,/ Py ; = m,/t. For simplicity, the
rate at which subsequent injections are made is
assumed to be 1/t and both columns are oper-
ated to produce equal interstitial velocities. The
column volume ratio is computed for equal
feedstream concentrations as well as for compar-
able load limitations.

In high-resolution separations, average chro-
matographic effluent concentration is approxi-
mately ¢,|,_, = (m,uVN)/(Ae,6L) and counter-
flow exit concentration is very nearly ¢y = yy Py
so that at equal processing rates

cy 6 Av
Col ot VN AscUsc

We substitute eqn. 11 and multiply the sub-
sequent ratio of cross-sectional areas by a ratio
of required lengths. Then N and N are elimi-
nated in favor of 8§ and R to obtain

17)

ln[ ®(2R) ] 3

(2Ngc + 1)AscHsc i P(-2R)

_3U 5
NAH T3 F R?
(18)
for systems with equal feed concentrations and
ln[ P(2R) ]
(2Nsc + 1)AscHsc _ i ‘I)(_ZR) 52 (19)
NAH 32 R

for systems comparably constrained by load
limitations.

Eqns. 18 and 19 suggest that the relative solid-
phase requirement is larger for separations in-
volving closely related solutes than for easier,
low-8 splits. (The comparative advantage is
larger for systems with equal feed concentra-
tions.) The physical basis for the decrease in
adsorbent requirement is apparent in a com-
parison of Figs. 1 and 4 in which binary composi-
tion profiles are illustrated for a resolution of
unity (a 97.72% mutual separation). Five percent
of the fixed bed actively separates 1 from 2 while
all of the counterflow column actively resolves
the two components.

In Table II the expressions for relative mean
residence time and relative solvent and solid-
phase requirement for counterflow and chro-
matographic systems with equal feed concen-
trations are summarized.

RESULTS AND DISCUSSION

Reported values of dilution, solvent require-
ment and adsorbent requirement from three
simulated moving-bed studies in Table III are
compared with corresponding steady counterflow
estimates in Table IV. Observed values are well
within an order of magnitude of expected results.
Approximating fixed-bed dilution by VN yielded
values about a factor of six lower than reported
dilutions. Consequently, the anticipated relative
solvent required to purify racemic 1-phenyl-
ethanol was about six times higher than ob-
served. In each case, the estimates of counter-
flow performance relative to chromatography
were conservative.

Note that the sugar-fractionation data repre-
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TABLE II
SEPARATION BY STEADY COUNTERFLOW RELATIVE TO DIFFERENTIAL CHROMATOGRAPHY

Relative performance Expression
: ( &(2R) ) 2
S | "\e(-2R)
Mean residence time ==
I 4R
[Vsolv]
. m_lsc _ 2U
Required solvent volume [Vsow] v
m Jpc l [ @(ZR):I
. . (2Nsc + 1)AscHsc 3 U " P(—2R) 3
Required solid-phase volume NAH =3 F R &
sent a linear glucose/Duolite adsorption iso- of non-linear systems (other than specialized
therm at the concentrations considered (see Langmuir chromatographic adsorptions for
Ching er al. [28]) while the isotherms of the which analytic solutions for concentration
racemic resolution and lysine recovery were non- profiles have been derived by Thomas [45] and
linear. The tractable expressions we have de- Glueckauf [46]) will likely be limited in scope,
rived from counterflow and chromatographic and that numerical analysis will probably replace
models in which adsorption was presumed linear analytic expressions such as ours.
with a constant equilibrium distribution coeffi- Until more general relations are developed, a
cient approximate the relative performance of detailed analysis of linear systems provides a
both linear and non-linear systems. Previous useful starting point to examine relative per-
analyses of non-linear chromatography [15,44] formance of counterflow and chromatographic
and counterflow [28,41] suggest that more separations. Consider resolution of ovalbumin
specific comparisons of the relative performance (OA) and bovine serum albumin (BSA) using
TABLE III

EXPERIMENTAL RESULTS: SIMULATED MOVING-BED (SMB) VS. DIFFERENTIAL CHROMATOGRAPHY (DC)

Parameters Reported performance
U Dilution Requirement, SMB/DC
F H 8
(cm) SMB DC Solvent Adsorbent
Racemic resolution” 31 0.015 nr? 11.5 290 0.011 0.016
Sugar fractionation® 8.5 10 0.27 8.3 22.0 nr nr
Lysine recovery® 1.2 nr nr 0.79 0.96 0.5 0.1

“ Ref. 2. Flow-rate and counterflow dilution ratio calculated from values of flow-rate and concentration reported for R-(+)-1-
phenylethanol-rich raffinate.

* Ref. 52. Flow-rate and counterflow dilution ratio calculated from values of flow-rate and concentration reported for glucose in
the post-feed columns of run 4.

Z Ref. 3. Flow-rate and dilution ratios calculated from arithmatic averages of ranges reported for flow-rates and concentrations.
Not reported.
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TABLE 1V

CALCULATED RESULTS: STEADY COUNTERFLOW VS. DIFFERENTIAL CHROMATOGRAPHY

Estimated performance

Dilution Requirement, SC/DC

SC* DC? Solvent® Adsorbent
Racemic resolution 31 58 0.068 0.017¢
Sugar fractionation 8.5 3.2 13 0.15¢
Lysine recovery 1.2 na’ na na

* Estimated as U/F since reported concentration profiles suggested F,, .~ 1 in each separation. See Relative solvent requirement

section.

® Estimated as VN. See Relative solvent requirement section.

¢ Estimated as U/VNF. See Relative solvent requirement section and footnote a.

“ Estimated as (3N o,
reported. See Relative solid-phase requirement section.
P(2R)

Estimated as (Z«‘)Ucfl,\,=1 In [m

Uc{y.,)/(NFc;) with Ny calculated assuming H =~2Hg. since thermodynamic data for & were not

]53 )/ (64Fc.R*) with R = 1. See Relative solid-phase requirement section.

7 Not available, as measured values of H and & were not reported.

Toyopearl (TSK gel) HW5SF (d, = 44 pwm). This
separation depends on size exclusion, as do
fractionation of dextran by Ca® resin and
“Molex” processes. Parameter values for this
case study including those reported by Yama-
moto et al. [47] and Germershausen ef al. [48]
are summarized in Table V. The relative error of
approximating I7 by 1+46 is 0.076, as deter-
mined using eqn. 5. The calculated measures of
relative separation performance are listed in
Table VI.

Expected solute mean residence times in the
two systems are roughly equal. Solvent usage in

counterflow is expected to be less than one
quarter of the value required for chromatog-
raphy, for systems with equal feed concentra-
tions. Due to the low thermodynamic driving
force for separation, almost four orders of mag-
nitude less gel filtration resin is required for
counterflow relative to fixed-bed separation. In
contrast, the anticipated relative solid-phase re-
quirement for less strenuous separations such as
fructose/glucose fractionation in Table III is
considerably smaller.

Comparing models of counterflow and chro-
matography suggests that steady counterflow

TABLE V

PARAMETER VALUES FOR SEPARATION OF BOVINE SERUM ALBUMIN (BSA) AND OVALBUMIN (OA) IN TSK
HWSSF

Parameter BSA OA System

Intraparticle porosity”, €, 0.30 0.34" -

Bed void fraction’, €, - - 0.34

Thermodynamic driving force, 8 - - 0.048

Required resolution, R - - 1.0

Volumetric dilution, U/F - - 10

* Ref. 47.
b Ref. 48.
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TABLE VI

SEPARATION OF BOVINE SERUM ALBUMIN AND
OVALBUMIN IN TSK HWS55F

Steady counterflow vs. gel filtration chromatography

Relative performance Ratio Value
R . d N SC,to0t 313
equired stages —— N 6975
t
Mean residence time —t:F- 0.883
[Vimglsc
Required solvent —_— 0.239
d Vimglpe

(ZNSC + 1)145(:1-15(3

NAH 0.0004

Required solid-phase

utilizes stage volumes more efficiently than dif-
ferential chromatography utilizes plate volumes.
For a given resolution, the number of stages
required by chromatography to separate close
solutes relative to counterflow increases inversely
with the thermodynamic driving force for separa-
tion. This appears to be the basis for reported
order-of-magnitude decreases in adsorbent vol-
ume obtained by simulating counterflow in
packed beds. Substantial reported reductions in
solvent volume may be related to large dilutions
observed in chromatography relative to counter-
flow, whose value is proportional to the square-
root of the number of chromatographic stages
required to resolve similar products.

Viscous effects such as fingering and gross
band deformation are also expected be less
problematic in counterflow where local concen-
tration changes are small relative to chromatog-
raphy. Chromatographic concentration near the
inlet changes over an order of magnitude within
an axial distance corresponding to one stage,
whereas the maximum counterflow change per
stage is less than one-fourth that value, as
illustrated in Fig. 3. Note that solute composition
in counterflow increases in the direction of fluid
flow only in the enricher section. So hydro-
dynamic instabilities reinforced by viscosity dif-
ferences are not expected to decrease separation
efficiency in the stripper.

Simulating counterflow appears particularly

advantageous for difficult separations such as
resolution of optical isomers or protein variants.
In addition to Sorbex-type equipment, the
rotating-barrel liquid extractor proposed by
Brenner and machines by Ito offer the number
of counterflow stages required to separate close
solutes. On the other hand, steady operation is
limited to binary separations, so equipment must
be doubled for ternary systems which are often
encountered in present-day chromatography. On
balance, progress should be made cautiously, but
the potential advantages of counterflow appear
attractive enough to deserve a real effort.

SYMBOLS

A column cross-sectional area (cm?)

c time-averaged fluid-phase solute con-
centration in chromatography (g/cm’)

Cs solute concentration in moving fluid
phase in chromatography (g/cm’)

Cy solute concentration at the N-stage

stripper exit in the upper fluid phase in
counterflow (g/cm’)
C,; concentration of solute i in phase p in
chromatography (g/cm’)
effective solute diffusivity in pore liquid
(cm?/s)
feed mass flow-rate in counterflow (g,/
)
fractional recovery of species i in phase
p
fraction of a component exiting the feed
stage which leaves in phase p
height equivalent to a theoretical chro-
matographic plate (cm)
H height equivalent to one counterflow
stage (cm)
for\lyvard rate constant of adsorption
)
k concentration-based fluid-phase mass
transfer coefficient (cm/s)
rate constant of desorption (s~ ')
ratio of masses of adsorbed and pore-
liquid solutes at equilibrium
L length of chromatographic
(= HN) (cm)
m total solute mass which enters chroma-
tography column in a pulse (g)

ST M

Y

column
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number of stages in the counterflow

enricher section

mass flow-rate of species which enters

the counterflow column through the

feedstream (g/s)

mass flow-rate of species leaving stage j

in phase p (g/s)

mass flow-rate of species i leaving stage

j in phase p (g,/s)

number of stages

scot total number of stages in a counterflow
system

purity of species in a chromatographic

separation

fractional purity of species i in phase p

fractional relative motion of the lower

solid phase

chromatographic resolution

radius of a solid-phase particle (cm)

variance about the mean (s°)

standard deviation normalized by the

mean residence time

lower solid-phase mass flow-rate (gs/s)

time (s)

mean residence time in chromatography

©)

mean residence time in steady counter-

flow of a component which enters

through the feedstream alone

transfer rate of one stage volume (s~')

equilibrium fraction of species i in the

fluid phase

upper fluid phase mass flow-rate (g,/s)

interstitial velocity in chromatography

or equivalent countercurrent interstitial

velocity in counterflow (cm/s)

| %4 volume of solvent

X

<

P

<

Pt

Y 22

L oany
< .

q 'ﬂ“l - ™ 03

I

= C

X;; fraction of the lower solid phase leaving
stage j which is species i (g,/gs)

Yii fraction of the upper fluid phase leaving
stage j which is species i (g,/gy)

z axial coordinate (cm)

Zq mean position of a solute peak at a

given time, defined as uvt (cm)
Greek letters

o partition coefficient of i between fluid
and solid phase

') fractional difference in u for two
species: thermodynamic driving force
for separation

€ convective axial dispersion coefficient
(cm®/s)

& interparticle or column void volume

€, intraparticle porosity

I extraction ratio of solute i

A selectivity, defined as I/I;

P cumulative distribution function of the
standard normal distribution

Py density of upper liquid phase (gy/ m’)

Ps density of lower solid phase (ggs/ m’)
extent of separation

Subscripts and superscripts

enricher exit stage

bulk (stationary) phase in chromatog-
raphy

e feed stage

f moving fluid phase in chromatography
F feedstream

i species identification subscript

] stage identification subscript

DC differential chromatography
N

p

[w ol

stripper exit stage
phase identification subscript

p porous fluid entrained in the bulk phase
in chromatography

S lower solid phase in counterflow

SC steady counterflow

U - upper liquid phase in counterflow

APPENDIX

Here we provide the derivation of the oper-
ating condition for optimum binary counterflow
separation utilized in the Binary counterflow
separation section. We have included this deriva-
tion which follows a previous analysis by Rony
[49] to elucidate the basis of the relation for
binary counterflow separation and to clarify our
nomenclature, which differs from his.

Binary counterflow separation produces a dif-
ference between fractional recoveries of com-
ponents 1 and 2 from the fluid stripper effluent
and the solid enricher extract. This defines the
extent of separation £ as
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gleU,l_FU,2|=|FS,1_FS,Z| (20)

Fractional recovery F,, of component i from
phase p is defined in terms of its flow-rate M,
exiting stage j

MU,N,i

FU’i= MU,N,i +MS,1,[ (21)
M 1,i

Fs’i - MS,I,[ + MU,N,i (22)

Species flow-rates are eliminated from eqns.
21 and 22 in favor of Ny and I" by defining a
mass ratio using the recursion relations in Table
I €

Mo
My N _ U _ I; Ej:o r,
Mgy, xS sz=o -

The mass ratio relates exiting compositions with-
out requiring information about the feedstage or
feedstream. Using the rule for finite sums of
geometric series, Z]'.':_Ol ar’ =[a(1—r")/1—7r], the
mass ratio for N =M becomes

MU N,i
__’_’I=I“1_Vsc+1 24
MS,l,i i ( )

(23)

Hence the extraction ratio and the number of

counterflow stages completely determine the

extent of separation

B 1 1
1+ Wse™D 14y MserD

3 (25)

The value of the extraction ratio which opti-
mizes separation is determined by maximizing ¢
in eqn. 25 with respect to I, after assuming
constant selectivity, A=1TI,/I,. This results in

1f
[ o=A2 (26)

iopt

which relates the extraction ratio of component i
to a constant ratio of the equilibrium partition
coefficients for optimized binary separations.
This condition can be used to show that fraction-
al recoveries and fractional purities of solutes in
their preferred phase are equal.

The maximum value for the extent of separa-
tion is then

A(NSC+1)/2 _ 1
Emax = ‘F(NSC+1)/2 1 l (27)
and it is seen that
Ln=1 (28)

This is the operating condition for optimal sepa-
ration of a binary mixture. Using the definition
of the extraction ratio, a unique, optimum value
for the fractional relative solid motion, r, may be
determined.

Rony [50] showed that maximum extent of
separation in chromatography with optimum
distribution ratio was proportional to VN. In
staged-counterflow with optimum extraction
ratio the maximum extent of separation was
proportional to Ny.. Adjustments to operating
conditions and equipment which increase the
performance of ideal counterflow separations
have been proposed more recently. Liapis and
Rippin [5] observed that increasing the column
length and number of subdivisions in a simulated
moving bed improved the adsorbent utilization.
Storti et al. [51] determined countercurrent flow
ratios at which solid and desorbent requirement
were minimized using characteristic parameters
derived from component feed concentrations,
then used equilibrium theory to numerically
analyze steady, dispersive flow in one- and four-
section, non-linear (but constant-selectivity) sys-
tems.
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ABSTRACT

Mobile phase effects were studied in the separation of D- and L-phenylalanine anilide (D,L-PA) on an imprinted chiral stationary
phase (CSP). Using an aqueous-organic mobile phase, an improved column performance was seen, reflected in a two-fold
decrease in the reduced plate height and an almost doubling of the resolution as compared to when a pure organic mobile phase
was used. A strong dependence of retention (k') and enantiomer selectivity («) on mobile phase pH was observed. k' reached a
maximum at a pH close to the pK, value of the solute and a was high at low pH value but decreased when pH exceeded the
solute pK, . Potentiometric titration data allowed estimation of the state of protonation of both the carboxylic acid containing CSP
and the amino group containing solutes. The data are analyzed using a simple cation-exchange model to allow simulation of the
retention as a function of mobile phase pH. The close agreement between the simulated and experimental curves for retention
versus pH suggests that a simple cation-exchange mechanism controls the retention in this system. Moreover, the slightly lower
average pK, of the imprinted polymer compared to that of a corresponding blank polymer explains the high selectivity seen at low
pH values. Based on these findings, a model describing the events controlling binding and selectivity as a function of pH is
proposed.

INTRODUCTION dimethacrylate = EDMA) gave a network poly-
mer which was freed from template by extrac-
During the last years several examples of the tion. After crushing and sieving a selective
use of imprinted polymers for specific molecular chromatographic stationary phase was obtained.
recognition have been reported [1-12]. In one With this technique resolutions of a variety of
case [4-9] (Fig. 1) a chiral template molecule racemates have been successfully achieved [12].
(L-phenylalanine anilide = 1-PA) was used to Recently the technique has also been used to
preorganize functionalized monomers (metha- prepare affinity matrices for the DNA-bases [10]
crylic acid = MAA) in solution. Copolymeriza- and as antibody mimics in a drug assay [11].
tion of the template assemblies with a For the user of chiral stationary phases (CSPs)
cross-linking  monomer  (ethylene  glycol it is desirable that predictable separations of

enantiomers as well as achiral compounds from

several classes can be performed on a single

* Corresponding author. column {13]. Although the imprinted CSPs usu-
“Present address: Bioherb Inc., Bifrostgatan 40, 25362 ally have a high substrate selectivity, the similari-
Helsingborg, Sweden. ty in composition between these CSPs and meth-
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OH H—N\)’\
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H

MAA
(16 mol %)
AIBN
(:'::ol “ hv , 15°C / 24h
+ Benzene (FM=0.57)

e

EDMA
(80 mol %) (1) Crush
(2) Soxhlet extract
in MeOH
(3) Dry, Size
POTENTIOMETRIC TITRATIONS
-t 150-250 um
CHROMATOGRAPHIC EVALUATION
- 25-38 um

Fig. 1. Schematic of the synthesis, processing and evaluation of imprinted polymers as chiral stationary phases. Fm refers to the

volume fraction of polymerisable monomers to benzene solvent.

acrylate-based weak cation-exchange resins [14-
16] suggests that they may be applied in simple
cation-exchange separations as well. This there-
fore led us to investigate whether ion exchange is
the main process controlling retention on these
CSPs.

EXPERIMENTAL
General procedures

p- and i-PA were synthesized as described
elsewhere [5,6]. The methacrylate monomers

were obtained from Aldrich. EDMA was
purified by extraction with 10% NaOH, brine,
drying over anhydrous magnesium sulfate fol-
lowed by distillation. MAA was purified by
drying over anhydrous magnesium sulfate fol-
lowed by distillation. The porogens were all
distilled under a positive nitrogen atmosphere
prior to use and all other reagents purified
according to standard procedures. The pH was
monitored with a standard pH electrode con-
nected to a pH meter (Fischer Scientific, Ac-
cumet 910) standardized at pH 4, 7 and 10 using
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buffer solutions. All chromatographic evalua-
tions was done using a Waters 484 UV detector,
Waters 501 pump equipped with a U6K injector
and a Hewlett-Packard integrating recorder.

Polymerizations

The polymers were prepared as follows: The
monomer mixture consisted of EDMA (3.8 ml,
20 mmol) and MAA (0.34 ml, 4 mmol) in
benzene (5.6 ml) to which was added template
and the initiator azo-bis-isobutyronitrile (AIBN;
40 mg, 0.25 mmol). The templates were L-PA
(240 mg, 1 mmol) giving polymer P-L-PA or
benzylamine (BA) (107 mg, 1 mmol) giving
polymer PBA. No addition of template gave the
blank polymer (PBL). The mixture was trans-
ferred to a 50-ml thick-walled glass tube. This
was freeze thaw degassed three times and sealed
under vacuum. The tubes were symmetrically
placed at ca. 10 cm distance from a standard UV
light source in a waterbath thermostatted at 15°C
and turned at regular intervals for a symmetric
exposure. After 24 h the tubes were broken and
the polymers separated then ground in a mortar
followed by Soxhlet extraction in methanol for
12 h. The polymers were dried overnight under
vacuum at 50°C and then sieved to a 150-250
pm and a 25-38 pum particle size.

Chromatographic evaluation

The polymers with a 25-38 um particle size
were slurry packed into 100-mm stainless-steel
columns [5 mm I.D. containing ca. 0.5 g (dry
mass) of polymer after packing] using acetoni-
trile—water—acetic acid (92.5:2.5:5, v/v/v) as
mobile phase. After passing ca. 50 ml at a flow-
rate of 10 ml/min the column was equilibrated at
1 ml/min until a stable baseline was reached.
The flow rate was 1 ml/min, the volume of
injected solute 10 ul and the detection wave-
length 260 nm unless otherwise stated. The
capacity factor was calculated as (tg —1,)/¢,
where ¢ is the peak maxima retention time of
the solute and ¢, the retention time of a non-
retained void marker (NaNO,). The separation
factor (@) measures the relative retention be-
tween the enantiomers (a =k /kp) and h the
reduced plate height from the number of theo-
retical plates (N) as h=L/(d,N) where L=

column length (=10 c¢m), d, = average partlcle
diameter (=31.5 pum) and N 5.55 (te/tin)°
where ¢, ,, is the peak width at half height. The
resolution factor R, [3] and the asymmetry factor
A, [17] were obtained graphically as described
elsewhere.

Potentiometric pH titrations

Conditioning. The polymers were initially
converted to the acid form. Polymer (0.6 g,
150-250 pwm) was washed by shaking with 2 X 25
ml 0.1 M HCl for 1 h each. After sedimentation
the supernatant was removed with Pasteur pi-
pette followed by several wash cycles with water
until no change in pH was observed (pH ca. 4).
In the second cycle the polymer was stirred by
shaking for 1 h.

Titration. Polymer (0.5 g) was suspended in 20
ml of a CO,-free 0.1 M NaCl solution by
magnetic stirring. Titrations were performed
under nitrogen atmosphere by addition of 25-ul
increments of 0.5 M NaOH allowing ca. 30 min
equilibration between additions. After titration
of the polymers a blank solution (in absence of
polymer) was titrated in presence and absence of
an amount of acetic acid corresponding to the
theoretical amount of carboxylic acid groups in
the polymer. Following the above procedure
another titration was done in acetonitrile-0.1 M
NaCl (7:3, v/v). Standardization was again per-
formed against the aqueous buffers [18,19].
During titration some mechanical breakdown of
the polymer particles occurred due to the me-
chanical stirring. This caused the response time
to decrease during the titration. Homogeneous
titrations were carried out on L-PA and BA in
the same solvent system. This resulted in appar-
ent pK, values of 6.4 and 8.6, respectively.

Calculations

The degree of ionization (a™) was obtained
from a combination of mass and charge balance
equations as described by Dubin and Brant [18]
in the reduced equation:

a*z[V+Va_Vb]/Veq (1)

where V = volume added base titrant to achieve a
certain pH, V, and V, =volume of added acid
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and base titrant to the blank solution to achieve
the same pH. V,, = volume of added titrant at
the equivalence point. V,, in the aqueous and
organic—aqueous systems were determined from
the maximum in the plot of dpH/dV. Since a
correct determination of the equivalence point
may be critical for the resulting shape of the
graph V., *0.1 ml was also used in the a*
calculations. This did not change the general
shape of the curve. The pK, was then deter-
mined at each pH from the equation pK, = pH ~
log[a®/(1—a*)] and the average pK, (pK,)
from the y-intercept of a plot of pH versus
logla*/(1 —a*)] according to the equation
log[a*/(1 - a*)] =pH - pK,.

RESULTS AND DISCUSSION

Mobile phase effects

One of the drawbacks to the routine use of
imprinted polymers in chromatography has been
the extensive peak broadening and asymmetry.
Although clear improvements were seen by
either increasing the column temperature (up to
90°C) [6] or by using polymers prepared at lower
temperature [20], the column efficiency was still
poor compared to that of commercially available

TABLE I
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chiral stationary phases. A mobile phase con-
taining acetic acid as additive was routinely used.
In view of the unusual isotherms, broad peaks
and peak splitting associated with this mobile
phase, we suspected that the poor performance
was mobile phase related. Other mobile phases
were therefore tried (see Table I).

By increasing the aqueous content of the
mobile phase retention decreases, possibly due
to the extensive solvation of ammonium ions by
water [21]. In the absence of acetic acid a
remarkably large retention is seen. The retention
volume seems to be strongly dependent on the
acetic acid concentration since by adding 1%
acetic acid a low k' is again observed. This
suggests that both retention and selectivity can
be modulated by controlling the mobile phase
pH. Thus, by using the same organic-aqueous
volume ratio but adding potassium phosphate
buffer salts, a clear dependence of k' and a on
pH was seen with strong retention and high
selectivity at low pH and weak retention and low
selectivity at high pH. With interest we noted
that these changes improved chromatographic
performance. This can be seen in the almost
50% reduction in the reduced plate heights (h) of
the retained solutes in the buffered system com-
pared to those observed using the original acetic

STEPWISE MOBILE PHASE OPTIMIZATION IN THE CHROMATOGRAPHIC ENANTIOMER SEPARATION OF

D,L.-PA ON POLYMER P-L-PA

At a flow-rate of 1 ml/min 10 gmol of b,L-PA in 10 pl was injected. MeCN = Acetonitrile; HOAc = acetic acid; KP = potassium
phosphate. ND = Not determined; VB = very broad; NR =no enantiomeric resolution. h,, h, and h, are the reduced plate
heights for the D and L enantiomers of PA and for a weakly retained compound (acetone), respectively.

Mobile phase ki a hy hy, hy R,
MeCN-H,O0-HOAc (92.5:2.5:5, v/v/v) 14 5.4 118 397 6 1.1
MeCN-5% HOAc (7:3, v/v) 0.8 3.2 ND ND ND <1
MeCN-H,O (7:3, v/v) 64 13 167 VB ND ND
MeCN-1% HOAc (7:3, v/v) 3.6 4.1 53 244 ND 1.3
MeCN-0.05 M KP, pH 3.5 (7:3, v/v) 9.3 5.4 75 167 6 2.0
MeCN-0.05 M KP, pH 9 (7:3, v/v) 0.4 NR 11 ND NR
MeCN-0.05 M KP, pH 3 (3:7, v/v) 10 2.8 70 1060 2 1.0
MeCN-0.05 M KP, pH 9 (3:7, v/v) 87 2.1 50 VB 53
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acid containing system. In addition, there was a
parallel increase in resolution (R,) for a constant
separation factor (a) (see elution profiles in Fig.
2). The column efficiency on the other hand does
not change with the mobile phase as seen from
the reduced plate height (h,) for a weakly
retained compound such as acetone. This sug-
gests that the use of organic—acetic acid mobile
phases results in slow mobile phase equilibria.
When further increasing the aqueous content
using the buffered mobile phases, k' increases
while « decreases. The pH interval for separa-
tion is now extended to higher pH while the
column efficiency, reflected in the reduced plate
height (h,), is considerably poorer (see Fig. 2).
Since both £’ and a appeared to respond to pH
changes, information about the protonation state
of the polymer and the solute in organic aqueous
solvent systems is of primary interest. Poten-
tiometric titrations were therefore carried out.

Potentiometric titration of the acid groups of the
polymers

Potentiometric pH titrations on linear poly-
mers containing carboxylic acid groups has pro-
vided information about conformational changes
as well as estimates of the related energy barriers
and electrostatic free energies [18,19]. Titrations
of highly cross-linked carboxylic acid containing
polymers (i.e. weak cation exchangers) are most-
ly used in order to determine ion-exchange
capacity buffering range and the average pK, of
the polymer [14-16]. Fig. 3 shows pH-titration
profiles in aqueous and organic—aqueous systems
of imprinted and blank polymers. The ionic
strength was kept constant by addition of 0.1 M
NaCl. Obviously most of the carboxylic acid
groups originally added as monomers have been
titrated, indicating that they are accessible. A
lower accessibility, 60—70%, is seen in the titra-
tion in the aqueous system compared to the
aqueous—organic system, 75-85%. This may be
related to the lower swelling observed in water
[9] leading to a more compact structure and a
lower accessibility. The accuracy of the titrations
was checked by titrating an amount of acetic acid
corresponding to one equivalent of carboxylic

10 20 30 40 min
b
|
|

10 20 30 40 min
C

10 20 30 40 min

Fig. 2. Elution profiles from the experiment described in
Table 1 using as mobile phase (a) MeCN-H,O0-HOAc
(92.5:2.5:5, v/v/v), (b) MeCN-0.05 M potassium phosphate,
pH 3.5 (7:3, v/v) and (c) MeCN-0.05 M potassium phos-
phate, pH 3 (3:7, v/v).
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Fig. 3. Potentiometric titration curves on P-L-PA (+), PBA (4), PBL (9) and acetic acid (J) in (a) 0.1 M NaCl and (b)
MeCN-0.1 M NaCl (7:3, v/v). The NaOH equivalents (x-axis) are calculated based on the theoretical amount of carboxylic acid
groups present in the polymer. In (c) and (d) are seen the calculated pK, distribution as a function of the degree of ionization
(@*). (¢) pK, =8.0 (P-L-PA), 8.1 (PBA), 8.2 (PBL); (d) pK, =8.9 (P-L-PA), 9.2 (PBA), 9.3 (PBL). The polymer swelling [9]
(ml/ml) in this solvent system was constant in the pH interval 3—12 and was for P-L-PA: 1.32 and for PBL: 1.26.

acid groups in the polymer. The polymers have a
buffer capacity over a wide pH range and in the
organic—aqueous system this range is found at a
higher pH than in the aqueous system. The
physical meaning of this difference is not clear
since the method used to standardize the pH
meter gives only apparent pH values.

In the titration of polyelectrolytes, neigh-
boring group effects are a significant influence on
the pH-titration profile [22]. For instance, in
polyacrylic acid the ionization of the most acidic

group may be facilitated by hydrogen bonding to
a neighboring carboxylic acid group. However at
higher levels of ionization the net increase in
negative charge of the polymer will make it more
difficult to ionize the remaining carboxylic acid
group. It has been shown that the apparent pK,
increases with the degree of ionization (a*) may
be represented by:

pK, = pH — log[a™/(1— a®)] (2)

A plot of pK, as a function of a* can therefore
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be regarded as a measure of the ease of proton
removal from the polyion at a given degree of
ionization. The average apparent pK, was higher
in the organic aqueous system but this may be
due to the standardization procedure discussed
above. However the differences exhibited by the
polymers in the shape of the pK, versus a* plot
is more interesting. Similar titrations of weak
cation exchangers commonly exhibits buffering
capacity at a lower pH [14,15]. The difference
may reflect the influence of different charge
densities. The more weakly cross-linked cation
exchange resins exhibits higher swelling and can
thus expand and reduce the buildup of electro-
static repulsion, leading to a titration curve that
approaches that of the free acid. Swelling as a
function of pH was measured in the organic
aqueous system. As seen in the legend to Fig. 3
the L-PA imprinted polymer P-L-PA showed
significantly larger swelling than the corre-
sponding blank non-imprinted polymer PBL.
However no change in swelling was observed
when the pH was varied. In the organic—aqueous
system the difference between the titration
curves of PBL and P-L-PA can therefore be
explained by their different swelling. Contribu-
tion from the structural organization of the
carboxylic acid groups in the polymer is also
possible (which per se may be the reason for the
difference in swelling). In PBL the absence of
template during polymerization will leave the
carboxylic acid groups to interact mainly with
themselves forming acid dimers. However in the
presence of template, the acid groups will inter-
act also with the template molecule. After free-
ing the polymers from template the acid groups
in PBL will still have other acid groups to
interact with while in P-L-PA the acid groups
have lost their hydrogen bond partner and are
thus in a more isolated environment. Such an
arrangement would result in a lower pK, for the
more isolated acid groups compared to the pK,
of the associated groups. Indeed the pK, of P-L-
PA is lower than that of PBL. It should be noted
however that the polymers exhibited very similar
Fourier transform IR spectra [9], indicating that
no large detectable difference exists in the extent
of hydrogen bonding between the carboxylic acid
groups of the polymers. However as discussed

below the chromatographic data support the
above explanation for the observed pK, differ-
ence between the polymers.

Mobile phase pH dependence

Using polymer P-L-PA and PBA as stationary
phases 10 and 100 nmol amounts of p,L-PA and
BA were injected at different mobile phase
apparent pH values (pH,,,) ranging from 3.5 to
10 (measured on the total mobile phase) at 0.5
pH unit intervals. In Fig. 4a and b the resulting
pH-retention graphs are shown. For reasons of
comparison the given pH is that of the net
mobile phase mixture (measured and stan-
dardized as described for the potentiometric
titrations in the Experimental section) and not
that of the aqueous buffer. The reproducibility
was confirmed by repeating the experiment at
intervals of one pH unit. Moreover similar pH
dependence was observed using other L-selective
polymers. It should be noted that due to the
weak retention at low and high pH values the «
determination is highly dependent on an accur-
ate determination of the void retention time.
When increasing the aqueous content in the
mobile phase the solvent peak (MeCN) eluted at
a 20% shorter time while acetone, used as a void
marker in the organic—acetic acid mobile phases,
still eluted at the original void retention time.
However sodium nitrate, a commonly used void
marker in aqueous systems [23], coeluted with
the solvent peak and was therefore used as void
marker in this system. The possibility of a
Donnan exclusion effect at high pH did not
result in any significant change in the retention
time. When further increasing the aqueous con-
tent (see Table I) a lower ¢, was observed. These
effects may be related to the lower swelling
observed in the aqueous solvents [9].

As seen in Fig. 4a and b maxima in retention
occur at pH values corresponding to the appar-
ent pK, values of the solutes, measured poten-
tiometrically in the same solvent system (Note
that the salt concentration of the aqueous por-
tion in the titrations was 0.1 M while in the LC
experiments the buffer concentration was con-
stant at 0.05 M. For solubility reasons no extra
salt was added here. Although titration curves
can be strongly dependent on ionic strength it is
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Fig. 4. Retention (k") of b- and L-PA and BA on (a) P-L-PA and (b) PBA injecting 100 nmol solute versus mobile phase pH,,,.
(c) and (d) show the corresponding separation factors (a) obtained at two different sample loads. The separation factor of D,L-PA
(c) was calculated as a = k; /k[, and of benzylamine (100 nmol) (d) as @ =k, (on PBA)/k;, (on P-L-PA).

unlikely that this difference will have a major
influence on the position and relative height of
the maxima in Fig. 4). Moreover Fig. 4c and d
shows that each polymer binds preferentially the
compound used as template. Thus the « versus
pH plots of p,L-PA on P-L-PA show a stable high
selectivity in the low pH region both at 10 and
100 nmol sample load. When pH, exceeds pK,
of the solute, a drops off to approximately 1 at
pH,,, 9.5. The selectivity factor of BA on PBA
was estimated as an a value calculated from the

ratio of k' on PBA to k' on P-L.-PA®. This graph
also shows a trend of decreasing @ with increas-
ing pH although here the falloff is observed over
a larger pH range. The fact that maximum
retention is observed at a pH,,, corresponding to
the apparent pK, of the solute suggested to us that

“In this treatment P-L-PA has been taken as a blank polymer
to BA. The absence of selective interaction of P-L-PA with
BA is seen in the weak retention at low pH where L-PA is
strongly retained.
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the retention was controlled by a simple ion-
exchange process. Thus the amino group con-
taining solute B (p,.-PA or BA) is bound to the
polymer containing carboxylic acid groups (HA)
forming ion-pairs BH"A™. The capacity factor
can now be expressed as:

ky = ¢[B],/[B],=¢[BH"AT]/([B] +[B"]) (3)

where b and f indicates bound and free solute
respectively and ¢ = phase volume ratio. Since
potassium ions (K™) are the counterions in the
buffered system the following equilibria should
be considered [24].

K
HA+K'=— A K" +H"

. (acid dissociation equilibria) €))

Kg
BH ' =—B+H"

(base dissociation equilibria) (5)

KE
A'K"+BH'=BH A" +K"
(ion-exchange equilibria) 6)
Eqn. 3 can now be rewritten as:

, _ oK [BH'JJA'K"]

® [K'I(B] +[BH"])
= ¢(1/[K" DK agai[Alo (M

where a5 and a are the degree of ionization of
the acid (A) and the base (B) respectively, K, =
the ion-exchange equilibrium constant and
[Al,,, = the total concentration of A. Eqn. 7 can
be even further simplified:

ky = Kaga s (®)

where K is a constant for a given column and
ionic strength. In order to test this model a ; and
ap need to be determined as a function of
pH,,,. In Fig. 5 values for a* for L-PA, BA and
the polymer have been plotted versus pH,,, and
in Fig. 6 the product aja . The agreement with
the experimental chromatographic data, both in
the pH region where the maxima are found and in
the relative retention of the solutes at these max-
ima is striking. Similar behavior is often ob-
served for weak bases on weak cation exchangers

BA PBA

O* 454
0.8 4
0.6 4
0.4 4

0.2

0.0

pH app

Fig. 5. Degree of ionization (a*) as a function of mobile
phase pH,, for the solutes BA and D,L-PA and for PBA. a*
was calculated from the corresponding potentiometric titra-
tion data as described in the experimental section.

[24]. It can therefore be concluded that cation
exchange is the process controlling retention in
this system. What about the selectivity? Accord-
ing to the retention model (eqn. 8) a can be
expressed as:

a=kllky =k aax/Kpapapy=K /K, (9)

where K; and K|, are the average ion-exchange
equilibrium constants to the imprinted sites for
the L and the D form respectively. Eqn. 9 follows
from the fact that the degree of ionization of the
p and the L form are the same at a given pH. In

* * 1
ak of k
(x100)

20

PH app

Fig. 6. Product of the degree of ionization of the solute (a )
and the polymer PBA (a) (X100) versus mobile phase
pH,,, (solid line). Overlayed are the experimental data from
Fig. 4b (dashed line).
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other words, « does not change with the proto-
nation state of either the polymer or the solute
as long as these changes affect K; and K, to the
same degree [25]. This would be the case if the
binding involved just one electrostatic interac-
tion. We propose that the decrease in enan-
tioselectivity upon an increase in mobile phase
pH is due to either: (a) deprotonation of a
second group in the site, leading to a loss of an
" enantioselective hydrogen bond interaction, or
(b) deprotonation of additional non-selective
sites. If K  in case (b) represents the average
ion-exchange equilibrium constant to the non-
selective sites (ns) a can here be expressed as:

* ok * ok
KLaLas +KnsaLans

(10)

a = * % * %
KDaDas +KnsaDans

Since the second term in both the numerator and
the denominator are identical an increase in a )
will obviously lead to a decrease in @. An
argument for this explanation is the sharp in-
crease in non-specific binding above pH, , 6.
This is clearly seen in the plot of k' versus pH,,
for BA on P-1-PA (Fig. 4) and in the parallel
increase in o™ for the latter (Fig. 5). This can
also be seen from the plot of the estimated
separation factor of benzylamine (agz,) versus
pH,,, (Fig. 4d) where « is highest at low pH

PHyy, = 4 PH,,, =355

values [below pK,(BA)] and decreases over a
large pH interval. Furthermore the potentiomet-
ric titrations showed that P-L-PA had a lower
average pK, than PBL (see Fig. 3). This strongly
suggests that the carboxylic acid groups of the
selective sites have a lower average pK, than those
of the non-selective sites. It could be argued that
nonionic sorption could contribute to the ob-
served retention. However such a process seems
to be negligible in view of the parallel decrease
in the degree of ionization and the retention of
PA and BA. For instance k; decreases from 25
to less than 1 upon neutralization.

In Fig. 7 a model is presented, showing how
the protonation states of b,L-PA and the polymer
(P-L-PA) can account for the observed retention
and selectivity. At pH,, 4 the solute p- and L-
PA (two-dimensional representation) are proton-
ated and bind differentially to enantioselective
sites. At pH,, 5.5 the solute is partly depro-
tonated while a larger amount of selective sites
are available. This will result in an increase in &’

whereas a remains constant. At pH, 6.5 (ca.

pK, for p,L-PA) half of the solute is protonated
and non-selective sites are becoming deproton-
ated resulting in stronger non-selective interac-
tions and a net increase in binding. At pH,,, 8
the solute is only partly protonated while the

negative charge of the polymer increases mainly

PHypp = 6.5 pH,,, = 8

Fig. 7. Proposed model for the influence of pH on the retention volume.
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as non-selective sites are deprotonated. Thus the
chance of non-selective binding increases while
retention as a whole decreases.

As noted in the first proposed explanation (a)
for the change in enantioselectivity, an increase
in pH may per se lead to a decrease in the
enantioselectivity of the imprinted sites. Contri-
bution from this effect cannot be estimated and
thus it cannot be excluded. Therefore it is not
possible at this stage to draw any conclusions
about the origin of the enantioselectivity at a
molecular level.

CONCLUSIONS

During mobile phase optimization using im-
printed CSPs a buffered aqueous—organic mobile
phase was found to give a clear improvement in
column performance. Since both enantiomer
retention and selectivity were sensitive to mobile
phase pH a study of the protonation state of
both solute and polymer in the same solvent
system was carried out. A potentiometric titra-
tion of the polymers revealed a high accessibility
of the carboxylic acid groups and a buffering
capacity on the basic side with an average pK, in
water of around 8. A slightly lower pK, was
observed for the imprinted polymers compared
to the blank polymers prepared in the absence of
template. A molecular level explanation was
given based on the difference in the state of
hydrogen bonding in the imprinted and the blank
polymer respectively. This explanation was sup-
ported by the high selectivity found at low pH
and a close correlation observed between the
chromatographic experimental data and a weak
cation exchange model.

The combination of the weak cation-exchange
properties and the predictable enantioselectivity
of the phase may have interesting applications in
the separation of basic drugs containing
stereogenic centers. For instance pH control may
be used to switch chiral separation on and off or
to speed up separations using pH gradient elu-
tions. Furthermore, advantage may be taken of
the difference in pK, between the selective and
the non-selective sites for selective inhibition of
non-specific binding sites. This may lead to an
improved column performance. In this context it

2 4 6 min

Fig. 8. Elution profile of D,L-PA (10 nmol) applied on a heat
treated L-PA selective polymer. Mobile phase: MeCN-0.05
M KP, pH 4 (7:3, v/v). Flow-rate: 1 ml/min. Column
temperature: 80°C. Reduced plate heights: A, =9, h; =18.

should be mentioned that heat-treated polymers
run at elevated column temperatures (Fig. 8)
have been found to give resolutions and reduced
plate heights in the same order as those observed
for some commercially available CSPs [9].

ACKNOWLEDGEMENTS

The authors wish to thank Professor David
Brant (University of California, Irvine) for valu-
able discussions. The financial support of the
National Science Foundation (Division of Ma-
terials Research), the National Institutes of
Health, and the Swedish Natural Science Re-
search Council (to B.S.) is also gratefully ack-
nowledged.

REFERENCES

1 G. Wulff, in W.T. Ford (Editor), Polymeric Reagents and
Catalysts (ACS Symposium Series, No. 308), American
Chemical Society, Washington, DC, 1986, pp. 186-230.



28

2

10

11

12

13

14

B. Sellergren and K.J. Shea | J. Chromatogr. A 654 (1993) 17-28

G. Wulff, in M. Zief and L.J. Crane (Editors), Chromato-
graphic Chiral Separations, Marcel Dekker, New York,
1988, pp. 15-49. ‘

G. Wulff, H.-G. Poll and M. Minarik, J. Lig. Chroma-
togr., 9 (1986) 385.

L. Andersson, B. Sellergren and K. Mosbach, Tetra-
hedron Lett., 25 (1984) 5211-5214.

B. Sellergren, B. Ekberg and K. Mosbach, J. Chroma-
togr., 347 (1985) 1-10.

B. Sellergren, M. Lepist6 and K. Mosbach, J. Am.
Chem. Soc., 110 (1988) 5853.

B. Sellergren, Chirality, 1 (1989) 63.

M. Lepist6 and B. Sellergren, J. Org. Chem., 54 (1989)
6010.

B. Sellergren and K.J. Shea, J. Chromatogr., 635 (1993)
31-49.

K.J. Shea, D.A. Spivak and B. Sellergren, J. Am. Chem.
Soc., 115 (1993) 3368.

G. Vlatakis, L.I. Andersson, R. Muller and K. Mosbach,
Nature, 361 (1993) 645.

B. Sellergren, in G. Subramanian (Editor), Chiral Separa-
tions by Liquid Chromatography, VCH, Weinheim, in
press.

M. Zief and L.J. Crane (Editors), Chromatographic
Chiral Separations, Marcel Dekker, New York, 1988.

F. Helfferich, Ion Exchange, McGraw-Hill, New York,
1962.

15

16

17

18

19

20

21

2

23

24

25

D.J. Pietrzyk, in K.K. Unger (Editor), Packings and
Stationary Phases in Chromatographic Techniques, Marcel
Dekker, New York, 1990, p. 585.

0. Mikes, P. Strop, M. Smr% and J. Coupek, J. Chroma-
togr., 192 (1980) 159. )

G.S. Weber and PW. Carr, in P.R. Brown and R.A.
Hartwick (Editors), High Performance Liquid Chroma-
tography, Wiley, New York, 1989.

P.L. Dubin and D.A. Brant, Macromolecules, 8 (1975)
831.

E.P. Serjeant, Potentiometry and Potentiometric Titra-
tions, Wiley, New York, 1984.

D.J. O’Shannessy, B. Ekberg and K. Mosbach, Anal.
Biochem., 177 (1989) 144.

M. Meot-Ner, in J.F. Liebman and A. Greenberg
(Editors), Molecular Structure and Energetics, Vol. 4,
VCH, Weinheim, 1987.

P. Molyneux, Water-Soluble Synthetic Polymers: Prop-
erties and Behaviour, Vol. 11, CRC Press, 1984.

C.F. Simpson (Editor), Techniques in Liquid Chromatog-
raphy, Wiley~Heyden, Chichester, 1982.

P.J. Schoenmakers, Optimization of Chromatographic
Selectivity, Elsevier, Amsterdam, 1986.

W.H. Pirkle and C.J.J. Welch, J. Chromatogr., 589
(1992) 45-51.



Journal of Chromatography A, 654 (1993) 29-41
Elsevier Science Publishers BV., Amsterdam

CHROM. 25 472

Characterization and application of strong ion-exchange
membrane adsorbers as stationary phases in
high-performance liquid chromatography of proteins

Oscar-W. Reif and Ruth Freitag*

Institut fiir Technische Chemie (Prof. K. Schiigerl), Universitit Hannover, Callinstrasse 3, 30167 Hannover ( Germany)

(First received April 29th, 1993; revised manuscript received July 23rd, 1993)

ABSTRACT

Filtration membranes carrying strong cation- or anion-exchange groups on their surface were evaluated for their potential as
membrane adsorber stationary phases in the high-performance liquid chromatography of proteins. The membranes are
commercially available and can be obtained inserted into ready-to-use filter holders. Owing to their thinness (170-190 pm), the
pressure drop of the membranes is extremely low. Flow-rates of up to 65 ml min™"' per unit became thus possible. The low
pressure drop of a single membrane layer also permitted an effortless scaling up, as a stack of several membranes or filter units
could be used, if necessary. Sample distribution, protein binding capacity, elution conditions, separation efficiency and recovery
were investigated as a function of the flow-rate. The time required for the separation of certain protein mixtures could be reduced
to less than 1 min. Appropriate conditions were defined for the separation of human serum and for the isolation of subtilisin
Carlsberg and B-galactosidase from cell culture supernatants.

INTRODUCTION

In recent years, two types of stationary phase
design have been introduced for the chromato-
graphic separation of biopolymers, which offer
advantages over the columns packed with porous
particles generally used for that purpose. One
design is based on the well known hollow-fibre
filtration modules, but employs hollow fibres
with selectively interactive surfaces. The other is
based on compact, several millimetre thick,
porous polymer or silica discs [1-4]. Another
design consists of layers of porous polymer
membranes incorporating sub-micron silica par-
ticles [5,6]. A laboratory-made module contain-
ing a stack of thin nylon membranes separated
by gaskets has also been introduced [7]. In
addition, thin membranes have been used in

* Corresponding author.

0021-9673/93/$06.00

affinity-based separations, i.e., for the selective
removal of a specific component following the
all-or-nothing principle. All of these systems are
grouped together under the generic term mem-
brane adsorbers (MA). In MA phases, the mass
transport of biomolecules to the adsorptive sur-
face occurs largely by convection and is hardly
diffusion limited [8,9]. Faster adsorption kinetics
can therefore be attained [10]. Furthermore,
efficient HPLC columns cause high back-
pressures and the maximum flow-rate applicable
is therefore limited to ca. 5 ml min~' [11].
Membrane adsorbers, on the other hand, cause
less back-pressure and therefore higher oper-
ating flow-rates can be employed [12,13]. Ac-
cording to the pertinent literature, however,
even in MA-based chromatographic systems
flow-rates of only 10 m! min ™' per unit at the
most are used.

Although a number of weak ion-exchanger
MAs have been used in protein chromatography,

© 1993 Elsevier Science Publishers B.V. All rights reserved
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affinity MA chromatography clearly dominates
the field at present. Plasma proteins [14], anti-
bodies [15], recombinant interleukin {16,17] and
TPA (tissue plasminogen activator) [18], for
example, have been separated on affinity MAs.
v-Globulins were isolated using an MA con-
taining hydrophobic amino acids as ligands [19].
Protein A membranes were used for the efficient
isolation of fibrinogen and immunoglobulin G
(IgG) [20,21]. Cibacron Blue membranes were
used in the separation of microbial enzymes
[22,23]. Another protein separation scheme com-
bined affinity or ion-exchange chromatography
with size-dependent cross-flow filtration in a
hollow-fibre module, separating various enzymes
from crude protein mixtures such as crude horse
serum [24]. Experiments showed that MA sup-
ports were comparable to established fast protein
LC (FPLC) and HPLC columns in terms of
separation power [22,25-28].

In this work, a new type of ion-exchange MA
was characterized and employed for rapid and
efficient protein separations; it offers several
advantages from an application point of view
over the systems described so far. The materials
are functionalized with strong rather than weak
ion-exchange groups. To the best of our knowl-
edge, this is the first time that a strong anion-
exchange MA has been used in high-perform-
ance membrane chromatography (HPMC). A
single reference to a strong cation exchanger was
found [29]; however, the purpose of that work
was the optimization of a preparative cross-flow
filtration MA. As many protein separations, e.g.,
in biotechnology, involve complex sample mix-
tures, the character of which changes with
process time, the limitation in the experimental
variables found with strong ion exchangers will
speed up the optimization of the chromatograph-
ic procedure considerably. Moreover, the MAs
introduced here are extremely thin, in the mi-
crometre rather than the millimetre range, and
therefore significantly higher flow-rates can be
used, which leads to faster separations. Single
membrane sheets rather than stacks were ap-
praised for standard protein separations. How-
ever, stacks of up to ten membranes can be used
without surpassing the pressure limit of the
system. Scale-up is therefore possible. Further,

O.-W. Reif and R. Freitag | J. Chromatogr. A 654 (1993) 29-41

no laboratory-made device is necessary for the
integration of the MA into the chromatographic
system, as the MAs are already inserted into
HPLC/FPLC-compatible filter holders.

EXPERIMENTAL

Chemicals

Human IgG (h-1gG), lysozyme, a-chymotryp-
sinogen, soybean trypsin inhibitor, human serum
albumin (HSA), bovine serum albumin (BSA)
and B-galactosidase were purchased from Sigma
and bulk chemicals from Fluka or Merck.
Human serum was kindly donated by the Red
Cross (Blutbank Springe, Germany). Buffers
and sample solutions were prepared with deion-
ized water and prefiltered, using a 0.2-um filter
(Sartorius, Gottingen, Germany). Cell culture
supernatants containing recombinant proteins
were donated by various members of the bio-
technology group at the Institut fiir Technische
Chemie, Universitat Hannover. All supernatants
were stored at —4°C until used. B-Galactosidase
was produced by an insect cell line (Spodoptera
fungiperda) after infection by a genetically modi-
fied Baculovirus as described in ref. 30. The
protease subtilisin Calsberg was produced ex-
tracellularly during cultivations of Bacillus lich-
eniformis as described in ref. 31.

Protein analysis

The protein samples were analysed by sodium
dodecyl sulphate polyacrylamide gel electropho-
resis (SDS-PAGE) according to the method of
Laemmli [32] with a laboratory-made electro-
phoresis apparatus. The determination of the
protein concentration was carried out according
to the procedures of Bradford [33] and Lowry et
al. [34] or by immunodiffusion [35] using BSA
and h-IgG as respective standard proteins. The
activities of B-galactosidase and subtilisin
Carlsberg were determined as described in refs. -
36 and 31, respectively. The determination of
proteins by free zone capillary electrophoresis
(FZCE) was carried out on a Beckman P/ACE
2000 system, controlled by P/ACE system soft-
ware. The fused-silica capillaries (CS-Service,
Darmstadt, Germany) were pretreated with 1 M
NaOH for 15 min and washed with deionized
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water for 3 min. The analysis was performed in
capillaries of 37 cm X 50 um I.D. at a detection
wavelength of 200 nm (0.05 a.u.f.s.). Electro-
phoresis was carried out at 15 kV with an
electrophoresis buffer of 40 mM tris—borate (pH
10.5). The samples were injected by pressure (5
s) without further pretreatment.

Instrumentation

The FPLC system (Pharmacia, Uppsala,
Sweden) consisted of two P 500 pumps, a Model
2141 UV detector, a Superrac fraction collector
and an MV7 injection valve, all controlled by an
LCC 500 controller. The data were analysed by
the FPLC software on a PS/2 computer. The
HPLC system consisted of a preparative pump
(Model 64, Knauer, Berlin, Germany), an in-
jection valve (Valco, Houston, TX, USA), and a
UV detector (Model 7215, Erma, Tokyo,
Japan). The ternary gradient was controlled by
an Autochrom (Milford, MA, USA) System 300
and an Autochrom valve box. A CIM box
(ERC, Alteglofsheim, Germany) was used for
data collection. Data analysis was carried out on
a PC using APEX software (ERC). The FPLC
system was used for the application studies and
all other studies were performed on the HPLC
system. Depending on the system used, data
were obtained as absorbance units full-scale
(a.u.f.s; FPLC system) or in mV (HPLC system).

Strong ion-exchange membrane adsorber
Experiments were performed with quaternary
ammonium anion-exchange membrane adsorbers
(Sartobind Q, SM 17871 B; Sartorius) and with
sulphonic acid cation-exchange membrane adsor-
bers (Sartobind S, SM 17873 B; Sartorius). Both
types of MA were made of a synthetic copolymer
with a thickness of 170-190 um and an average
pore size of 0.45 pm. In one option the MAs
were obtained in ready-to-use filter holders made
of Cyrolite containing one membrane layer with
an effective filtration area of 5.4 cm’. This unit
had a given operating pressure maximum of 400-
600 kPa. In another option, an SM 16517 reus-
able syringe prefilter holder (Sartorius) was used
to integrate the MA into the chromatographic
system. These filter holders were made of poly-
carbonate. The effective filtration area was 3.5
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cm® per membrane layer and the maximum
operating pressure given by the manufacturer
was 700 kPa. This option offered the additional
advantage that several membrane layers could be
put simultaneously into one holder. Both filter
holders were coupled to the FPLC/HPLC tubing
by a female Luer lock at the inlet and a male
Luer slip (both from Upchurch Scientific, Oak
Harbor WA, USA) at the outlet. All membranes
including the ready-to-use units were kindly
donated by Sartorius.

New MAs were stored under dry conditions at
room temperature. Between use the MAs were
kept in the appropriate equilibration buffer con-
taining 0.002% chlorhexidine and 0.5% chloro-
acetone added as bacteriostatic agents for anion-
exchange and cation-exchange MAs, respective-
ly. When blocking or a significant decrease in
capacity was observed, regeneration by washing
with 1 M NaOH and 1 M HCI or by rinsing with
0.5 M NaOH for 30 min at 50°C was carried out.

Methods

For the investigation of the irreversible bind-
ing of ions to the cation- and anion-exchange
MAs, radiolabelled **Ca** ions (Calcium chlo-
ride; Sigma) and '*I” ions (sodium iodide;
Sigma) were loaded on to the MAs until satura-
tion. The MAs were repeatedly washed with a
buffer solution that contained no radiolabelled
ions and dissolved in scintillation cocktail
(Sigma). The radioisotopes that were retained by
the MA were measured in a scintillation counter
(Beckman Scinter; Beckman, Fullerton, CA,
USA). The flow distribution of the sample on the
surface of the MAs was examined by loading the
membranes with ferritin (Sigma) dissolved in the
appropriate buffer. The distribution and homo-
geneity of loading on the membrane as a func-
tion of the flow-rate and the sample concen-
tration could be determined visually as ferritin is
coloured. To determine the dependence of the
binding capacity on the flow-rate, HSA (0.5 mg
ml™") was loaded on to the MA at the given
flow-rate until saturation, i.e., until the protein
concentration in the effluent was constant again.
After washing, the retained protein was eluted
and determined. The adsorption and elution
conditions for proteins on the MAs were adapted
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from established procedures [37,38]. All chro-
matographic experiments were repeated three
times.

RESULTS AND DISCUSSION

The MA wused in the experiments should,
according to the manufacturer’s information,
fulfil the major prerequisites for a chromato-
graphic stationary phase for protein separation,
e.g., hydrophilicity, little unspecific protein ad-
sorption, high chemical and physical resistance
and narrow pore-size distribution. Their actual
usefulness for the purpose was demonstrated in
the following experiments.

Characterization of strong ion-exchange
membrane adsorbers

An important advantage of MAs over conven-
tional LC columns is their more efficient mass
transfer characteristics [8—10]. The resulting fas-
ter adsorption kinetics putatively allow the use of
much higher flow-rates and shorter contact times
without impeding the separation efficiency.
However, at present only flow-rates of up to 10
ml min~' have been used in HPMC. Owing to
the low back-pressure and good mechanical
stability of the MAs introduced here, much
higher flow-rates became possible. A close in-
vestigation of the effect of flow-rate on the
sample distribution, the protein binding capacity,
the elution conditions, the peak shape and the
separation efficiency was therefore carried out.

The flow distribution over the MA depending
on the flow-rate constitutes a major problem,
because a liquid emerging at comparatively high
speed from the narrow-inlet tubing has to be
distributed over the entire membrane sheet. The
ready-to-use filter holders employed in this work
were constructed in such a way that the liquids
were pumped through thin porous distribution
channels over the membrane. In our experience,
operating pressures of up to 100 kPa could be
used with this construction. According to results
achieved after loading with Ferritin, the sample
distribution is optimum for flow-rates of up to 5
ml min ' per unit. At higher flow-rates there is a
distinct breakthrough in the centre of the mem-
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brane, while little or no adsorption takes place at
the outer regions of the MA.

The protein binding capacities of the MAs
were investigated using human serum albumin
(HSA). The binding and elution conditions for
this protein with respect to pH, type and salt
concentration of the buffer were adapted from
those published for similar HPLC and FPLC
methods [37,38]. As shown in Fig. 1, the protein
binding capacity of a given MA decreases non-
linearly with increasing flow-rate. The capacity
decreases steadily by about 10% when the flow-
rate is increased from 0.2 to 10 ml min~' per
unit. Only insignificant changes in the capacity
are observed for flow-rates between 10 and 35 ml
min~' per unit. If the flow-rate is increased
further, an adverse effect on the flow-rate is
found again. However, even at a flow-rate of 65
ml min~' per unit, the capacity is 80% of that
determined for the lowest flow-rates possible
with our system, i.e., 0.2 ml min~" per unit. As
the above experiments suggest that only the
centre area of the MA is active at higher flow-
rates, a decrease in total binding capacity with
increasing flow-rate was to be expected. The
problem of decreasing capacity can be overcome
by using several membranes in one filter holder
or by using several ready-to-use filter holders in
a Tow. At all flow-rates investigated, the capacity
increased linearly with increasing number of
ready-to-use filter holders employed. The pres-
sure resistance also increased, but kept well
below the maximum operating pressure if not
more than ten units were used.

Even at low flow-rates the MAs showed a
decrease in the protein binding capacity of ca.
6% after the first run. After the second run, no
further decline in binding capacity could be
observed over several hundred cycles. The pro-
tein recovery was better than 90% in these
experiments. Experiments with radiolabelled
ions were carried out to elucidate the phenom-
enon. It was found that a certain amount of
these ions could not be removed even with
repeated washing and equilibration procedures if
the ion containing sample was loaded on to a
fresh membrane. These results suggest that dur-
ing the first run sample components may be
trapped in dead end zone of the membranes,
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Fig. 1. Protein binding capacity as a function of flow-rate. The MA was loaded with HSA until saturation. After washing. the
bound protein was eluted. Protein concentration, 0.5 mg/ml in loading buffer: buffer for anion-exchange MA. 10 mM Tris—HCl
(pH 9.0) (loading, washing), 10 mM Tris-HCl+ 1 M KCI (pH 9.0) (elution); buffer for cation-exchange MA, 10 mM sodium
acetate/citric acid (pH 4.0) (loading, washing), 10 mM sodium acetate/citric acid + 1 M KCI (pH 4.0) (elution). X = Anion
exchanger; O = cation exchanger: solid line = regression.

thus blocking adsorption sites and concomitantly 20 ml min~' per unit the elution profile is
decreasing the binding capacity. Nevertheless, identical with that found at 1 ml min~' per unit.
the decline is slow and can usually be ignored in More than 90% of the bound protein is eluted in
further experiments or day-to-day laboratory the first 1.5 ml, while the remaining protein
routine. appears in the following 2.5 ml. The pronounced
The flow-rate does not influence the peak tailing of the signals could be due to, e.g.,
shape, as shown in Fig. 2. Even at a flow-rate of overloading, problems caused by poor flow dis-
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Fig. 2. Influence of flow-rate on peak shape. An anion-exchange MA was loaded with HSA until saturation. After washing. the
protein was eluted and 0.5-ml fractions were collected. Buffers. 10 mM Tris-HCl (pH 9.0) (loading. washing). 10 mM
Tris—=HCl + 1 M KCl (pH 9.0) (elution); total amount of eluted protein at 1 ml min~' per unit. 5.35 mg. at 10 ml min ' per unit,
5.2 mg, at 20 ml min ' per unit, 5.28 mg.
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tribution within the MA or pronounced extra-
“column” band broadening. For the ready-to-use
MA units employed here, the latter seems to
apply, with the large dead volume at the Luer
slip outlet acting as a continuous mixer. As the
MA filter holder was originally intended for
application as a syringe prefilter for sterile filtra-
tion, no attention was paid to the consequences
of the outlet design for chromatographic pur-
poses. To improve the performance, the outlet
design was modified by decreasing the outlet
volume, concomitantly suppressing the disper-
sion. In Fig. 3, peak shapes obtained for three
different types of outlet can be compared: the
unmodified cartridge (Fig. 3a), a cartridge where
the outlet volume was reduced by halving the
Luer slip (Fig. 3b) and a cartridge where the
outlet was removed totally and the tubing lead-
ing to the detector was fixed next to the mem-
brane, thus nearly eliminating the dead volume
(Fig. 3c). As expected, the peak shape was
improved by decreasing the outlet volume. How-

)

5 AUFS
b)

a)

0 05 1 15 2 25 3
Time [min]

Fig. 3. Effect of modification of the prefilter membrane
cartridge outlet on peak shape. The anion-exchange MA was
loaded with HSA until saturation. After washing, the protein
was eluted in a single step gradient (100% buffer B). Flow-
rate, 2 ml min~' per unit; buffers, 10 mM Tris—HCI (pH 9.0)
(loading, washing), 10 mM Tris—HCI+1 M KCl (pH 9.0)
(elution). (a) Unmodified cartridge outlet; (b) outlet volume
reduced by half; (c) minimized cartridge outlet volume.
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ever, in order to investigate the commercially
available units as a chromatographic tool, the
following experiments were performed with the
unmodified cartridges.

Protein separations on strong ion-exchange
membrane adsorbers

The results of experiments on the influence of
flow-rate on the separation attainable with the
investigated MAs are shown in Fig. 4. The
separation of the three proteins (trypsin inhib-
itor, a-chymotrypsinogen and lysozyme) were
achieved in less than 15 min at a flow-rate of 1
ml min~' per unit using a pH step gradient (Fig.
4a). By increasing the flow-rate to 30 ml min "~
per unit, the proteins were separated within 1
min, without any apparent decrease in resolution
(Fig. 4c). Flow-rates of more than 20 ml min~"'
per unit, however, entail some difficulties.
Whereas the MA itself poses only a negligible
resistance to the flow, a certain amount of back-
pressure is built up by the tubing and by the flow
cell of the detector, where in fact often the main
pressure drop of the system occurs. The danger
of damaging the flow cell of an analytical detec-
tor is always present at high flow-rates. With
regard to these technical problems, the maxi-
mum flow-rate was limited to 20 ml min~' per
unit in routine applications. By using preparative
detector cells and tubing of a larger inner diam-
eter, however, flow-rates of up to 65 ml min~'
per unit could be applied.

As mentioned before, the MA capacity de-
creases if the flow-rate is increased. The use of a
stack of several membranes rather than a single
membrane was suggested to relieve this problem.
In Fig. 3. the influence on the peak shape of such
an increase in the number of membranes in-
serted into the reusable filter holder is shown.
The total amounts of trypsin inhibitor, a-chymo-
trypsinogen and lysozyme separated could be
increased from 0.25 to 1.2 mg ml~ ' of each if the
number of membranes was increased from one
to six. As the gradient was chosen such that the
retention times of the proteins remained the
same, the resolution was lower in the latter
instance because the higher protein concentra-
tions caused broader signals. However, the three
protein peaks are still well resolved. Conse-
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Fig. 4. Separation of three standard proteins (0.25 mg ml~' each of trypsin inhibitor, a-chymotrypsinogen and lysozyme) as a
function of flow-rate. The first peak contains lysozyme, followed by a-chymotrypsinogen and trypsin inhibitor. A stack of three
anion-exchange MAs was used. Flow-rate: (a) 1; (b) 15; (c) 30 ml min~" per unit. Detection wavelength, 280 nm; sample volume,
1 ml; buffer A, 10 mM sodium borate/NaOH (pH 10.2); buffer B, 10 mM sodium acetate/citric acid (pH 4.0); step gradient: 1st

step, 0% buffer B; 2nd step, 20% buffer B (ca. pH 8.0); 3rd step, 100% buffer B.

quently, an easy scale-up can be achieved by
simply using more membranes. Alternatively,
stacks of ready-to-use filter holders can also be
used (data not shown).

Many of the protein separations prevalent in
the biosciences involve the removal of a minor
component from the bulk protein. Such separa-
tions can also be achieved using the MAs, as
shown in Fig. 6a. A mixture of h-IgG and
lysozyme (both in low concentrations) was ap-
plied to a cation-exchange MA in the presence of
an excess of BSA. The conditions were chosen
such that BSA was not adsorbed on the MA,
whereas the other proteins were retained. Both
the h-IgG and the lysozyme were separated in a
salt concentration step gradient and obtained
free of any BSA. This was demonstrated by free
zone capillary electrophoresis of the respective

fractions (Fig. 6b and c). At the same time, no
trace of either substance could be detected by
the same method in the collected BSA fractions
(Fig. 6d). The recovery after elution was better
than 80%. This demonstrates the possibility of
separating even very diluted proteins in the
presence of an excess of another protein. The
high flow-rates and short process times achiev-
able in such separations constitute an important
advantage of the MAs.

Applications

In an application study, biological samples
such as human serum proteins and proteins from
cell culture supernatants were separated on the
MAs. Protein recovery and, if possible, the
biological activity of the recovered proteins were
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Fig. 5. Separation of standard proteins on anion-exchange MAs. The first peak contains lysozyme, followed by a-chymo-
trypsinogen and trypsin inhibitor. (a) One membrane; (b) three membranes; (c) six membranes. Detection wavelength, 280 nm;
flow-rate 12 ml min~" per unit; sample (1 ml), trypsin inhibitor, a-chymotrypsinogen and lysozyme, () 0.25, (b) 0.6 and (c) 1.2
mg ml~' each; buffer A, 10 mM sodium borate/NaOH (pH 10.2); buffer B, 10 mM sodium acetate/citric acid (pH 4.0); step
gradient: 1st step, 0% buffer B; 2nd step, 20% buffer B (ca. pH 8.0); 3rd step, 100% buffer B.

determined. The separation of human serum
proteins on the strong anion-exchange MA at a
flow-rate of 2 ml min~ " per unit (Fig. 7a) shows
a similar pattern to those achieved on compar-
able strong anion-exchange FPLC columns. The
main fractions were determined by SDS-PAGE
to consist of IgG [fraction 1,(2)], transferrin
[fraction (2),3] and albumin [fractions 6,7,(8)]
(fractions that contain only traces of a substance
are given in parentheses). As shown in Fig. 7b,
no decrease in performance was observed when
the flow-rate was increased to 10 ml min~' per
unit, which, on the other hand, reduced the
separation time to less than 5 min.

An important difference between membrane
and column chromatography is the general
suitability of step versus linear gradients. Where-
as linear gradients are preferred in column
chromatography, as they have a sharpening
effect on the signals, they often generate poor
peak shapes if used in membrane chromatog-

raphy. In contrast, the resolution and peak shape
are usually enhanced if the proteins are eluted by
step gradients [25-28]. This was also observed in
our studies, i.e., with thin MAs. Again, step
gradients of the eluent pH and/or its salt concen-
tration proved to be superior to linear gradients
in terms of resolution and peak shape. Using a
combination of pH and salt step gradients,
human serum could be separated into nine
fractions, as shown in Fig. 8. As only one
membrane layer was used, the MA was over-
loaded and the first fraction is the breakthrough.
Apart from the first fraction, all fractions were
analysed by SDS-PAGE. IgG is found in fraction
2, fractions 3 and 4 contain mainly transferrin
and albumin is found mainly in fractions 5-7.
The purity of the serum proteins was higher than
that obtained with a linear gradient, but most
fractions did still contain small amounts of al-
bumin. This is to be expected, as this protein not
only constitutes the main serum protein, but is
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also known to aggregate with other serum pro-
teins. If necessary, the aggregation of albumin to
other proteins could be prevented by addition of
a detergent such as Triton X-100 [25].
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In Fig. 9, the isolation of subtilisin Carlsberg,
produced extracellularly during a cultivation of
Bacillus licheniformis, using an anion-exchange
MA is shown. Subtilisin activity is found only in
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Fig. 6. (a) Separation of h-IgG and lysozyme in the presence of an excess of BSA on a cation-exchange MA. Detection
wavelength, 280 nm; flow-rate, 5 ml min "~ per unit; sample volume, 50 ml (in buffer A); sample content, BSA 0.5 mg ml™?,
h-IgG 5 g ml™*, lysozyme 10 ug ml~*; buffer A, 10 mM phosphate (pH 5.0); buffer B, 10 mM phosphate-1 M KCl (pH 5.0);
step gradient, 10 ml 0% buffer B, 10 ml 15% buffer B, 10 ml 40% buffer B. (b)—(d) Analysis of the protein fractions by FZCE:
(b) peak after 17.01 min (h-IgG); (c) peak after 18.78 min (lysozyme); (d) breakthrough 3.5-12 min (BSA).

the indicated fraction. According to the analysis separation was nearly the same, indicating high
by SDS-PAGE, this fraction is contaminated by recovery and low stress caused by the adsorption
small amounts of two other proteins, which we on the MA.

were not able to identify. The total enzymatic The possibility of using MAs for rapid bio-

activity of the protease prior and after the  process control was demonstrated in a so-called
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Fig. 7. (a) Separation of human serum proteins on anion-
exchange MAs (eight membranes) using a linear gradient.
Flow-rate, 2 m!l min™" per unit; detection wavelength, 280
nm; sample, 1 ml of human serum (protein content 3 mg
ml™'); buffer A, 10 mM Tris-HC] (pH 9.5); buffer B, 10
mM Tris—-HCI+0.4 M KCl (pH 9.5). (b) Conditions as
given in (a), with the exception of the flow-rates.

“simulated fermentation” [39], taking the pro-
duction of pB-galactosidase by Spodoptera
frugiperda cells as an example. In a simulated
fermentation an on-line or quasi-on-line ana-
lytical system is used to monitor gradients run
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Fig. 8. Separation of human serum proteins on an anion-
exchange MA with a pH/salt concentration step gradient.
Flow-rate, 1 ml min~' per unit; detection wavelength, 280
nm; sample, 1 ml of human serum (protein content 0.5 mg
ml™'); buffer A, 10 mM Tris-borate (pH 8.7); buffer B, 10
mM Tris—borate + 1 M KClI (pH 6.0).
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Fig. 9. Separation of subtilisin Carlsberg from culture super-
natants of Bacillus licheniformis on an anion-exchange MA.
Flow-rate, 2 ml min~" per unit; detection wavelength, 280
nm; sample, 200 ul of subtilisin containing culture superna-
tant of a Bacillus licheniformis culture in 300 ! of buffer A;
Buffer A, 15 mM Tris—HCl (pH 9.0); buffer B, 15 mM
Tris—-HC1 + 0.8 M KCI (pH 9.0).
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from 100% fresh culture medium to 100% of a
culture supernatant containing the analyte in
addition to all the products, by-products, metab-
olites, cell debris, etc., that are produced during
the cultivation. The method allows the testing
and optimization of an analytical system under
realistic conditions, while taking considerably
less time than an actual bioprocess. The results
obtained with an anion exchange MA are shown
in Fig. 10. B-Galactosidase activity is found only
in the indicated fraction. The peak area, al-
though not its height, increased linearly with
increasing enzyme concentration in the culture
supernatant. The relative deviation of the peak
area was less than 2%, even at flow-rates of 10
ml min ' per unit and more. The high speed, the
good reproducibility and the low cost of the MAs
used make HPMC an attractive option in bio-
process control.

Concentration of
B-Galactosidase

[ng/ml]
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Fig. 10. Determination of B-galactosidase in culture super-
natants with an anion-exchange MA. Flow-rate, 10 m! min~"
per unit; detection wavelength, 280 nm; sample, 1 ml of
cultivation medium in buffer A (1:1, v/v); buffer A, 5 mM
Tris—HCl (pH 5.8); buffer B, 5 mM Tris—HCl + 0.6 M NaCl
(pH 6.8).
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CONCLUSIONS

Two types of commercially available, strong
ion-exchange MAs integrated in syringe filter
holders were shown to be cheap and efficient
substitutes for conventional HPLC and FPLC
columns for protein separations. Standard pro-
teins, human serum proteins and even cell cul-
ture supernatants could be separated and ana-
lysed. The low pressure drop of the membranes
allows high flow-rates, resulting in separation
times of less than 1 min with a performance as

- good as those achieved with equivalent columns.

The cartridges used as membrane holders are
commercially available and simple to handle. No
packing or maintenance of a column is necessary
and a scale-up can be performed easily. The
physical and chemical properties of the mem-
brane adsorbers were stable over a period of at
least 1 month of constant use. The field of
application of HPMC can thus be expected to
expand in the near future.
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and 9H-thioxanthene derivatives containing an
aminoalkanamide or a nitrosoureido group

Comparison between capacity factors and calculated
octanol-water partition coefficients

Anna Tsantili-Kakoulidou*, Evangelos Filippatos, Ourania Todoulou and

Aspasia Papadaki-Valiraki

Department of Pharmacy, Division of Pharmaceutical Chemistry, University of Athens, Panepistimiopolis, Zografou,

Athens 157 71 (Greece)

(First received May 10th, 1993; revised manuscript received July 30th, 1993)

ABSTRACT

The lipophilicity of 9H-xanthene and 9H-thioxanthene derivatives, containing either a basic alkanamide or a nitrosoureido
group, was studied by means of reversed-phase high-performance liquid chromatography using an octadecylsilane stationary
phase, methanol as organic modifier and n-decylamine as a masking agent. Correlation of the extrapolated capacity factors with
log P values calculated according to Rekker’s fragmental system showed an excellent parallelism between HPLC and the
octanol-water partition system and permitted the generation of a hydrophobic fragmental constant for the nitrosoureido group.
Tetrahydrofuran was also tried as an organic modifier but without satisfactory results.

INTRODUCTION

The lipophilic character of drugs is a parame-
ter of major importance in quantitative struc-
ture—activity (QSAR) studies and has attracted
considerable interest [1-3]. Octanol-water parti-
tion coefficients, the most widely accepted lipo-
philicity index, are measured mainly by means of
the shaking flask method, which presents a
number of practical disadvantages and is limited
to compounds with a log P range between —2

* Corresponding author.

0021-9673/93/$06.00

and +4 [3,4]. Calculation procedures based on
the additive-constitutive character of the
logarithm of partition coefficients have also been
developed [5,6]. However, hydrophobic frag-
mental constants are not available for every
structural characteristic, so log P predictions are
not always possible. In recent years, partition
chromatography, especially RP-HPLC, has be-
come a popular alternative for measuring lipo-
philicity. Under suitable conditions the
logarithms of the capacity factors show good
linear correlations with log P [7,8]. Moreover,
extrapolated log &k, values which correspond to a
mobile phase consisting of pure water are in

© 1993 Elsevier Science Publishers B.V. All rights reserved
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many instances and under suitable chromato- TABLE 1
graphic conditions very close to octanol-water AMINOALKANAMIDES IL.1-1.11
partition data [9]. Thus, Collander-type equa-
tions (log P=a log k,+ b) with a regression NHCO(CHN(R3)
coefficient close to 1 and an intercept close to
zero have often been reported [10-12]. O

Theoretically, log k, values should be inde- Rp” Y X
pendent of the organic modifier that usually must Ry
be added to the mobile phase in order to
facilitate the elution of solutes. However, it has Compound R, R, R, X Y n
been shown that the effect of the organic
modifier is not fully suppressed by the extrapola- 11 H H C,H; O CH 1
tion and this is reflected in the significant devia- L2 CH, H  CH, o CH 1
tions that may be observed among log &, values :i ggz g S;ES 8 gg ;
obtained using different solvents. Bechalany et .
al. [10], who s%udied the effects of three different :: ggj }C{l gis g gg f
organic modifiers on log k,, suggested that L7 - CH, H CH, S CH 1
methanol should be the solvent of choice. More- 1.8 CH, H GH, § CH 1
over, when an ODS column is used as the }:?0 gg3 E gli; 2 gg ;
stationary phase, n-decylamine should be added L1l CHH H CH, O N 1
in order to suppress the silanophilic interactions
that arise between the solutes and the free
silanol groups [11,13]. Tetrahydrofuran (THF),
which has been used for the analysis of more
lipophilic solutes in order to reduce retention
times [14], may also be suitable for the de- TABLE II
termination of the llpgph111c1ty of compognds NITROSOUREAS ILI-IL13
containing polar functional groups, especially
strong hydrogen bond acceptors, provided that NO
the measurements are restricted only to volume YNHCOrIlCHzCH2CI
fractions rich in water. In this case the addition Ry
of a masking agent is not necessary [10]. How- @ ©
ever, such studies concern model series that X
include compounds with low or moderate lipo- R
philicity. For highly lipophilic compounds, limi- 2
tations in the performance of the experiments
. . .. Compound R, R, X Y
impede analogous investigations.

The aim of this study was to apply HPLC in .1 H H o _
order to determine lipophilicity indices for some .2 CH, H o -
novel highly lipophilic 9H-xanthene and 9H- IL3 H CH, o -
thioxanthene derivatives and to compare them L4 CH, CH, o -
with calculated octanol-water partition coeffi- g: 82}[}; g 8 i
cients. The compounds under study were de- H:7 H s OCH, o _
signed and synthesized as potential anticancer .8 H H S -
agents and include derivatives with a side-chain 1.9 CH, H S -
that bears either an aminoalkanamide group IL.10 H CH, S -
(type I) or a nitrosoureido moiety (type II) L1 H H o SCH,CH,

. .12 H H s SCH,CH,

(Tables I and II). For the latter a hydrophobic .13 H H o CH,

fragmental constant in the octanol-water system
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is not available and part of this study was
focused on evaluating the contribution of that
fragment to the overall lipophilicity. The choice
of the organic modifier with respect to the
practical limitations and the establishment of
suitable partitioning conditions is also discussed.

EXPERIMENTAL

All compounds (Tables I and II) were syn-
thesized in our laboratory and identifier by 'H
NMR spectroscopy and elemental analysis, the
results of which have been reported elsewhere
[15,16].

Capacity factors were determined using a
Waters HPLC instrument equipped with a UV
detector operating at 254 nm. An ODS column
(25 cm X 4 mm 1.D.) prepacked with LiChrosorb
RP-18 (particle size 10 pm) stationary phase was
used. Mobile phases were made up volumetrical-
ly using different concentrations of methanol
with 0.02 M 3-morpholinopropanesulphonic acid
buffer (pH 7.4) in the presence of n-decylamine
(0.2%) as a masking agent. Compounds of type
IT were measured also using different mixtures of
THF and water as the mobile phase in the
absence of a masking agent. All solutions were
purified and degassed by filtration using a Milli-
pore Milli-Q system. Retention times were mea-
sured at ambient temperature. The flow-rate was
adjusted at 2.5 ml/min and the column dead
time was determined using the organic modifier
as the non-retained compound. Isocratic capacity
factors, log k;, defined as log[(t, —¢,)/t,] were
determined at three different proportions of
methanol in the range 70-60% and five different
proportions of THF in the range 60-40% and
extrapolated to 100% water as the mobile phase
to yield log k, and log k1 values, respective-

ly.
RESULTS AND DISCUSSION

Use of methanol as organic modifier

The use of methanol in the mobile phase led
to long retention times so that measurements
were limited to a small range of organic modifier
concentrations. However, the excellent linearity
observed between capacity factors and volume

fractions of methanol permitted the derivation of
reliable extrapolated capacity factors, log k,
(Table IIT). For compounds of type I suitable
corrections for ionization were applied using the
equation

log k,, = log k,(pH 7.4) + log(1 + 10°%:7"%) (1)

pK, values were calculated as suggested by
Perrin [17], starting from the pK, value of a
tertiary amine and taking into account the pres-
ence of the amide group attached one or two
carbon atoms away from the basic centre and
also the number of methyl groups directly at-
tached to the basic centre. According to this
procedure, pK, values around 7.30 and 7.70
were assigned to the dimethylamino and diethyl-
amino derivatives, respectively, when n=1.
When n =2 the base-weakening effect of the
amide group is lower and the corresponding pK,
values were calculated to be around 8.40 and
8.80, respectively. The corrected log k, values
are presented in Table IV.

In a preliminary study [18], a relationship was
established between the chromatographic data
and calculated octanol-water log P values, ex-
pressed by the equation

log P = 0.768(+0.021) log k,, + 2.115(+0.115)1
+0.415(=0.095)1 (2)
n=24; r=0.985; s =0.260; F=2302

Log P values were calculated according to Rek-
ker’s system [6] as a summation of fragmental
constants and correction terms expressed as
multiples of the magic constant (¢, = 0.289). For
the -NHCOCH,N- group the fragmental value
—2.729 proposed by Le Therizien et al. [19] was
used. For compounds of type II the expression
log P — fi_nuconnoy-) Was considered in place
of log P, as a fragmental constant for the
—~NHCON(NO)- group is not available. The
presence of the -NHCON(NO)- fragment was
expressed by the indicator parameter Iy on the
right-hand side of eqn. 2. The regression coeffi-
cient of I, with opposite sign then represents the
contribution of that fragment to the lipophilicity.
In eqn. 2, a second indicator /g was necessary to
account for the presence or absence of a sulphur
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TABLE III
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ISOCRATIC AND EXTRAPOLATED CAPACITY FACTORS DETERMINED USING METHANOL AS ORGANIC
MODIFIER AND n-DECYLAMINE AS A MASKING AGENT

Compound Log kg, Log kg Log k., Logk,* S r

L1 0.87 0.60 0.43 3.49(%0.38) 4.4 0.992
1.2 0.95 0.72 0.52 3.53(x0.11) 43 0.999
L3 1.15 0.85 0.62 4.32(+0.26) 5.3 0.997
L4 0.85 0.77 0.56 2.61(+0.49) 2.9 0.968
1.5 0.71 0.56 0.34 2.94(%0.26) 3.7 0.994
L6 1.47 1.24 1.00 4.29(£0.04) 4.7 1.000
1.7 0.95 0.72 0.52 3.53(%0.11) 43 0.999
1.8 1.20 0.89 0.69 4.24(x0.41) 5.1 0.992
1.9 0.83 0.78 0.53 2.66(%=0.75) 3.0 0.933
L.10 0.71 0.58 0.36 2.83(+0.34) 3.5 0.989
L.11 0.39 0.25 -0.09 2.19(+0.07) 3.0 0.999
IL.1 1.10 0.89 0.59 4.17(+0.34) 5.1 0.995
1.2 1.34 1.09 0.79 4.65(+0.19) 5.5 0.999
1.3 1.40 1.16 0.84 4.77(+0.30) 5.6 0.997
n.4 1.64 1.38 1.05 5.19(%0.26) 5.9 0.998
ILS 1.18 0.91 0.63 4.48(=0.04) 5.5 1.000
11.6 1.38 1.09 0.80 4.86(+0.01) 5.8 1.000
11.7 0.92 0.70 0.46 3.68(%0.07) 4.6 0.999
.8 1.27 1.04 0.72 4.59(+0.34) 5.5 0.996
.9 1.52 1.25 0.94 5.01(=0.15) 5.8 0.999
I1.10 1.54 1.28 0.96 5.03(+0.23) 5.8 0.998
.11 1.34 1.04 0.73 5.00(=0.04) 6.1 1.000
.12 1.31 1.02 0.70 4.98(*0.11) 6.1 0.999
I1.13 1.12 0.89 0.62 4.13(£0.15) 5.0 0.999

“ Capacity factors linearly extrapolated to 100% water according to the equation log k =log k, — S¢ (¢ = fraction of methanol).

atom in the molecule. All data used in eqn. 2 are
reported in Table IV.

Eqn. 2 however, although highly significant,
represents a rough analysis of the data and
further investigation is necessary in order to
draw final conclusions. A drawback of eqn. 2 is
the low regression coefficient of log k,. Under
analogous chromatographic conditions a regres-
sion coefficient of log k, close to 1 and an
intercept close to zero has been reported [10,12].
Closer examination of the data reveals that
compounds I1.7 and 11.13, although not outliers,
show deviating behaviour, their lipophilicity
being much lower than predicted. For compound
I1.7 the reason may lie in the steric ortho effect
of the methoxy group with respect to the ring
oxygen. For compound II.13 the decrease in
lipophilicity can be attributed to the presence of
a methylene bridge between the xanthene moiety
and the polar nitrosoureido function. Omission

of compounds I1.7 and II.13 from the statistical
analysis leads to the following equation with a
higher correlation coefficient and a regression
coefficient of log &, almost equal to 1 but with a
large negative intercept:

log P =1.012(=0.071) log k,,
+1.819(=0.087)I + 0.433(%0.060)1
—0.983(+0.284)

n=22; r=0.995; s =0.159; F=636

Separate analysis of the aminoalkanamide
derivatives leads to the following equation, in
good agreement with eqn. 3:

log P = 1.004(+0.092) log k.,
+0.536(%0.121)I5 — 0.989(=0.370) (4)
n=11; r=0.968; s =0.191; F=77

The large negative intercept generated by

3
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TABLE 1V
DATA USED IN REGRESSION EQNS. 2-10

Compound Log k., ° Log P* Log P, ¢ Log P, “ I, I
I.1 3.97 3.214 4.081 4.385 0 0
L.2 3.78 2.695 3.562 3.866 0 0
L3 4.80 3.733 4.600 4.904 0 0
L4 3.65 2.509 3.376 3.728 0 0
L5 4.36 3.547 4.414 4.766 0 0
1.6 4.54 3.437 4.304 4.595 0 0
1.7 3.78 3.244 4.111 3.980 0 1
1.8 4.72 4.282 5.149 5.018 0 1
1.9 3.70 3.058 3.925 3.842 0 1
L10 4.24 4.096 4.963 4.880- 0 1
.11 2.44 1.557 2.424 2.497 0 0
1.1 4.17 5.176 6.043 6.325 1 0
.2 4.65 5.695 6.562 6.844 1 0
1I.3 4.77 5.695 6.562 6.844 1 0
11.4 5.19 6.214 7.081 7.363 1 0
ILS 4.48 5.256 6.123 6.394 1 0
11.6 4.86 5.775 6.642 6.913 1 0
1.7 3.68 5.256 5.545 5.737 1 0
ns 4.59 5.725 6.592 6.437 1 1
11.9 5.01 6.244 7.111 6.956 1 1
11.10 5.03 6.244 7.111 6.956 1 1
.11 5.00 6.282 6.860 7.026 1 1(0%)
.12 4.98 6.831 7.409 7.140 1 2(1%)
IL.13 4.13 5.695 5.695 6.187 1 0

“ For compounds of type I the log k,, values are corrected for ionization according to eqn. 1.
* For compounds of type II the values in this column correspond to log P ~ fixuconnoy;-

¢ For compounds of type II the values in this column correspond to log P,
* For compounds of type II the values in this column correspond to log P,,, —

f[NHCON(NO)]
f[NHCON(NO)]

° The values in parentheses correspond to those used in eqn. 8 (only ring sulphur is taken into account).

eqns. 3 and 4 reflects an underestimation of
lipophilicity, indicating that special attention
should be paid in the calculation procedure to
the direct attachment of polar groups to the
bulky tricyclic system. Such a direct attachment
may.lead to a decrease in the hydration of the
polar groups and consequently to an increase in
lipophilicity. This assumption is further support-
ed by the bad fit of compound II1.13, already
mentioned. In this respect, and as evaluated
from the magnitude of the intercept in eqn. 4, a
correction equal to 3 ¢, should be considered for
the direct attachment of the ~NHCO- group to
the ring system. Correlation of the corrected
log P, of the aminoalkanamide derivatives and
the corresponding log k, values leads to the
equation

log P, = 1.004(%0.092) log k,,
+0.536(x0.120)I5 — 0.122(*0.370) (5)
n=11; r=0.968; s =0.191; F=77

In eqn. 5, the intercept is no longer significant
and after forcing through the origin the following
equation is obtained:

log P, =0.974(%0.017) log &,

+0.536(+0.114)], 5
Eqn. 5’ can be further refined by omission of
compound 1.9. Compound 1.9 has an inacurrate
log k, value with a standard error that substan-
tially exceeds twice the standard deviation of
eqn. 5 (Table III). Eqn. 6', derived from eqn. 6
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after forcing through the origin, includes only
good-quality data and may serve as a reference
equation.

log P, = 0.976(0.091) log k,, + 0.612(=0.129)
—0.015(*0.363) (6)
n=10; r=0.974; s =0.182; F=84
log P, =0.973(+0.016) log k.,
+0.613(x0.120)/, 6")

For the direct attachment of the nitrosoureido
and sulphur group, corrections of 3 and 2 ¢y,
respectively, were incorporated in the expression
log P — fi_xuconnoy-1- The following equation
includes all compounds except 1.9 and I1.7:

log P, = 1.016(0.077) log &,
+1.749(%0.091)I, + 0.377(=0.068)/
—0.104(=0.308) N
n=22; r=0.993; s =0.173; F=476

After forcing through the origin, the following,
equation is obtained

log P. = 0.990(0.014) log k., + 1.763(=0.079)1
+0.382(£0.064) (7

If the indicator Ig is assigned only to the
sulphur present in the ring, eqn. 8’ is obtained,
which does not differ in statistics but with a
higher regressor of I, which is in better accord-
ance with the value generated by eqn. 6'.

log P, = 1.030(+0.074) log k.,
+1.799(=0.089)1 + 0.461(+0.080)1
—0.186(=0.298) 8
n=22; r=0.993; s =0.169; F =509

After forcing through the origin, the following
equation is obtained:

log P, = 0.985(+0.014) log k,,
+ 1.825(£0.078)I, + 0.470(+0.078)/;
()

Using the value —1.825 for the nitrosoureido

fragment, the partition coefficients of com-
pounds of type II were calculated and are re-
ported in Table V. Log P values estimated
according to reference eqn. 6’ are also reported.
For compound IL.7 log P, , = 3.580. Comparison
of that value with the value of 4.298 obtained by
the calculation procedure reveals a correction of
—2 ¢y to be necessary for the ortho steric effect.

Calculation of partition coefficients according to
Rekker’s revised system

Rekker recently revised his fragmental system
[20]. In the revised system, much attention has
been paid to heteroaromatics. Heteroaromatics
should not be further fragmented and the revised
system includes several fragments concerning
whole structures. Molecules such as diphenyl
ether and diphenyl sulphide, although they do
not strictly belong to that class of compounds,
need extra correction terms which are equal to 4
and 2 times the magic constant c,, (in the revised
system c,, =0.219), respectively. Hence both
structures are more lipophilic than expected and
at the same time sulphur and oxygen appear to
be almost isolipophilic. This behaviour is in
accordance with the lack of differentiation be-
tween the xanthene and thioxanthene derivatives
observed also in the HPLC partition system.

Partition coefficients were therefore recalcu-
lated using the revised fragmental constants and
considering the diphenyl ether or diphenyl sul-
phide moieties as the starting structures. For the
—~NHCOCH,N- group a fragmental constant was
calculated for the revised system using Le
Therizien’s data and procedure [19]. A value of
—2.895 is proposed which includes 5 ¢y for the
proximity effect. Moreover, corrections of 3,3
and 2 c,, were considered for the direct attach-
ment of -NHCO-, -NHCON(NO) and -S- to
the ring system, respectively. Log P, values
(Table IV) show an excellent parallelism with
the corresponding log k, data, in accordance
with the results obtained so far by studying
model series of compounds [10,12]. As revealed
by eqns. 9 and 10, the introduction of an in-
dicator variable for the presence of sulphur in
the ring system is not necessary, while the slope
and intercept remain close to 1 and 0, respec-
tively.
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TABLE V
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CALCULATED AND ESTIMATED PARTITION COEFFICIENTS OF COMPOUNDS OF TYPE II

Compound Log P*° Log P,,.*° Log P, Log P,
II.1 4.218 4.057 4.557 4.411
1.2 4.737 4.524 5.076 4.920
I1.3 4.737 4.641 5.076 5.047
1.4 5.256 5.050 5.595 5.491
11.5 4.298 4.359 4.626 4.740
11.6 4.817 4.728 5.145 5.142
1.7 3.431° 3.580 3.9697 3.893
IL.8 4.767 5.079 4.669 4.856
11.9 5.286 5.487 5.188 5.300
I1.10 5.286 5.506 5.188 5.321
I1.11 5.035 4.865 5.258 5.290
1I.12 5.584 5.457 5.372 5.267
11.13 3.870 4.018 4.419 5.369

¢ Calculated according to Rekker’s original system.
® Estimated according to eqn. 6'.
¢ Calculated according to Rekker’s revised system.
“ Estimated according to eqn. 9.

 An extra correction equal to —2-0.289 is included to account for the ortho effect.
7 An extra correction equal to —3-0.219 is included to account for the ortho effect.

log P,., = 1.087(+0.096) log k.,

—0.116(+0.393) 9
n=10; r=0.966; s = 0.199; F =124
log P,., = 1.066(=*0.067) log k.,

+1.763(+0.082)1

- 0.036(*0.273)
n=22;r=09%; s=0.157; F=825.86

(10)

Egns. 9 and 10 do not include compound 1.9 and
compounds 1.9 and IL.13, respectively, for the
same reasons as already mentioned for eqns. 6
and 7.

After forcing through the origin, the following
equations are obtained

log P,., = 1.058(0.014) log k., 9")
log P,., = 1.058(0.012) log k.,
+1.768(=0.071)1,, (10")

According to eqn. 10, the value —1.768 repre-
sents the hydrophobic fragmental constant of

—NHCON(NO)- for the revised system and was
used to calculate the partition coefficients of the
nitrosoureido derivatives. Calculated log P val-
ues and log P values obtained using the refer-
ence eqn. 9’ are reported in Table V. For
compound IL.7 log P, =3.969. This value indi-
cates that in the revised system a correction of
—3 ¢y, is required to account for the ortho effect.

Use of tetrahydrofuran as organic modifier

In efforts to overcome the experimental limita-
tions that arise from the use of methanol, mea-
surements for compounds of type II were also
performed using THF as organic modifier. THF
is a more hydrophobic solvent and leads to
shorter retention times. A second reason for the
choice of THF was to check its merits when a
polar group such as -NHCON(NO)- is attached
to a highly lipophilic skeleton. As already men-
tioned, studies on model series suggest that this
solvent may be suitable for the assessment of the
lipophilicity of compounds that contain polar
groups and especially hydrogen bond acceptors
[10]. Moreover, this solvent drags enough water
on to the stationary phase to mask the free
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silanol groups, so the addition of a hydrophobic
amine as a masking agent may not be necessary.
On the other hand, THF disturbs the water
network to a greater extent than methanol and
may therefore exhibit a selective effect on sglute
retention [10,21]. For this reason, large percen-
tages of THF in the mobile phase should be
avoided. A mobile phase containing 60% THF
was considered to be the upper limit of the
concentration range used in the experiments
while a lower limit of 40% THF could be
reached. This concentration range, although
wider than that achieved with methanol, is not
satisfactory because a quadratic relationship is
usually expected between isocratic capacity fac-
tors and the percentage of THF [10]. Therefore,
more data should be available for the extrapola-
tion procedure. If only the linear part of the
relationship is considered, then data restricted to
those obtained with mobile phases rich in water
should be used. In the concentration range used
in this study, linear extrapolation was possible
but as the percentage of THF was fairly high, its
effect is reflected in the log k, 1y values, which
are much lower than those derived from metha-
nol (Table VI). Straightforward correlation be-
tween the two sets of log &k, values leads to the
following equation with poor statistics:

TABLE VI
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log k,, = 1.274(%0.245) log k115
+0.396(*0.818)

n=12; r=0.838; s =0.245; F=26

The regression equation is improved when an
indicator parameter I for the presence or ab-
sence of sulphur in the molecule is introduced:

log k,, = 1.276(+0.120) log k115
+0.419(+0.074) 1
+0.247(+0.403)

n=12; r=0.963; s =0.120; F =68

After forcing through the origin, the following
equation is obtained:

log k,, = 1.349(+0.013) log kyrpr
+0.426(£0.073)] (12")

Similar results, expressed by eqns. 13 and 14, are
obtained when log k¢, and log k,,ryr values,
which represent the limits of the organic modifier
concentration range, are compared:

log kg = 1.349(+0.242) log k,orur
—0.371(%0.303)
n=12; r=0.855; s =0.107; F=31

(11)

(12)

(13)

ISOCRATIC AND EXTRAPOLATED CAPACITY FACTORS DETERMINED USING TETRAHYDROFURAN AS

ORGANIC MODIFIER

Compound Log kg, Log ks Log k., Log ks Log k., Log ke * N r
.1 0.18 0.39 0.65 0.81 1.22 3.15(+0.22) 5.0 0.9897
1.2 0.23 0.50 0.73 0.97 1.32 3.40(+0.12) 53 0.997
L3 0.24 0.48 0.76 0.99 1.36 3.51(+0.13) 5.5 0.996
1.4 0.19 0.52 0.85 1.04 1.50 3.96(+0.21) 6.3 0.999
IL.5 0.11 0.39 0.69 0.80 1.18 3.18(%0.21) 5.1 0.990
I1.6 0.20 0.43 0.71 0.95 1.32 3.48(%0.14) 5.5 0.996
1.7 0.00 0.22 0.44 0.62 0.95 2.75(%0.17) 4.6 0.995
11.8 0.19 0.39 0.61 0.81 1.18 3.04(=0.19) 4.8 0.988
1.9 0.18 0.45 0.68 0.92 1.27 3.35(+0.12) 53 0.997
IL.10 0.16 0.41 0.67 0.93 1.30 3.49(+0.13) 5.6 0.997
IL.11 0.11 0.37 0.63 0.93 1.21 3.41(=0.05) 5.5 0.999
11.13 0.11 0.37 0.59 0.80 1.17 3.16(+0.16) 5.1 0.994

“ Capacity factors linearly extrapolated to 100% water according to the equation log k =log ke — S¢ (¢ = fraction of THF).
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log kgo = 1.379(£0.138) 10g kyyrrir
+0.174(+0.037)
— 0.467(+0.174) (14)
n=12; r=0.956; s = 0.061; F =59

Correlation between the calculated log P val-
ues and log k¢ leads to eqn. 15, which, after
forcing through the origin, gives eqn. 15":

log P_., = 1.398(+0.107) log k. ryr
+0.271(+0.065)/
+0.157(%0.356) (15)
n=12; r=0.972; s =0.106; F =87 '
log P,., = 1.445(%0.010) log k s
+0.273(20.062)I (15")

The regressors of log k,1yr in eqns. 12' and
15’ indicate a hypodiscriminative power of the
HPLC partition system obtained with THF as
organic modifier compared with the -corre-
sponding system obtained with methanol and
with the octanol-water system. Moreover, with
THF as organic modifier, the sulphur appears to
be less lipophilic than in the two other systems.

CONCLUSIONS

Despite the experimental limitations, and
HPLC partition system formed using an ODS
stationary phase, methanol as organic modifier
and n-decylamine as a masking agent, proved to
be suitable for the assessment of the partitioning
behaviour of compounds with log P values above
4. It may be concluded that if good linear
relationships are found between capacity factors
and the percentage of methanol, the extrapo-
lated capacity factors can be regarded as reliable
substitutes for octanol-water log P values even if
the concentration range of the organic modifier
is narrow and limited data points are available
for the extrapolation procedure. The good paral-
lelism between octanol-water and the HPLC
system described above, as revealed by the

proper description of the structural characteris-
tics in the calculated partition coefficients, per-
mitted the generation of a hydrophobic fragmen-
tal constant for the —-NHCON(NO)- group,
which may be used for the calculation of the
log P values of other compounds containing a
nitrosoureido function. In this respect, the ad-
vantage of Rekker’s revised system mainly con-
sists in the better description of oxygen and
sulphur in the 9H-xanthene and 9H-thioxan-
thene moieties.

The use of THF for the study of highly
lipophilic compounds is not recommended as its
merits (lower retention times) are offset by
restrictions in the extrapolation procedure and
by its higher selective effect towards special
structural characteristics (the presence of sulphur
in the case studied).
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ABSTRACT

The separation of six pairs of chiral cannabinoids was achieved using a dimethylphenylcarbamate derivative of amylose,
immobilized on silica gel (ChiralPak AD, Daicel), using 2-propanol and ethanol as the modifiers of n-hexane in the mobile phase.
Good separation was achieved for most of the solutes in both solvent systems under various conditions. The chromatographic
parameters of various cannabinoids in the two solvent systems were determined. The pairs differ from each other in small
structural features such as the degree of saturation, position of a double bond and closuré of a pyran ring. Therefore, a
comparative study could give some clues regarding the mechanism of discrimination between the enantiomeric pairs on the chiral
stationary phase. Preliminary measurements of limit of determination showed that it was possible to assess 99.9% enantiomeric
purity of the cannabinoids, owing to the high efficiency of the separation. Enantiomers of two monoterpenes, used as
intermediates or as starting materials in the chiral synthesis of cannabinoids, were also separated, hence the described procedure
is capable of assessing whether the chiral centres in the molecules were sustained throughout the synthetic procedures.

INTRODUCTION

The increased interest in and importance of
problems related to the stereoselectivity of drug
action [1] have made the development of proce-
dures of enantioselective analysis by chromato-
graphic methods a focus of intensive research
[2,3]. Chiral stationary phases, which serve as
chiral discriminators during the chromatographic
process, are of central importance. The station-
ary phase is prepared by derivatization and

* Corresponding author.

0021-9673/93/$06.00

immobilization of chiral compounds on the sur-
face of the support material, generally silica gel.

An effective group of chiral stationary phases
are derivatized polysaccharides immobilized on
silica [4-9]. Polysaccharides such as cellulose and
amylose consist of linked D-glucose units, form-
ing natural polymers with a highly ordered
structure. Differential access to the helical back-
bone or to the glucose chiral cavities can affect
discrimination between enantiomers. While res-
olution can sometimes be achieved using the
natural cellulose as the stationary phase, the
immobilized version with ester or phenylcarba-
mate derivatives has shown far better perform-
ance. Numerous compounds of pharmaceutical

© 1993 Elsevier Science Publishers B.V. All rights reserved
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importance have been separated using polysac-
charide-based stationary phases [2-9].
Understanding the mechanism of discrimina-
tion of enantiomers in a chiral stationary phase
can facilitate a rational approach to the optimi-
zation of their resolution. Studies on the separa-
tion of enantiomeric amides, using cellulose
tribenzoate stationary phases [7-9], suggested
that the formation of transient diastereomeric
complexes between enantiomeric solutes and the
chiral binding sites on the stationary phase is
based on a combination of hydrogen bonding,
m—m and dipole interactions with the aromatic
amide. Once the solutes have been bound by
these interactions, chiral recognition is based on
the fit of the asymmetric portion of the solute
into a chiral cavity of the chiral discrimination
site. This fit has rigid steric requirements.
Optimization of the resolution is based on the
type and proportion of the mobile phase
modifier. Solvent effects on the chromatographic
parameters in several stationary phases have
been systematically studied. Zief et al. [10]
examined the effect of a series of alcoholic
mobile phase modifiers on the chromatographic
parameters of 2,2,2-trifluoro-1-(9-anthryl)etha-
nol using a Pirkle-type stationary phase. It was
concluded that an increase in the bulk of alcohol
increased the ability of the enantiomers to dis-
place it from the stationary phase. Another study
of solvent effects on the resolution of enantio-
mers in cellulose triacetate [11], using methanol,
ethanol and 2-propanol as mobile phase
modifiers, suggested that the polarity of the
modifier may not be the key to its elution
performance. If the elution involves access into a
chiral cavity on the stationary phase, the effec-
tiveness of the resolution may be determined by
the steric size of the alcoholic modifier, rather
than its polarity. A study of the effect of the
steric bulk of an alcoholic mobile phase modifier
on k' and a, using cellulose tribenzoate as the
stationary phase, similarly indicated that the
alcoholic modifier competes for both chiral and
achiral binding sites on the stationary phase [12].
It was suggested that, as in cellulose triacetate
described above, the mobile phase modifier may
bind to sites near (or at) the chiral cavities of the
stationary phase, changing their steric environ-
ment and, presumably, their stereoselectivity.
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Numerous cannabinoids [13,14], including Al-
tetrahydrocannabinol (A'-THC), the major psy-
choactive constituent of Cannabis sativa and its
preparations (marijuana, hashish, etc.), have
shown therapeutic activities [15] in addition to
their psychotropic properties. This group of
compounds has regained attention recently with
the discovery of a cannabinoid receptor in the
brain [16], its cloning [17] and the isolation from
the brain of the endogenous substrate [18] that
binds to the receptor. A new field of research
can evolve from these findings and open the way
for new therapeutic compounds.

The plant-derived cannabinoids are usually
optically pure; A'-THC has a 3R,4R stereochem-
istry. Synthetic procedures for the preparation of
both enantiomers of most cannabinoids have
been developed [13,19]. Most of the procedures
are based on commercial chiral starting materials
of various enantiomeric purity. Unless chiral
purification has been done at some stage of the
synthesis, the end products may not be of very
high optical purity, owing to the variability of the
commercial products.

The therapeutic properties of the cannabinoids
have led numerous groups to investigate the
possibility of the separation of their undesirable
psychotropic effects from the desirable effects by
chemical modification. A major advancement in
this field was the establishment that some of the
unnatural (3S,45)-cannabinoid enantiomers are
antiemetic [20] and exhibit functional NMDA
antagonism [21] without producing THC-like
psychotropic effects. The most thoroughly in-
vestigated compound in this series is the (35,45)-
7-hydroxy A®-THC-dimethylheptyl homologue
(HU-211). Its 3R,4R enantiomer (HU-210) is
one of the most potent psychotropically active
cannabinoids [22]. Hence any future develop-
ment of (35,45)-cannabinoids as therapeutic
agents will depend to a large extent on the
stereochemical efficiency of the enantiomeric
synthesis. The products of such syntheses will
have to be monitored by analytical procedures
capable of separating enantiomeric mixtures, in
which the undesirable enantiomer may be pres-
ent in minute amounts. In the case of HU-211
the optical purity [enantiomeric excess (e.e.)]
required, in order to prevent psychotropic ef-
fects, would be >99.8 e.e.
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This paper describes the resolution of enantio-
meric pairs of cannabinoids, using a commercial
Daicel ChiralPak-AD column, which is based
on amylose tris(3,5-dimethylphenylcarbamate)
(ADMPC) supported on macroporous silica gel
(Fig. 1). This chromatographic system fulfils the
above requirements for enantiomeric excess of
the cannabinoids. Understanding of the mecha-
nism of chiral recognition by this polymeric
chiral stationary phase is a complex task in the
absence of the exact structural features of the
immobilized polymeric backbone and the chiral
sites. Nevertheless, some suggestions, made by
Okamoto and co-workers [4—6] and Wainer and
co-workers [7,12], may give preliminary guid-
ance for the design of the appropriate chromato-
graphic separation system. As a rule, chirality is
a property of the molecule as a whole, hence all
the possible chiral and achiral interactions be-
tween the solute and the chiral stationary phase
should be accounted for. It has been proposed
that the main chiral adsorbing sites are the
carbamate polar functional groups, which inter-
act with the solute via hydrogen bonding
(through NH and CO groups) and dipole—dipole
interactions on CO. The 7— interactions of the
dimethylphenyl groups, with the aromatic groups
of the solute, are also important. The presence

CH,
NH
/
O;C\
o)
o
O \ NH n
I pem
MY, ©
Hg/Q CHs
CH,

Fig. 1. An adsorption site in the chiral stationary phase used
in this study.

CHs
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of the dimethyl groups on the phenylcarbamate
moiety probably increases the electron density at
the carbonyl oxygen group, which in turn inten-
sifies its hydrogen bonding with hydroxyl groups
in the solutes. The two methyl groups on the
phenylcarbamate can also play a role in control-
ling the steric fit of the solute into the chiral
cavity on the stationary phase. A comparative
study is presented here, aimed at further under-
standing the mechanism of chiral discrimination
in polysaccharide-based stationary phases.

EXPERIMENTAL

Instrumentation

The HPLC system was an HP1050 (Hewlett-
Packard, Palo Alto, CA, USA) with a diode-
array UV detector and an HPCHEM data sta-
tion, with a ThinkJet printer, and a Rheodyne
(Cotati, CA, USA) injection valve equipped
with a 20-u1 loop. The chiral column (250 mm X
4.6 mm I[.D.) was a ChiralPak AD column
(10 pm) (Daicel Chemical Industries, Tokyo,
Japan).

Materials

HPLC-grade solvents were all purchased from
Merck (Darmstadt, Germany). Six pairs of en-
antiomeric cannabinoids and two pairs of en-
antiomeric monoterpenes were subjected to the
enantiomeric analysis.

Pair 1. (-)-(3R,4R)-A'-THC, [a], —175°
(CHCl,), was isolated from hashish or prepared
by partial synthesis from natural cannabidiol
(CBD) as described previously [23]. (+)-
(35,48)-A'-THC, [a], +176° (CHCI,), was pre-
pared according to a published procedure [24].
In order to obtain a high enantiomeric excess, an
intermediate in its synthesis, (+)-verbenol, was
recrystallized to a constant m.p. 72°C and a
constant rotation [a], +9.9° (CHCl,).

Pair 2. (-)-(3R,4R)-A°-THC, [a], —252°
(CHCI,;), was prepared from CBD [23]. (+)-
(35,45)-A°THC, [a], +252° (CHCI,), was pre-
pared according to a published procedure [24].
The intermediate (+)-verbenol was prepared as
described for pair 1.

Pair 3. (-)-(35,4R)-CBD, m.p. 66°C, [a]p
—79° (CHCl,) and —129° (EtOH), was isolated
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from hashish [23,25]. (+)-(3R,45)-CBD, m.p.
65°C, [a]p, +79° (CHCI,) and +128° (EtOH),
was prepared according to a published procedure
[26].

Pair 4. (-)-(3R 4R)-7-Hydroxy-A°*-THC, di-
methylheptyl homologue (HU-210), m.p. 141-
142°C, [«], —277° (CHCl,), and (+)-(3S5,45)-7-
hydroxy-A°-THC, dimethylheptyl homologue
(HU-211), m.p. 141-142°C, [a], +227°
(CHCl,), were prepared as described previously

[19].
Pair 5. (-)-(1R,3R,4R)-7-Hydroxyhexahy-
drocannabinol,  dimethylheptyl = homologue,

(HU-243), m.p. 80-82°C, [a]p, —92° (CHCl;),
and (+)-(18,3S,4S5)-7-hydroxyhexahydrocan-
nabinol (CHCl;), dimethylheptyl homologue
(HU-251), m.p. 80-82°C, [a], +92° (CHCL,),
were prepared by reduction of HU-210 and HU-
211, respectively, as derived previously [27].

Pair 6. The tetracyclic HU-249, m.p. 156-
158°C, [a]p, +178° (CHCl,), and HU-250, m.p.
156-158°C, [«],, —178° (CHCI,), were prepared
as described previously [28].

Pair 7. (-)-4-Oxomyrtenyl pivalate, m.p. 42—
43°C, [a]p, —165° (CHCl,), and (+)-4-0x0-
myrtenyl pivalate, m.p. 42-43°C, [a], +165°
(CHCl,), were prepared as described previously
{19].

Pair 8. (—)-cis-Verbenol and (+)-cis-verbenol
were purchased from Aldrich (Milwaukee, WI,
USA).

Procedure ‘

The mobile phase consisted of various mix-
tures of n-hexane with ethanol or 2-propanol
(1-20%, v/v). A flow-rate of 1 ml/min was used
in all the experiments at room temperature.
Each run was monitored at two wavelengths
simultaneously; one of them was either 260 or
270 nm, depending on the cannabinoid, and the
other was 220 nm. In each instance, ca. 0.1 mg
of analyte was dissolved in 1 ml of the appropri-
ate solvent (mixture of 2-propanol or ethanol
with n-hexane, according to the composition of
the mobile phase) and injected both individually
and as a racemic mixture. The day-to-day repro-
ducibility was high; the R.S.D. was <i% for
capacity factors and <2% for selectivity factors.
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RESULTS AND DISCUSSION

Six pairs of cannabinoids were studied, using
various proportions of either ethanol or 2-pro-
panol as alcoholic additives to n-hexane in the
mobile phase. The six pairs are shown in Fig. 2.
The group consisted of members that differed
from each other in small structural features. The
parameters studied were the retention factor, k',
which combines the extent of selective and non-
selective retention of the enantiomers, the selec-
tivity factor, a, which expresses the degree of
discrimination between the two enantiomers, the

_resolution, R_, which indicates the efficiency of

the separation, and elution order, which indi-
cates the type of stereoselective fit into the
binding site.

Optimization of the separation of the six
enantiomeric pairs of cannabinoids was per-
formed, using various compositions of n-hexane
with a modifier, either ethanol or 2-propanol, in
the mobile phase. Results for the k', @ and R|
using 1-20% ethanol are summarized in Table I
and using 2-20% 2-propanol in Table II.

The chromatographic system operated very
well in terms of discrimination and efficiency of
the enantiomeric resolution, judging from the «
and R, values in Tables I and II. Apart from the
two enantiomers of A®-THC, all the enantio-
meric pairs could be easily separated using
various percentages of 2-propanol or ethanol in
the mobile phase. Values of « =1.2 were easily
obtained at relatively high resolution values. The
system operated in the normal-phase mode in
terms of average retention of the enantiomeric
pairs. Fig. 3 shows two chromatograms of the
(+)- and (—)-enantiomers of A°-THC, obtained
using n-hexane—2-propanol (98:2, v/v) and n-
hexane—ethanol (98:2, v/v). Shorter retention
times were obtained when ethanol was the
modifier. Also typical was the decrease in re-
tention parameters with increase in the percen-
tage of modifier in the mobile phase.

Detection limits and enantiomeric purity

The stereoselectivity of the pharmacological
activity of chiral medicinal compounds cannot be
established quantitatively unless a sensitive
method for the determination of enantiomeric
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Fig. 2. Structures of the six pairs of cannabinoids studied.

purity is available. Research aimed at the de-
velopment of therapeutic derivatives of can-
nabinoids devoid of psychotropic side-effects
should include the determination of optical puri-
ty. The quantitative criterion of the minimum
degree of optical purity of the therapeutic en-
antiomer is dictated by the pharmacological
potency of the contamination. The higher the
psychotropic activity of the enantiomer, the
stricter is the requirement for optical purity. An
extreme example is the enantiomeric pair HU-
211 and HU-210, in which the very high undesir-
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able psychotropic effects of HU-210 require that
HU-211 should be at least 99.8% optically pure.

A full quantitative study of the limits of
detection and determination that constrain the
maximum optical purity that can be measured
with the ChiralPak column for cannabinoids is
currently under study. Preliminary studies in-
volved calibration graphs for the (+)- and (-)-
enantiomers of 4-oxomyrtenyl pivalate, the pre-
cursors of HU-210 and HU-211. Typical correla-
tion coefficients were above 0.999 and the limits
of determination were ca. 1-107° mol/l (ca. 60
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Fig. 3. Chromatograms showing the separation of (+)- and
(—)-A°-THC in ethanol and 2-propanol as mobile phase
modifiers. Mobile phase: (1) n-hexane—ethanol (98:2. v/v);
(1) n-hexane—2-propanol (98:2, v/v).

ng). Identical calibration graphs were obtained
for the individual and the mixed enantiomers
owing to the high selectivity and resolution
values obtainable in this system. With such limits
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of determination an enantiomeric purity of
99.9% could be easily assessed. Preliminary
studies of A°-THC and A'-THC have shown
similar limits of determination. Enantiomeric
purities =99.9% of all the enantiomers used in
the present study could be easily determined.

Sustaining the chiral centre during synthesis

Optically pure cannabinoids can be prepared
from chiral starting materials if the chirality is
sustained throughout the entire synthesis. It is
essential to begin the synthesis with optically
pure compounds, and a sensitive enantioselective
analysis is required for every stage of the
synthesis. For example, (+)-A*THC can be
prepared from (+)-verbenol whereas HU-211
and HU-210 can be prepared from the corre-
sponding (+)- or (—) 4-oxomyrtenyl pivalate.
The starting material should be optically pure,
otherwise it may yield products of poor enantio-
meric purity. Therefore, enantioselective analy-
sis is currently being developed for the complete
set of starting materials, intermediates and final
products in the synthesis of cannabinoids. Two
examples are presented here, the separation of
enantiomers of cis-verbenol and 4-oxomyrtenyl
pivalate in Figs. 4 and 5, respectively. Good
separation and sensitivity were observed in both
instances.
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Fig. 4. Chromatogram showing the separation of (+)- and (—)-cis-verbenol. Mobile phase, n-hexane—ethanol (98:2, v/v);

wavelength of detection, 210 nm.
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Fig. 5. Chromatogram showing the separation of (+)- and (- )-4-oxomvrtenyl pivalate. Mobile phase. n-hexane-2-propanol

(95:5. v/v): wavelength of detection. 220 nm.

Selective solvent effects and struciural features

The influence of the type and composition of
the modifier in the mobile phase on solute
retention, elution order. sclectivity and resolu-
tion was studied with reference to previous
observations on other types of polysaccharide-
based stationary phases. Values of a and R,
obtained using 2% and 5% of the two modifiers
(see Tables I and II) arc presented in Figs. 6 and
7. This type of illustration serves as a quick
reference to the chromatographic paramcters
during examination of the structural cffects.

The availability of several enantiomeric pairs
of cannabinoid compounds made possible pre-
liminary comparative studies of chiral recogni-
tion by the chiral sites of the dimethyl-
phenylcarbamate derivatives of amylose. The
features, common to all these solutes. are the
aromatic moiety and at least one hvdroxyl group
near the chiral centres. The pairs. shown in Fig.
2, vary from each other in small structural
features: position of a double bond on ring A
(pairs 1 and 2): open and closed ring B (pairs 1
and 3); and non-saturated and saturated ring A
(pairs 4 and 3). These aspects are considered
below.

Position of the double bond: A'-THC vs. A"-

6

B i-propanol

cthanol

Pair No.

B i-propanol

a

Pair No.

Fig. 6. Sclectivity factor of the enantiomeric pairs of the
cannabinoids using (1) 2% and (I1) 5% (v/v) 2-propanol and
cthanol in the mobile phase.
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Fig. 7. Resolution between the enantiomeric pairs of the
cannabinoids using (1) 2% and (1) 5% (v/v) 2-propanol and
ethanol in the mobile phasc.

THC. Pair 1 are the natural active cannabinoid
(—)-(3R.4R)-A'-THC and the synthetic (+)-
(35.45)-A'-THC cnantiomer: pair 2 are the
natural (—)-(3R.4R)-A°-THC and the synthetic
(+)-(35,45)-A°-THC enantiomer. The structural
difference between the two pairs is the position
of the double bond on ring A. The different
position of the double bond affected the chro-
matographic behaviour of the two pairs of en-
antiomers considerably. the following effects
being observed.

The two enantiomers of A'-THC were
generally retained longer than the two A"
THC enantiomers, using either modifier. in
spite of the presumably subtle difference in
polarity between them (see Tables I and II).
Apparently, the position of the double bond
in ring A dictates the differences in capac-
ity factors of the two enantiomeric pairs of
THC.

The selectivity factors and resolution values
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were generally better for the enantiomers of
A'"THC in both solvent systems. Therefore,
better selectivity and efficiency, combined with
the higher capacity factor of the A'-THC en-
antiomers compared with A®-THC, indicate a
better steric fit with the chiral adsorption sites on
the stationary phase.

According to the o and R, values in Figs. 6
and 7, 2-propanol was the preferred solvent for
both the A-THC and A'-THC pairs. Moreover,
the A"-THC enantiomers could not be separated
at all using ethanol at concentrations above 2%
in the mobile phase. Examination of the ef-
ficiency of the resolution revealed that although
selectivity factors observed for the (+)- and (—)-
A'-THC enantiomers using 2-propanol were
comparable to those using ethanol, the resolu-
tion was significantly better with 2-propanol. The
different efficiency of the separation between
ethanol and 2-propanol suggests that the kinetics
of the chromatographic process (efficiency of the
distribution) in the chiral column are also affect-
ed by the solvent.

The elution order was (+)- and then (—)-
enantiomers for all the pairs except (+)- and
(—)-A®-THC. An unusual reversal of the elution
order of (+)- and (—)-A°~THC was observed
when the solvent was changed from 2-propanol
to ethanol, as shown in Fig. 3. Although the
average k' behaved as expected for an achiral
normal-phase mode of retention. the elution
order of the two enantiomers was changed. The
k' values of the two (+)- and (—)-A°-THC
enantiomers decreased as the percentage of
modifier in the mobile phase increased. keeping
the reversed elution order, the (+)-enantiomer
being first to elute when 2-propanol was used
whereas the (—)-enantiomer was first to elute
when ethanol was used.

In contrast to A"-THC, the closely related
A'-THC enantiomers showed regular normal-
phase retention behaviour with an elution order
similar to those for the other enantiomeric pairs
in this study.

The reversal of the elution order of the (+)-
and (—)-enantiomers of A°-THC indicates that it
is sensitive to the steric environment at the chiral
binding site. Wainer and co-workers [7,12] sug-
gested that the mobile phase modifier, which is
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constantly present at the binding site, plays a
role in the chiral discrimination at that site.
Either it may alter the steric environment or it
has to be displaced from the binding site for a
better fit of the solute to the chiral site. The
displacement of the modifier molecules from the
chiral site can be non-selective, and is common
to all the other enantiomers. However, the
reversal of the elution order of the (+)- and
(—)-enantiomers of A°>-THC indicates that there
was also an alteration of the shape of the chiral
site by ethanol. This suggestion seems to explain
the considerable difference between the elution
properties of the two alcohol modifiers in the
carbamate amylose stationary phase.

In conclusion, the two pairs behaved very
differently in the given chromatographic system
in spite of the subtle conformational differences
between them. Preliminary molecular mechanics
calculations on the two isomers (—)-A°-THC and
(—)-A'-THC were carried out using the Insight
II/Discover 2.0.0 software package of BIOSYM
Technologies (San Diego, CA, USA). Super-
imposition of the two structures gave rise to a
very small root mean square difference in the x,
¥, z coordinates of the heavy atoms, indicating
that they have very similar structures. Therefore,
the unequal chiral discrimination of the two
THC enantiomeric pairs in the chiral binding site
obviously cannot be explained by the structural
differences between them alone. The position of
the double bond in terms of intramolecular
distances rather than total conformational
changes seems to have a considerable effect on
the enantioselective fit of these analytes to the
chiral sites on the stationary phase. This assump-
tion is currently being studied, using molecular
modelling techniques, to provide new insights
into the mechanism of chiral recognition in the
amylose-based stationary phase and to explain
the differences in the chromatographic behav-
iour.

Open and closed ring B. A'-THC has a com-
pletely different conformation from that of CBD,
hence the differences in their chromatographic
behaviour are understandable. A'-THC has three
rings, A, B and C, with one free phenolic group;
CBD has no ring B, and two phenolic groups,
with the two A and C rings being almost perpen-
dicular to each other.
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The capacity factors observed for the two pairs
(see Tables I and II) showed that CBD is
retained longer than A'-THC over the entire
range of percentages of either ethanol or 2-
propanol modifier in the mobile phase. This is a
typical behaviour in the normal-phase mode of
retention, where an additional hydroxyl group
enhances the interaction with the stationary
phase. In spite of the longer retention times of
CBD, the selectivity factor and resolution
were both better for the two enantiomers of
A'-THC using both ethanol and 2-propanol.
Apparently, the opening of ring B reduced
the extent of discrimination between the two
CBD enantiomers by the chiral stationary
phase.

The selectivity factors and resolution between
the two pairs showed that the preferable solvent
for the CBD enantiomers was ethanol, in con-
trast to A'-THC (and A°-THC). Both the selec-
tivity and efficiency of the separation between
the CBD enantiomers were better using ethanol.
Apparently, the modification of the chiral site by
ethanol in the mobile phase (indicated in the
previous section) improved the steric fit of CBD
enantiomers into the chiral cavity, in contrast to
the two THC pairs.

Saturated and non-saturated ring A. Pair 4 (7-
OH-DMH-A®-THC) and pair 5 (7-OH-DMH-
HHC) have a hydroxyl group on atom 7 attached
to ring A. The difference between them is the
degree of saturation of ring A. Compounds with
unsaturated rings are expected to be retained
longer than homologous compounds with satu-
rated rings in the achiral normal-phase retention
mode. According to the retention data in Tables
I and II, the two enantiomers of HHC (saturated
ring A) were retained longer in all instances but
one, viz., with n-hexane—2-propanol (98:2, v/v).
Under these conditions selectivity between the
two 7-OH-DMH-A®-THC enantiomers (non satu-
rated ring A) sharply increased, indicating domi-
nation of selective interactions.

Examination of the chromatographic parame-
ters of the two pairs in the two solvent systems
(Tables I and II, Figs. 6 and 7) reveals that
selectivity factors in both solvent systems were
comparable, with a slight better discrimination
between (+)- and (—)-7-OH-DMH-A®*-THC en-
antiomers. Also, an increase in the percentage of
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modifier affected both solutes similarly in all
their chromatographic parameters.

Fig. 7 highlights the observation that the two
alcoholic modifiers were interchangeable at low
percentages for both enantiomeric pairs. 2-Pro-
panol was the preferred modifier at n-hexane-
modifier (95:5, v/v), whereas ethanol was pre-
ferred at n-hexane-modifier (98:2, v/v).

It was surprising that the position of the
double bond of ring A contributed more to the
chromatographic resolution than the saturation
of the same ring. It is interesting also that the
chromatographic parameters of all three pairs 1,
4 and 5 (A'-THC, 7-OH-DMH-A*-THC and 7-
OH-DMH-HHC) were similar in terms of selec-
tivity, efficiency and elution order. Apparently,
neither the addition of a bulky alkyl group on
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Fig. 8. Chromatograms showing the separation of the tetra-
cyclic HU-249 and HU-250 using the following mixtures of
n-hexane—2-propanol in the mobile phase: (I) 90:10; (II)
95:5; (1I1) 98:2 (v/v). Wavelength of detection, 260 nm.
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ring C nor the hydroxyl attached to atom 7 had a
dramatic effect on the capability of the stationary
phase to discriminate between the enantiomers.

Change of both ring A and ring B. Pair 6, the
tetracyclic HU-249 and HU-250, are different
from the other cannabinoids in rings A and B;
ring C is the same as in pairs 4 and 5. The
carbamate derivative of amylose showed an
extraordinary capability to discriminate between
this two enantiomers under all conditions, even
at relatively high percentages of the alcoholic
modifiers in the mobile phase, as shown in Fig.
8, where three chromatograms of the two en-
antiomers, using 2%, 5% and 10% 2-propanol in
the mobile phase, are presented. This unusually
high degree of discrimination and efficiency of
the separation, relative to the other enantiomeric
pairs of the cannabinoids studied, supports the
suggestion that the conformations of rings A
and B, next to the chiral centres, play a key
role in the steric fit with the chiral adsorption
site.

CONCLUSIONS

The resolution of six enantiomeric pairs of
cannabinoids and two pairs of monoterpenes was
achieved using an amylose  tris(3,5-di-
methylphenylcarbamate) stationary phase. The
chromatographic system described is capable of
assessment of enantiomeric excesses of the can-
nabinoids =99.9%. A comparative study of the
various pairs indicated that the conformations of
rings A and B next to the chiral centres in the
cannabinoids are features of major importance in
the chiral discrimination by the stationary phase.
2-Propanol and ethanol were not interchange-
able in the separation of some of the enantio-
meric pairs studied, and their polarity was not
the determining factor in their elution proper-
ties. These findings supported indications from
previous studies on polysaccharide stationary
phases that the solvent modifiers participate in
the process of chiral discrimination. Molecular
modelling of all the solutes that were studied and
their steric fit into the chiral sites on the station-
ary phase is currently being explored in order to
understand better the mechanism of chiral dis-
crimination in the present chromatographic sys-
tem.
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ABSTRACT

A trapping column packed with polymeric material (PLRP-S) was used to couple ion-pair liquid chromatography on-line with
thermospray mass spectrometry by phase-system switching. Phase-system switching was used to remove non-volatiles from the
eluent before it entered the mass spectrometer. The total analytical system was optimized for chlorinated phenoxy acids, which
were separated as ion pairs with cetyltrimethylammonium bromide as ion-pair reagent. Parameters such as percentage of modifier
and concentrations of ion-pairing reagent and buffer affected the sorption of the ion-pair on the trapping column. Desorption was
effected by protonation of the acids with, e.g., trifluoroacetic acid or an jon-pair switch with, e.g., ammonium formate. The
influence of pH and modifier concentration during desorption was examined. In addition to target-compound analysis,
group-selective analysis was also demonstrated. As an example, the system was used to identify chlorinated phenoxy acids in river

Rhine water.

INTRODUCTION

In recent years, the on-line combination of
liquid chromatography and mass spectrometry
(LC-MS) has developed rapidly [1-3]. The
currently popular thermospray (TSP) and par-
ticle beam (PB) interfaces are now available
from several manufacturers. The choice of the
interface depends strongly on the characteristics
of the analytes and the information desired; it
also limits the range of LC methods available,
because all current interfaces have problems with
non-volatiles, such as buffer salts, ion-pairing
reagents and complexing agents.

So far, research in LC-MS has mainly focused

* Corresponding author.
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** present address: Solvay Duphar B.V., P.O. Box 900, 1380
DA Weesp, Netherlands.

0021-9673/93/$06.00

on interface design and MS compatibility.
Today, especially with LC-TSP-MS [3], much
attention is devoted to the LC part of the system
and to topics such as the introduction of on-line
preconcentration techniques [4,5] or derivatiza-
tion procedures [6,7]. The incompatibility of
complex LC systems with MS can be solved by
eliminating the non-volatiles from the LC eluent
[8-25]. In addition to the substitution of volatile
additives for non-volatiles [21,23-25], which may
affect the selectivity of the LC system, post-
column removal of the non-volatiles should be
considered. Suppressor membranes [17-20] and
postcolumn segmented ijon-pair extraction, with
subsequent phase separation [15,16,22], have
been reported. Several workers have reported
the use of valve-switching techniques, i.e., so-
called phase-system switching (PSS), to over-
come some of the problems [8-14]. Via heart
cutting, the analyte is transferred from the LC
column to a trapping column (TC), placed at the

© 1993 Elsevier Science Publishers B.V. All rights reserved
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LC column outlet. Here the analyte is retained
and, after removal of the non-volatile con-
stituents, it is desorbed to the MS system using a
solvent compatible with the interface and the
mass spectrometer. PSS can also be used to
change the flow-rate or the modifier concen-
tration or to change the complete solvent system,
e.g., from reversed-phase to normal-phase [26].
Flow-rate and modifier concentration certainly
affect peak shape after desorption [8,27]. Espe-
cially with a mass-flow sensitive detector, i.e., a
mass spectrometer, these parameters can im-
prove analyte detectability.

So far, PSS using hydrophobic alkyl-bonded
silica or polymeric packing materials as the
stationary phase in the trapping column has been
used to couple LC with mobile phases containing
non-volatile buffers or using eluents with ex-
tremely high or low modifier contents to both
TSP [10], moving-belt [8,9] and continuous-flow
fast atom bombardment (CF-FAB) [11,14] inter-
faces. In previous work [27], we used an ion-
exchange trapping column in LC-PSS-TSP-MS.
A benzenesulphonic acid-type cation-exchange
column was used to determine quaternary am-
monium compounds separated from nasal drops
by RPLC with a mobile phase containing 0.1 M
phosphate.

Nowadays, there is distinct interest in using
LC-MS for the determination of ionogenic com-
pounds [1,2,28,29]. Ion-pair LC (IPLC) is a
technique used to separate ionogenic compounds
that has found many applications in recent years
[30]. In IPLC, non-volatile buffers and ion-pair-
ing agents are generally used, which makes on-
line coupling with MS virtually impossible. How-
ever, on the basis of the above experience, there
appears to be a reasonable chance that PSS can
help solve this problem.

In this paper, the use of a trapping column
packed with a hydrophobic polymer for the on-
line coupling of an IPLC procedure involving the
use of a non-volatile ion-pairing agent and a
buffer with TSP-MS via PSS will be reported.
Chlorinated phenoxy acids (pK, 2.5-3.0) [31]
were used as test compounds. They are normally
determined by GC-MS after derivatization
[32,33], but recently LC [31,34-36] and LC-MS
methods [16,23,28,29,37] have been reported. At
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high pH and with a suitable counter ion, these
acids can be separated by IPLC. The hydropho-
bicity of the trapping column packing should
enable one to trap the ion pairs quantitatively
and eliminate the non-volatiles present in the LC
eluent. After flushing of the trapping column,
the compounds of interest can be desorbed and,
by using valve-switching techniques, directed to
the MS system. The system was studied with
regard to the LC modifier concentration and the
nature and concentrations of the buffer and ion-
pair reagent. The nature of the desorption solu-
tion, i.e., the displacer and its concentration,
modifier concentration and pH, was also studied.

EXPERIMENTAL

Chemicals

2-Methoxy-4-chlorophenoxyacetic acid (meco-
prop), 2,4-dichlorophenoxyacetic acid (2,4-D),
2,4-dichlorophenoxypropionic acid (2,4-DP),
2,4,5-trichlorophenoxyacetic acid (2,4,5-T) and
2,4,5-trichlorophenoxypropionic acid (Silvex), all
of 98% purity, were obtained from Sandoz
(Basle, Switzerland). Acetonitrile (gradient
grade), ammonia solution (25%), formic acid
(98%), potassium monohydrogenphosphate and
potassium dihydrogenphosphate were obtained
from J.T. Baker (Deventer, Netherlands). Am-
monium formate (AmFo) solutions were pre-
pared from concentrated formic acid, which was
diluted with water and adjusted to the desired
pH with ammonia solution. Doubly distilled,
demineralized water was used throughout. Tetra-
hexylammonium bromide (THXA"B ") and tetra-
heptylammonium bromide (THpA'B™) were
obtained from Aldrich (Milwaukee, WI, USA),
tetramethylammonium bromide (TMA*B ™) and
cetyltrimethylammonium bromide (CTA"B")
from Baker and tetrabutylammonium bromide
(TBA"B7) and iodide (TBA'I") and tetra-
pentylammonium iodide (TPA*I”) from East-
man Kodak (Rochester, NY, USA). Trifluoro-
acetic acid was purchased from Merck (Darm-
stadt, Germany). All chemicals were of ana-
lytical-reagent grade and were used as received.

Water samples were collected at Lobith (river
Rhine) and were obtained from RIZA (Lelystad,
Netherlands). Prior to use, they were filtered
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through a 0.45-um BA membrane (Schleicher &
Schiill, Dassel, Germany).

Liquid chromatography

The LC system (see Fig. 1) consisted of two
Gilson (Villiers-le-Bel, France) Model 302 LC
pumps (P1 and P2, flow-rates 0.5 and 1 ml/min,
respectively) and one Applied Biosystems (Fos-
ter City, CA, USA) Modei 400 LC pump (P3,
flow-rate 1 ml/min), with laboratory-made pulse
dampers. Four six-port vailves (Model 7010)
were obtained from Rheodyne (Berkeley, CA,
USA). Valves 1 and 3 were equipped with a 20-
and a 70-ul loop, respectively. A 150 mm X 4.6
mm I[.D. analytical column (AC) packed with
S5-um, 90-A cyano-bonded silica (Chemie
Uetikon, Eke, Belgium) and a trapping column
consisting of a preconcentration column holder
(Chrompack, Middelburg, Netherlands) contain-
ing a 10 mm X 4.0 mm I.D. precolumn manually
filled with 15-25-um, 100-A PLRP-S copolymer
material (Polymer Labs, Church Stretton, Shrop-
shire, UK) were used. A Perkin-Elmer (Nor-
walk, CT, USA) LC-75 UV detector operated at
280 nm was used together with a Kipp & Zonen
(Delft, Netherlands) BD 40 recorder.

Mass spectrometry
A Finnigan Model 4500 quadrupole mass
spectrometer (Finnigan MAT, San Jose, CA,

inj.

Pl

blocked
u.v.

P2

P3

UV or TSP-MS

Fig. 1. Set-up of the analytical system used to study sorption,
desorption and on-line IPLC-PSS-UV or IPLC-PSS-TSP-
MS. P1, P2 and P3, LC pumps delivering a flow of 0.5
ml/min of mobile phase (P1) or 1 ml/min of water (P2 and
P3); AC, analytical column; TC, trapping column; V1 and
V3, six-port switching valves with 20- and 70-ul loops,
respectively; V2 and V4, six-port switching valves.
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USA) which was adapted for LC-TSP-MS with a
Finnigan TSP interface was used. A typical
source temperature was 200°C. The vaporizer
temperature was set between 90 and 120°C. The
discharge voltage was set at 1000 V; at higher
voltages no gain in sensitivity was observed. The
repeller voltage was optimized with every new
eluent used and was set at a voltage where the
background intensity was stable and not all of
the clusters were yet dissociated. The voltage
generally was in the range —100 to —150 V. All
three modes of operation (filament-off, filament-
on and discharge ionization) were used. Normal-
ly only the negative-ion (NI) mode was used. In
addition to full-scan (100-550 u/s) data, selected
ion monitoring (SIM) data were also acquired.
SIM data were recorded on two ions per com-
pound, i.e., the [M—H]  and the [M+
HCOO]™ ions. The ions were scanned with a
mass window of 4 u, i.e., from [X—1] up to
[X+2] (X being the [M—H] or the [M+
HCOO] ™ ion). This was done to determine the
noise level ([X—1] ion) and to check the
isotope ratio ([X+2]  ion). Typical sampling
times were 0.1 s per ion window (4 u wide).

PSS procedure

For PSS the analytical system depicted in Fig.
1 was used. During optimization of the PSS
parameters (sorption, cleaning and desorption)
the analytical column was removed. Table I
shows the positions of the four valves during the
various stages of the optimization procedure
performed with flow-injection analysis (FIA). A
brief explanation of the procedure is given
below. With on-line LC-PSS—-TSP-MS, i.e., with
the analytical column inserted, the time at which
conditioning and sorption (steps 1 and 3, respec-
tively) started depended on the retention time of
the analyte; injection of the sample was at time
t=0.

In order to condition the trapping column with
CTA"B~ (step 1) after the previous run, valve
V2 is switched at ¢t = 0. After 2.5 min the analyte
is injected into the carrier stream via valve V1
(step 2). After sorption of the analyte on the
trapping column (step 3), valve V2 is switched in
order to flush the capillaries and the trapping
column with water (step 4). By switching valve
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TABLE 1
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VALVE-SWITCHING SCHEDULE FOR THE PSS PROCEDURE

Step Event Time Valve position”
(min)
Vi V2 V3 v4

1 Conditioning of TC with LC eluent 0-2.5 B B B B
2 Injection of analyte 2.5 A B B B
3 Sorption of analyte on TC 2.5-5 A B B B
4 Flushing of capillaries and TC with water 5-7.5 A A B B
5 Changing flow direction of water through TC and making 7.5-8 A A B A

connection with UV or TSP-MS system
6 Desorption of analyte by triplicate injection of 8-10 A A A A

desorption solvent
7 Cleaning of TC by injection of several loop volumes of 10-12 A A A A

cleaning solvent

V4 (step 5) after 7.5 min, the direction of the
flow through the trapping column is reversed, for
backflush desorption, and the trapping column is
switched on-line with the UV detector or the
TSP-MS system. After another 30 s of flushing
the trapping column in order to remove residual
buffer, desorption is achieved by multiple injec-
tions of 70 w1 of the desorption solvent, via valve
V3, in the carrier stream, water (step 6). In
order to clean the column completely, valve V3
is used for the injection of several loop volumes
of cleaning solvent (step 7). The composition of
the sorption, desorption and cleaning solvents
will be discussed below.

RESULTS AND DISCUSSION

IPLC is not directly compatible with TSP-MS,
because of the presence of non-volatiles in the
eluent. PSS [3,8,9] seems to be a simple and
straightforward solution to this problem, but
designing an IPLC-PSS-TSP-MS system made
us realise that many parameters are involved and
that this optimization may well lead to mutually
conflicting results (see Table II). For example,
efficient trapping of the ion pairs on the trapping
column requires narrow and well separated

peaks eluting from the IPLC column, which have
a high capacity factor on the trapping column.
However, in IPLC such peaks are obtained after
rapid analysis, i.e., using a low concentration of
counter ion, a high percentage of modifier and a
low ionic strength. Adequate trapping on the
trapping column, on the other hand, requires a
solution with a low percentage of modifier, a
high concentration of counter ion and a high
ionic strength. Therefore, in order to optimize
the total IPLC-PSS-TSP-MS system, the IPLC
separation of the analytes and the PSS procedure
using the trapping column were studied separ-
ately, taking into account the criteria set by the
other steps in the procedure. Finally, the total
system was assembled and its overall perform-
ance evaluated.

Ion-pair chromatography of phenoxy acids
Chlorinated phenoxy acids can be separated
by means of IPLC with various counter ions such
as TMA*, TBA* and CTA" [31,34-36]. In our
study, a reagent was desired that forms an ion
pair with a high capacity factor on the trapping
column (see Table II), but a much smaller
capacity factor on the analytical column (see
above). An analytical column containing a
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TABLE 11
REQUIREMENTS AND PARAMETERS INVOLVED IN DESIGNING AND OPTIMIZING AN IPLC-PSS-TSP-MS
SYSTEM
Part of Requirements Aspects
system
LC Analyte in ionized form Buffer mobile phase at pH > pK, +2
Counter ion Counter ion RN"X™ (R=C,-C,,)
Stationary phase RP-type material
Trapping Narrow peaks (low k' for ion pairs in LC) High % modifier, low counter ion concentration and low
ionic strength
Preconditioned TC Loading time and concentration of counter ion
High k' for ion pairs on TC Low % modifier, high counter ion concentration,
high ionic strength and hydrophobic stationary phase
Flushing High k&' for ion pairs on TC No or low % modifier, hydrophobic stationary phase
Desorption Low k' for analyte on TC pH = pK, — 2, high displacer concentration and high
% modifier
Extremely high &’ for counter ion on TC High displacer concentration and low % modifier
Detection TSP-MS-compatible solvent No counter ion and low % modifier
with SP-MS Volatile additives Low additives concentration

cyano-bonded silica and a trapping column
packed with a polymer such as PLRP-S provide a
large difference in hydrophobicity. With this
combination, different tetraalkylammonium salts
(concentration 1 mM), with alkyl groups from
methyl up to hexyl, and CTA"B~ were tested as
ion-pair agents. As expected, the higher the
hydrophobicity of the ion-pair agent and the
lower the modifier percentage, the higher is the
retention. CTA™, a popular cationic counter ion
in IPLC [38,39], appears to be a good choice in
the present instance also. However, it will cer-
tainly clog the vaporizer of the TSP-MS unit
unless it is completely removed beforehand.
With 10 mM sodium phosphate buffer (pH
7)—acetonitrile (90:10, v/v) as the LC eluent, the
concentration of CTA"B~ was varied from 0.1 to
10 mM. Although the retention times of the
phenoxy acids increased rapidly with increasing
CTA"B~ concentration, i.e., up to 65 min [29],
the resolution increased only slightly. A com-
promise between analysis time and resolution
was found at a CTA*B”~ concentration of 1 mM,
resulting in two sets of peaks. Fig. 2 shows the
IPLC-UYV traces for each of the compounds with
an aqueous 1 mM CTA"B~, 10 mM sodium
phosphate (pH 7)-acetonitrile (70:30, v/v)

eluent. One group consists of mecoprop, 2,4-D
and 2,4-DP (k' = 1.8-2.2) and the other of 2,4,5-
T and 2,4,5-TP (k' =3.3-3.4). In fact, the in-
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Fig. 2. IPLC-UYV traces for the five test compounds (meco-
prop, 2,4-D, 2,4-DP, 2,4,5-T and 2,4,5-TP; concentration
107> M) injected separately on a cyano-bonded silica (5-pm,
90-A) column. Eluent, water (1 mM CTA'B~, 10 mM
sodium phosphate buffer, pH 7)-acetonitrile (70:30, v/v);
injection volume, 20 ul; flow-rate, 0.5 ml/min; UV detection
at 280 nm.
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complete separation is interesting, because
simultaneous trapping and desorption of several
compounds at the same time can now be studied.

PSS
" Using a PSS procedure for on-line IPLC-TSP-
MS is complicated (see Table II). For example,
in order to have sufficient retention, the capacity
factors of the test compounds on the trapping
column should at least be equal to (60, ¢/
Vore) — 1 (0, ¢ is the peak standard deviation
of the analytical column and V; .. the void
volume of the trapping column [3,9]). Further, if
instead of selective packing materials such as an
anion or a cation exchanger [27] a non-selective
stationary phase is used, one should be aware of
the fact that, in addition to the counter ion-
analyte ion pair, also the ion-pair reagent itself
will be trapped. Third, a solvent must be found
that effects rapid desorption of the phenoxy
acids from the trapping column and is suitable
for direct introduction into the TSP-MS system.
Finally, a cleaning step will be necessary, espe-
cially after selective analyte desorption leaving
the ion-pairing reagent on the trapping column.

Several parameters will influence the recovery
of the analytes during each of the steps in the
PSS procedure. Therefore, each step was opti-
mized separately. The analyte recovery was
determined as the ratio of the summed peak
areas (TSP-MS) or peak heights (UV) of the
desorbed compound after multiple desorptions
(see below) and the peak area or height in FIA.

Sorption. In order to check the capacity of the
10 mm x 3.0 mm L.D. trapping column packed
with 15-25-pm, 100-A PLRP-S, breakthrough
volumes (V,) of 2,4-D and 2,4,5-T (concentra-
tion 10™* M), were determined using various
eluents. Without CTA"B~ added to the eluent
(water), the phenoxy acids showed breakthrough
volumes of less than 1 ml. Adding CTA'B™ and
adjusting the pH to 7, to ensure dissociation of
the acids, gave a marked increase to values of
over 100 ml (Table III). The addition of acetoni-
trile, of course, caused the breakthrough vol-
umes to decrease rapidly. Quantitative trapping
was still possible, however, with an eluent con-
taining ca. 20% of acetonitrile. Although, theo-
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TABLE I1L

BREAKTHROUGH VOLUMES OF 2,4-D AND 2,4,5-T
(10°* M) ON A TC (PLRP-S) IN WATER (1 mM
CTA'B", 10 mM PHOSPHATE BUFFER, pH 7) CON-
TAINING 0-30% OF ACETONITRILE

Concentration of
acetonitrile (%, v/v)

Breakthrough volume (ml)

2,4-D 2,4,5-T
0 >100 >100
10 50 75
15 4 5
20 1.5 2.5
25 0.5 1.5
30 - 0.5

retically, breakthrough volumes of 1.5-2.5 ml
are large enough to trap the phenoxy acids, in
practice they are too small, especially when
flushing of the trapping column, to remove non-
volatiles, is considered. In other words, the
acetonitrile concentration should be lower than
15%.

Subsequently, preloading of the trapping col-
umn with CTA" was examined to achieve higher
breakthrough volumes, which could result in
higher allowable modifier concentrations during
IPLC. Loading the trapping column with
CTA'B™ by passing 1 ml of water (1 mM
CTA'B™, 10 mM phosphate buffer, pH 7)-
acetonitrile (75:25, v/v) over it at 1 ml/min
caused a 2-3-fold increase of the breakthrough
volumes of the test compounds compared with a
non-loaded trapping column. No further gain
was observed with longer preconditioning times.

In summary, when using water (1 mM
CTA'B~, 10 mM phosphate buffer pH 7)-ace-
tonitrile (85:15, v/v) as eluent and a CTA"B"-
loaded trapping column, the breakthrough vol-
umes will be sufficiently large to prevent break-
through of the phenoxy acids during sorption
and flushing (see below).

Finally, the ionic strength of the sorption
eluent was examined. Changing the concentra-
tion of the sodium phosphate buffer (pH 7) from
1 to 100 mM in an aqueous 1 mM CTA'B -
acetonitrile (85:15, v/v) solution gave no signifi-
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cant changes in the breakthrough volumes. A 10
mM buffer was used in all further experiments.
Flushing. Prior to desorption of the analytes,
the PSS unit, i.e., the connecting capillaries and
the trapping column, must be flushed to remove
the ion-pairing reagent and the phosphate buffer
in order to avoid contamination of the mass
spectrometer. Avoiding contamination of the
MS, the system was flushed with 2.5 ml of water
at 1 ml/min, i.e., 50 times the void volume. With
UV detection no breakthrough of the test com-
pounds was observed during this washing step.

Desorption. Once the counter ion—analyte ion
pair has been trapped, desorption can be per-
formed, either by desorption of the ion pair or
by selective desorption of the analyte itself. If
the ion pair is sufficiently volatile not to block
the vaporizer, e.g., with tetramethyl- and tetra-
ethylammonium ion pairs {40], the intact ion pair
can easily be desorbed to the mass spectrometer
by increasing the modifier concentration. How-
ever, in the case of a non-volatile ion pair, e.g.,
CTA" ion pairs, selective desorption should be
used.

In this study, i.e., using CTA"—phenoxy acid
ion pairs, desorption can be accomplished by
breaking up the ion-pair via protonation of the
acid or by forming a volatile ion pair with a
volatile counter ion via an ion-pair switch.

First, the effect of the modifier concentration
(range tested 0-80%) on the desorption of the
ion-pairing reagent and analyte was studied to
determine the maximum allowable modifier per-
centage that still retains the ion-pairing reagent
on the trapping column. Quantitative desorption
of the analyte could be accomplished with an
aqueous desorption solvent containing at least
40% of acetonitrile. However, as was confirmed
by the decrease in breakthrough volumes after
desorption, the analyte is then desorbed as a
CTA" ion pair. In fact, more than 90% of the
CTA"X™ (X being the phenoxy acid or bromide)
is desorbed. In order to prevent CTA" desorp-
tion completely, the acetonitrile content of the
desorption solvent should be less than 25%.

Desorption by protonation. Protonation of the
phenoxy acids at low pH was studied by adding
triffuoroacetic acid (TFA) to the desorption
solvent. As the phenoxy acids have pK, values of
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2.5-3.0, quantitative protonation only occurs at
pH < 1. However, at these pH values the PLRP-
S material in the trapping column slowly dis-
solves. When, on the other hand, desorption is
carried out by plugs of a strongly acidic solution,
injected via a loop mounted on valve V3 (see
Fig. 1), into the carrier stream, the polymer
material will be less affected. In most instances,
3-5 plugs of aqueous TFA solution were in-
jected. Varying the TFA concentration (range
tested 0.06-6 M) showed a shallow optimum at 3
M TFA (pH 0.1; 80-90% recovery for 2,4-D and
2,4,5-T). However, even using small loop vol-
umes (10-15-ul plugs), the trapping column
deteriorated rapidly. After fifteen analyses the
breakthrough volumes had dramatically de-
creased and the trapping column had to be
repacked. Therefore, as an alternative, the TFA
concentration was decreased (to 0.25 M) and
simultaneously acetonitrile was added to the
solution (25%, v/v is allowed; see above). Fur-
ther, the loop volume was increased to 70 ul (no
deterioration of the trapping column was ob-
served), because this will decrease the number of
plugs necessary for complete desorption. Three
plugs of aqueous 0.25 M TFA (pH 0.85)-ace-
tonitrile (75:25, v/v) resulted in 80-85% re-
coveries of the phenoxy acids without any de-
sorption of CTA™.

TFA also served as a displacer for the phenoxy
acids from the trapped ion pair. This was con-
cluded from the fact that the first cleaning step
with water—acetonitrile (17:83, v/v) (see Clean-
ing) showed an intense peak (not observed when
no TFA was used) when UV detection was used.
This signal is obviously caused by desorption of
the CTA"-TFA" ion pair.

Desorption by ion-pair switching. Several
quaternary ammonium compounds [ammonium
acetate, formate (AmFo) and oxalate, tetra-
methyl- and tetrabutylammonium salts such as
iodides, fluorides, bromides, hydroxides and
nitrates) dissolved in water and in water—acetoni-
trile were tested with regard to their desorption
efficiency. Using 70-ul plugs of 0.1 M salt
solutions in water—acetonitrile (75:25, v/v),
AmFo and the ammonium bromide and iodide
salts effected desorption of the phenoxy acids
from the trapping column (30-60% for 2,4-D
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with a single 70-u1 plug, compared with less than
15% with 0.1 M salt solutions in pure water).
The desorption efficiencies of the iodide salts
were higher than those obtained with the corre-
sponding bromides. This is due to the larger
ionic radius of the iodides [41], resulting in
better ion-pair formation.

As tetramethylammonium iodide is of low
volatility and will clog the vaporizer, AmFo is
the only compound suitable for desorption. Op-
timization of the AmFo concentration (range
tested 0.05-2 M) in water—acetonitrile (75:25,
v/v) resulted in desorption efficiencies of 80-
90% for 2,4-D and 2,4,5-T (three 70-ul injec-
tions; 60% after the first injection) with 0.5 M
AmFo. At higher AmFo concentrations, the
analyte recovery did not increase any further; in
fact, it even decreased slightly, possibly because
of salting-out of the analyte.

These first experiments were carried out at pH
5. Optimization with respect to the pH was
performed with 2,4-D as test solute. Fig. 3
indicates that analyte recovery is essentially
quantitative at pH 5.7-7.6 with one injection of
70 w1 (the relatively good result at pH 2.6 can be
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Fig. 3. Influence of the pH of the desorption solvent {70-ul
plugs of aqueous 0.5 M AmFo-acetonitrile (75:25, v/v)]
injected into the carrier stream (water) on the desorption
efficiency of 2,4-D (n=5, R.S.D. 10%). Analyte concen-
tration, 5-107° M; injection volume, 20 ul; flow-rate, 1
ml/min; UV detection at 280 nm.
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attributed to protonation of the phenoxy acid).
This can be explained by the formation of a
volatile ion pair between the ammonium ions,
present in large excess, and the deprotonated
phenoxy acid, with the formate ion occupying
the vacant position on the CTA" -loaded station-
ary phase. Similar high recoveries (90-100%)
were obtained for all other test solutes. Measur-
ing the breakthrough volume of 2,4-D directly
after desorption, with water (0.5 M AmFo, pH
7.6)-acetonitrile (75:25, v/v), confirmed that no
CTA"X™ (X being the phenoxy acid or bromide)
is desorbed.

Cleaning. After each run, the trapping column
was cleaned with several loop volumes (70 ul) of
water—acetonitrile (17:83, v/v). It became clear,
by measuring the breakthrough volumes of 2,4-D
on the trapping column directly after this clean-
ing step, that five loop volumes were necessary
to clean the trapping column effectively (2-3-
fold reduction of the breakthrough volume; see
above).

IPLC-PSS-UYV coupling

Separation and trapping of the phenoxy acids
require different percentages of acetonitrile in
the LC eluent, viz., ca. 30% versus 10-15%. By
using a flow-rate of 0.5 ml/min for the LC eluent
and postcolumn addition of water at 1 mi/min,
both criteria can be met. Although the reduced
flow-rate increased the retention times, the sepa-
ration of the phenoxy acids was still achieved
within 20 min (see Fig. 2). In addition, the
preloading time for the trapping column had to
be adjusted, i.e., up to 2.5 min, because of the
lower concentration of CTA'B~ (0.33 mM in-
stead of 1 mM) in the mobile phase entering the
trapping column.

Desorption was carried out with both water
(0.25 M TFA, pH 0.85)—acetonitrile (75:25, v/
v), and water (0.5 M AmFo, pH 7.6)-acetoni-
trile (75:25, v/v). After performing the whole
procedure, i.e., separation, trapping, flushing
and desorption, the summed peak areas of three
desorptions were compared with the peak areas
measured by the UV detector at the outlet of the
analytical column. The recoveries were 80-95%
for all analytes with both desorption solutions.
The method showed linear calibration graphs,
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i.e., r’ =0.981-0.993, over two orders of mag-
nitude of concentration (range 107*-107° M).
For higher concentrations, the recovery de-
creased because of incomplete desorption, i.e., a
too low concentration of TFA or AmFo, or
breakthrough of the compounds. Increasing the
concentration of TFA or AmFo will cause prob-
lems with the PLRP-S material (TFA) or faster
contamination of the ion source (AmFo). Under
the present conditions, the limits of detection
(LODs) of the phenoxy acids ranged from
5-1077 to 1-107° M (20 ul injected).

During desorption of the test compounds from
the trapping column, peak compression can be
obtained or, in other words, the concentration of
the analyte in the peak maximum, C,, , can be
increased [9,13]. Increasing the flow-rate has the
same effect (square root [13]), but the main gain
stems from a proper choice of the trapping
column material and the solvents used during
sorption and desorption. They determine the
capacity factors during trapping (k;,) and desorp-
tion (k.,,). The above can be expressed by the
following equation, which was adapted from
Verhey [13]:

_ m (1+k/)
e (1+ k(’)ut) (2mArcHc30,¢)

C

where m is the mass of analyte injected, A1
and H. . the column area and plate height of the
trapping column, respectively, and o, the peak
standard deviation.

The capacity factors, k; , can easily be in-
creased by adding water to the column effluent.
As the breakthrough volume is directly related
to the capacity factor, the attainable peak com-
pression can be roughly estimated from the data
given in Table III. Decreasing the acetonitrile
content from 30 to 10% causes an increase in
C_., of 50°° and 75°° for 2,4-D and 2,4,5-T,
respectively. Peak compression factors, deter-
mined by comparing peak widths directly after
elution from the analytical column and after
desorption, were 6.5 for mecoprop, 2,4-D and
2,4-DP and 8.5 for the later eluting 2,4,5-T and
2,4,5-TP. These data agree well with the pre-
dicted values, especially when the decrease in
flow-rate (see above) and the extra band
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broadening in the connecting capillaries and
valves are considered.

IPLC-PSS-TSP-MS coupling

Analyte detectability in LC-TSP-MS is influ-
enced by factors such as ionization technique,
percentage of modifier, vaporizer temperature
and flow-rate stability. As regards the last as-
pect, Walhagen et al. [10] observed a background
signal at all masses during desorption of the
analyte which originated from the valve switch-
ing necessary to resume liquid introduction into
the interface. We circumvented this problem by
using an extra valve (valve V3 in Fig. 1). The
TSP-MS system was now operated at a continu-
ous flow of 1 ml/min of water, which led to a
stable signal. Because water is used, desorption
will not take place after on-line switching of the
trapping column and the TSP-MS system. De-
sorption is carried out by injection(s) of (a)
desorption plug(s) into the carrier stream.

When aqueous 0.25 M TFA (pH 0.85)-ace-
tonitrile (75:25, v/v) was used for desorption of
the analytes, many large signals of TFA-con-
taining clusters (up to m/z 500) were observed in
the mass spectrum. Because of the high electron-
capturing ability of TFA, the ionization ef-
ficiency of the analytes was negatively influ-
enced, and clusters between TFA and the
phenoxy acids, expected on the basis of the
gas-phase acidities [42], were not observed.
Further experiments with this desorbent were
considered to be superfluous.

With aqueous 0.5 M AmFo (pH 7.6)—acetoni-
trile (75:25, v/v) as desorbent, a high back-
ground signal was also observed during the first
desorption. The mass spectrum was dominated
by bromide ions and clusters containing bromide
ions which originate from the CTA"B™ used as
ion-pairing agent. As these ions also influence
the ionization efficiency, they must be removed
before desorption of the analyte. A single clean-
up desorption with aqueous 0.25 M AmFo (pH
5.2) was found to be sufficient to remove the
bromide-containing ions from the trapping col-
umn. This is shown in Fig. 4, where the ion
current traces (full-scan acquisition) of the
deprotonated molecular ion and the formate
adduct of mecoprop and one of the bromide-
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Fig. 4. Reconstructed ion current of the IPLC-PSS—TSP-MS (full-scan) analysis of mecoprop {concentration 10™° M). Ions at
mlz 213, 259 and 275 correspond to [M — H]~, [M + HCOO] ™ and [(HBr - H,0), - Br]”, respectively. Desorption No. 1: cleaning
of the TC to remove the bromide with 70 ! of 250 mM AmFo (pH 5.2) in water. Analyte desorptions 2-6: five injections of 70
w1 of aqueous 0.5 M AmFo (pH 7.6)-acetonitrile (75:25, v/v) into a carrier stream of water (flow-rate 1 ml/ min). Time in min:s.

containing ions at m/z 213, 259 and 275, respec-
tively, are shown. The clean-up desorption (de-
sorption No. 1) clearly releases most of the
bromide-containing ions. Next, the analyte is
desorbed using injections of water (0.5 M
AmFo, pH 7.6)-acetonitrile (75:25, v/v) into the
carrier stream (water) (desorptions 2—6), as was
described in the previous section. It is clear that
analyte desorption is complete (>95%) after
three desorptions (desorptions 2-4). A further
optimization of the loop volume, i.e., 70 ul
(valve 3; Fig. 1), to reduce the number of
desorptions was not carried out because other-
wise it would have been necessary to optimize
the AmFo concentration and the percentage of
acetonitrile again.

Finally, the signal at m/z 259 suggests analyte
release during the clean-up desorption (desorp-
tion 1); however, full-scan mass spectra showed
that this signal can be attributed to the isotope
peak of the [(HBr),-H,O-Br]™ ion at m/z 257.
Using the positive-ion mode it was confirmed
that no CTA" desorption took place during the
above sequence. This is in agreement with the
results obtained above.

Fig. 5 shows the full-scan mass spectra of 107°

M solutions of mecoprop and 2,4,5-TP after on-
line IPLC-PSS-TSP-MS, using discharge ioniza-
tion in the negative-ion mode. The [M — H] ™ ion
was the base peak for all test compounds. The
[M+HCOO]" ion was present in all instances
with intensities up to 100%. Although the [M +
HCOOJ]~ ion was more abundant with filament-
off and filament-on ionization, higher signal-to-
noise ratios were obtained with discharge ioniza-
tion. Therefore, discharge ionization was used in
all further experiments.

Using the complete on-line system, good-qual-
ity full-scan mass spectra were obtained for the
test compounds at levels down to 10 ng injected
into the system, i.e., 20 ul of 2:107° M solu-
tions. With SIM, on two ions per compound, the
LODs were 0.1-1 ng for all five test compounds.
Linear calibration graphs (r*=0.925-0.973,
seven data points, n=15) were obtained over
three orders of magnitude of concentration
(range 107'-10"% M) with the complete system.

As an example of group-selective analysis,
mecoprop, 2,4-D and 2,4-DP were trapped
simultaneously (elution window 9-13 min). The
results were identical with those found for the
individual compounds. However, at high concen-
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Fig. 5. Full-scan mass spectra of (A) mecoprop and (B)
2,4,5-TP after on-line IPLC-PSS—-TSP-MS, using discharge
ionization. Desorption solvent, 70 u1 of water (0.5 M AmFo,
PH 7.6)-acetonitrile (75:25, v/v) injected into the carrier
stregm (water, flow-rate 1 ml/min). Analyte concentration,
1077 M.

trations, i.e., above ca. 5-107° M, the analyte
recovery decreased because of early break-
through.

In a first attempt to study a real sample, 100 w1
of river Rhine water were analysed without any
trace enrichment or sample clean-up (apart from
membrane filtration). The test compounds (spik-
ing level 20 wg/l) were separated, trapped on
the PLRP-S column, desorbed and subsequently
detected by TSP-MS. Although at this level,
which was close to the LODs (amount injected 2
ng per analyte), reliable quantification could not
be achieved, the SIM signals confirmed the
presence of the phenoxy acids in the sample by
their correct isotope ratios. In other words, even
a modest degree of analyte trace enrichment
(e.g., ca. 50-ml volumes [5]) will be sufficient for
the analysis of surface water samples containing
phenoxy acids and related contaminants at or
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below the so-called alert level of 1 ng/l (amount
then injected ca. 50 ng of each analyte).

CONCLUSIONS

The on-line coupling of IPLC and TSP-MS via
PSS has been demonstrated for the first time. A
non-selective hydrophobic polymer was used as
the stationary phase in the trapping column.
Designing an IPLC-PSS—-TSP-MS system turned
out to be very complicated because of the many
experimental aspects involved (see Table II).
The system described here, which uses CTA" as
the counter ion, is in principle applicable to a
wide variety of acidic compounds. In principle,
although with another counter ion, it is also
applicable to basic compounds, e.g., secondary
and tertiary amines, which can be separated by
IPLC with sulphonates or sulphates as counter
ions.

Optimum sorption of the phenoxy acids was
achieved, after preloading the trapping column
with CTA"B ™, using water (1 mM CTA"B~, 10
mM phosphate buffer, pH 7)-acetonitrile
(90:10, v/v). Desorption of the analytes was
accomplished by three 70-ul injections of water
(0.5 M AmFo, pH 7.6)—acetonitrile (75:25, v/v)
into the carrier stream (water). Postcolumn addi-
tion of water proved to be a simple way to
increase the capacity factor of the ion pair on the
trapping column, i.e., obtaining peak compres-
sion.

Desorption by means of plugs injected into a
carrier stream, instead of desorption by flushing
with an eluent, proved advantageous as many
eluents suitable for desorption could be screened
in a relatively short time. Further, the desorption
solvent need not be the optimum solvent for the
interface used. Nevertheless, desorption with
high concentrations of the electronegative TFA
is not advisable in this instance because of its
adverse effect on the ionization.

On injecting standard solutions of the phenoxy
acids into the IPLC-PSS-TSP-MS system, the
recoveries were at least 90% for all five analytes
tested. Recording full-scan mass spectra required
an injected mass of at least 10 ng; the LODs
using SIM were between 0.1 and 1 ng. First
experiments with surface water samples showed
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distinctly higher background signals and in-
creased noise. However, even under these con-
ditions, the phenoxy acids could be detected at
the low-nanogram level. Therefore, using on-line
trace enrichment of a sample volume of about 50
ml (see refs. 5, 43, 44 and 45 for its successful
use in LC-UV and LC-MS), application to
environmental analysis at contamination levels
of, typically, 0.5 pg/l should pose no problems.
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ABSTRACT

A homogeneous fluorophore-linked assay was used to develop a postcolumn reaction detection system for high-performance
liquid chromatography (HPLC). Biotin and biocytin were chosen as the model analytes. The effluent from the HPLC column was
merged with a reagent stream containing avidin that was labeled with fluorescein isothiocyanate (avidin-FITC). The binding of the
separated analytes by the labeled avidin was accompanied by an enhancement of the fluorescence intensity at 520 nm. This
increase in fluorescence was proportional to the concentration of the analytes and constituted the analytical signal. The procedure
was optimized with respect to the reagent concentration and the flow-rate of the reagent solution. Analytical characteristics of the
method were determined. The procedure was highly selective for biotin and its derivatives. The detection limits for biotin and
biocytin were 89 and 94 pg, respectively, for 20-u1 injections. The developed postcolumn reaction detection system was validated
by determining biotin in a liquid vitamin preparation and a horse-feed supplement.

INTRODUCTION

High-performance liquid chromatography
(HPLC) has become a valuable tool for the
study of complex mixtures. The range of separa-
tions available makes it an excellent choice for
the characterization of btological samples. At
present, UV~Vis absorbance, fluorescence, and
electrochemical detectors are the most common-
ly used HPLC detectors. The applicability of
these detectors can be further expanded by using
suitable derivatization techniques to convert the
analytes into compounds that can be detected
with high sensitivity and selectivity. Indeed,
coupling chemical reactions to compound-detec-
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tion following chromatographic separation (i.e.,
postcolumn) has become an acceptable and wide-
ly used means of analysis [1-5].

This article presents a novel postcolumn-reac-
tion detection system based on principles of
homogeneous fluorophore-linked assays (a gen-
eral term that includes homogeneous fluoroim-
munoassays). Although the use of these assays in
bioanalytical chemistry has been growing
because of their specificity and detection limits
[6-9], their practical application has been hin-
dered by the many fluorescing compounds, such
as proteins and pigments (e.g., bilirubin) that are
present in biological samples. Consequently, the
coupling of homogeneous fluorophore-linked as-
says to separation techniques, such as HPLC,
should solve the problem of interferences caused
by components of the sample matrix, and at the
same time, provide highly selective and sensitive
detection systems for biologically important com-
pounds.

© 1993 Elsevier Science Publishers B.V. All rights reserved
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In this study, the feasibility of using homoge-
neous fluorophore-linked assays as a means of
reaction detection in HPLC was evaluated by
using biotin and biocytin as model analytes.
Biotin and biocytin were selected because of
their biological significance [10-12]. In addition,
the two compounds have very similar properties
and, therefore, a separation step is required in
their determination [13,14]. Although HPLC
seems to be the method of choice for determin-
ing biotin and biocytin in complex natural ma-
trices, the absence of strong chromophores or
fluorophores in these analytes has precluded
their sensitive detection by common HPLC de-
tectors. Consequently, the HPLC methods of
separation and determination of these analytes
described in the literature [14-16] make use of
UV detection in the 205-230 nm range. At-
tempts have been made to improve the detec-
tability of biotin and its analogues via precolumn
derivatization techniques that produce UV-ab-
sorbing [17] or fluorescent [17-19] species. Al-
though derivatization has resulted in appreciably
improved detection limits, the procedures were
time-consuming and did not lend themselves
readily to automation.

Recently, two postcolumn reaction detection
systems for the HPLC determination of biotin
and biocytin based on the competitive-binding
principle have been developed [20,21]. One
of these systems [20] took advantage of the
displacement of the dye 2-(4'-hydroxy-
phenylazo)benzoic acid (HABA) from its com-
plex with avidin by the analytes, which was
monitored by a UV detector at 345 nm. The
second system [21] employed a similar displace-
ment reaction using a fluorescent probe, 2-
anilinonaphthalene-6-sulfonic acid, and fluoro-
metric detection at 438 nm.

In this article, a postcolumn reaction detection
system was designed and evaluated based on a
homogeneous fluorophore-linked assay. The sys-
tem made use of the approximately two-fold
enhancement of the fluorescence intensity of
fluorescein-labeled avidin upon the binding of
biotin or its derivatives [22,23]. Other binding
characteristics of the fluorescein-labeled avidin
can be found in ref. 22. Because in this case
there is no competition between a labeled and an
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unlabeled ligand for the binding protein, this
system is a direct fluorophore-linked assay,
rather than the more common competitive bind-
ing fluorophore-linked assay. It was anticipated
that the application of this assay as a reaction
detection system for the HPLC determination of
biotin and biocytin should result in further im-
provement in the detection limits and selectivity
of the procedure.

EXPERIMENTAL

Apparatus

The experimental setup used in this work is
shown in Fig. 1. It consisted of a Rainin
(Woburn, MA, USA) HPLC system interfaced
with a Macintosh Plus computer (Apple Compu-
ter, Cupertino, CA, USA). The system included
a Rainin Rabbit solvent-delivery system, a
Rheodyne Model 7125 injector with a 20-ul
sample loop (Berkeley, CA, USA), and a
Knauer Model 87 variable-wavelength UV-Vis
detector set at 220 nm. Reversed-phase separa-
tions were achieved by using a 5-um Microsorb
C,5 column (250 X 4.6 mm 1.D.) (Rainin) oper-
ated at ambient temperature, which was pre-
ceded by a 5-um Microsorb C,; guard column
(15 X 4.6 mm) (Rainin).

The effluent stream from the HPLC column
was mixed with the reagent stream containing
the avidin labeled with fluorescein isothiocyanate
(avidin-FITC). The binding of the analytes to the
labeled avidin resulted in an enhancement of the
fluorescence intensity. The reagent solution,
pumped by an ISCO Model LC-2600 syringe
pump (Lincoln, NE, USA), was added to the
column effluent through a tee-connector fol-
lowed by a 10.0-m knitted open-tubular (KOT)
reactor made from PTFE tubing (0.5 mm 1.D.,
14 mm helix diameter) prepared after Krull
(KOT2 from ref. 24). The choice of this reactor
was based on a previous work [20]. Unless
otherwise stated, postcolumn reaction detection
was carried out by using a Perkin-Elmer Model
LS 50 luminescence spectrometer (Norwalk, CT,
USA) with a p-fluorescence flow cell (20-ul cell
volume, NSG Precision Cells, Farmingdale, NY,
USA). For the postcolumn reaction system em-
ploying the avidin-FITC reagent, the excitation
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Fig. 1. Schematic diagram of an HPLC postcolumn reaction system for the fluorometric detection of biotin and biocytin

employing a homogeneous fluorophore-linked assay.

was at 490 nm and the emission was monitored
at 520 nm; the excitation and emission slits were
set at 5 and 20 nm, respectively. The fluores-
cence intensity was recorded in arbitrary units.

Postcolumn reaction detection was also carried
out by a Fluorolog-2 spectrofluorometer (SPEX
Industries, Edison, NJ, USA) with the same
w-fluorescence flow cell. Fluorescence detection
employed the same excitation and emission
wavelengths as the previous LS 50 spectrometer.
However, the respective slitwidths were set at 2
mm for the SPEX spectrofluorometer. With both
fluorometers, a back-pressure regulator was
placed at the detector outlet to eliminate outgas-
sing problems.

Solvent system

The solvent system for the separation of biotin
and biocytin consisted of aqueous 0.100 M phos-
phate buffer, pH 6.0 (solvent A), and 0.200 M
phosphate buffer (pH 6.0)-methanol (50:50, v/
v) (solvent B). Solvents were filtered through a
0.4-um membrane filter (Nuclepore, Pleasanton,
CA, USA) before use. A 54:46 (solvent A-
solvent B) ratio of the two solvents was used to
provide baseline resolution of biotin and biocytin
in an isocratic mode. A mobile phase flow-rate
of 0.40 ml/min was used in all the experiments.

Reagents

Biotin, biocytin, monobasic sodium phosphate
(reagent grade) and avidin-FITC (with 3.9
fluoresceins attached per avidin molecule) were
purchased from Sigma (St. Louis, MO, USA).
N,N-Dimethylformamide (DMF) (ACS reagent
grade) and acetone (spectrophotometric grade)
were obtained from Aldrich (Milwaukee, WI,
USA). Methanol (HPLC reagent grade) and
methyl ethyl ketone (MEK) (certified) were
purchased from Fisher Scientific (Fair Lawn, NJ,
USA). Deionized (Milli-Q water purification
system; Millipore, Bedford, MA, USA) distilled
water was used to prepare all solutions.

Biotin and biocytin stock solutions (4.0-10'4
M) were prepared by dissolving the compounds
in the mobile phase. Standard solutions were
made by further dilutions with the mobile phase.
A stock solution of avidin-FITC (50 mg/1, which
corresponds to 7.5-1077 M) was prepared in
0.100 M phosphate buffer, pH 7.0, and stored
refrigerated in an amber bottle. Unless otherwise
specified, fresh working solutions of this reagent
were prepared daily from the stock solution by
dilution with the same buffer.

Characterization of the avidin-FITC reagent
A standard 1 X 1 cm quartz cuvette was used
in all batch mode fluorescence experiments. A
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5-107> M solution of biotin was added to a
cuvette containing 2.0 mg/ml avidin-FITC and
the enhancement of fluorescence intensity as a
function of reaction time was measured with the
LS 50 spectrometer. These data were used to
determine the time required for equilibrium to
be attained (represented by maximum fluores-
cence emission intensity).

Characterization of the postcolumn reaction
detection system )

The developed system was optimized in terms
of the detection sensitivity by varying the avidin-
FITC concentration, the flow-rate of the reagent
solution, and the fraction of organic modifier in
the reagent solution. Sensitivity, detection limits,
linearity of response, precision, and selectivity of
the postcolumn reaction system were determined
and compared to direct UV detection of biotin
and biocytin at 220 nm. A comparison between
two different fluorescence detectors (one of them
operating in a photon-counting mode) was made.
The stability of the avidin-FITC reagent and the
cost per analysis of the developed system were
also estimated.

Real sample analyses

The postcolumn reaction detection system was
validated by determining the biotin content of a
liquid vitamin preparation and a horse-feed
supplement. Specifically, a 50-ul volume of
ABDEC liquid multi-vitamin supplement for
infants and children under 4 years of age (Parke-
Davis, Morris Plains, NJ, USA), containing 0.05
mg/ml biotin, was diluted to 2.00 ml with the
mobile phase. Filtered volumes of 20 ul of the
resulting solution were analyzed by HPLC using
the simultaneous direct UV detection at 220 nm
and the developed postcolumn reaction system
with the fluorometric detection. The two detec-
tors were connected in series, as indicated in Fig.
1. The biotin content in the sample was de-
termined from the calibration curve based on
injections of 20-ul volumes of standard biotin
solutions.

In addition, biotin was extracted from two
weighed samples (around 0.10 g) of a horse-feed
supplement (Gen-a-Hoof from Nickers Interna-
tional, Staten Island, NY, USA) with 10.0 ml of
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1.0 M NaOH. The pH of 6.00-ml aliquots of
these solutions was adjusted to between 6 and 7
with 1.0 M HCI. The solutions were further
diluted to 100.0 ml with the pH 6.0 phosphate
buffer (0.100 M), and 20-wl volumes of the
resulting solutions were analyzed after filtration
by the procedure described for the liquid vitamin
preparation analysis.

RESULTS AND DISCUSSION

The described postcolumn reaction detection
system is based on the natural ability of avidin to
bind biotin. When biotin and its analogues as-
sociate with avidin labeled with fluorescein, the
fluorescence emission signal is enhanced [22].

Isocratic elution with the mobile phase de-
scribed in the experimental section provided a
baseline resolution of biotin and biocytin. A
typical chromatogram representing postcolumn
reaction detection of 0.10 nmol of the analytes
using the avidin-FITC reagent is shown in Fig. 2.
This chromatogram indicates that a homoge-
neous fluorophore-linked assay approach can
indeed be used for the sensitive detection of
biotin and biocytin.

The dependence of the detector response on

Arbitrary units)

— 220t

Intensity
N
1]
)

o
o

¥

50 10,0 15.0 200
Time (minutes)

o
o

Fig. 2. Typical chromatogram of 20 ul of a solution con-
taining 5.0-10™° M biotin (first peak) and 5.0-10™° M
biocytin (second peak) using the postcolumn reaction system
with fluorometric detection. Mobile phase: solvent A—solvent
B (54:46); solvent A: 0.100 M phosphate buffer, pH 6.0;
solvent B: 0.100 M phosphate buffer, pH 6.0, in water—
methanol (50:50, v/v). Mobile phase flow-rate: 0.40 ml/min.
Postcolumn reagent: 2.0 mg/l avidin-FITC in 0.100 M
phosphate buffer, pH 7.0. Reagent flow-rate: 1.00 ml/min. A
10.0-m KOT reactor was used for postcolumn reaction
detection. The remaining conditions are described in the
Experimental section.
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the concentration of the avidin-FITC was studied
at three concentration levels of the reagent
solution: 1.0, 2.0 and 3.0 mg/l avidin-FITC. In
this experiment, the flow-rate of the reagent
solution was 1.00 ml/min and the concentration
of the analytes was kept constant at 5.0 107° M.
It was found that an increase in the reagent
concentration from 1.0 to 2.0 mg/1 avidin-FITC
resulted in an enhancement of the response of
the fluorometric detector by 80 and 64% for
biotin and biocytin, respectively. In contrast, a
further increase in the reagent concentration
from 2.0 to 3.0 mg/1 avidin-FITC caused only a
small enhancement of the detector response, not
exceeding 20%. On the basis of these data, a
reagent concentration of 2.0 mg/l avidin-FITC
was selected for further experiments, this value
being a compromise between detector response
and reagent consumption (i.e., cost of analysis).

The effect of the flow-rate of the reagent
solution on the detector response was examined
by varying the reagent flow-rate in the 0.40-1.20
ml/min range, while keeping constant the
amount of biotin and biocytin injected (0.10
nmol), the mobile phase flow-rate (0.40 ml/
min), as well as the other chromatographic
conditions. This dependence is shown in Fig. 3.
The presence of a maximum can be accounted
for as follows: an initial increase of the detector
response with the flow-rate is consistent with the
law of mass action, i.e., the supply of the reagent
available for the binding of the analytes increases

50

4

401

30 1

Detector Response

20 T T ™ T T
0.4 0.6 0.8 1.0 1.2 1.4

Reagent Flow-Rate (ml /min)

Fig. 3. Dependence of the detector response (expressed as
peak height) for 0.10 nmol of biotin () and biocytin (O) on
the reagent flow-rate. Reagent concentration: 2.0 mg/l
avidin-FITC. For the remaining conditions, see Fig. 2.
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with the flow-rate. A decrease in the detector
response at high flow-rates (over 1.00 ml/min) is
presumably due to the dilution of the column
effluent stream, which in turn lowers the analyte
concentration at the detector, and to insufficient
reaction time. Indeed, batch mode experiments
(measuring the change in fluorescence intensity
as a function of time upon addition of biotin/
biocytin to avidin-FITC) indicated that binding
reactions were complete within 3 min. However,
at higher flow-rates the reaction time in the
postcolumn reaction detection system was in the
order of 1 min. To maximize the detector re-
sponse, the flow-rate of the reagent used
throughout the remaining experiments was kept
at 1.00 ml/min. The cost of the reagent per
analysis estimated for these chromatographic
conditions was under US$ 0.50.

The type and content of organic modifier are
known to influence the fluorescence properties of
fluorophores. Therefore, the effect of the metha-
nol content on the detector response was e€x-
amined by separating 0.10 nmol of biotin and
biocytin using the optimum conditions for post-
column reaction detection, but the reagent solu-
tion in this experiment was prepared in 0.100 M
phosphate, pH 7.0 buffer-methanol (50:50, v/
v). The resulting chromatograms exhibited a
lower fluorescence background compared to the
ones obtained by using the aqueous reagent
solution (the remaining chromatographic con-
ditions were the same), and no detector response
for the analytes was observed. This effect was
presumably due to denaturation of avidin by
methanol and/or to fluorescence quenching.
Consequently, the reagent solution used in the
remaining studies was aqueous.

The repeatability of the results was examined
by determining the relative standard deviation
(R.S.D.) of the detector response that corre-
sponds to 20-ul injections of 5.0-107° M biotin
and biocytin. In the case of retention times, the
R.S.D. was 0.25%, whereas for the peak heights
it ranged from 2.8 to 3.1% (n = 8). These results
indicate that the developed procedure has the
typical precision of chromatographic determina-
tions.

The developed reaction detection system was
evaluated in terms of its selectivity properties by
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analyzing a series of solutions containing 0.10
nmol of the analytes and increasing amounts of
three other organic compounds: DMF, acetone
and MEK. Under the chromatographic condi-
tions used in the present study, these compounds
have similar retention times as biotin and
biocytin, and their molecules contain chromo-
phores absorbing at 220 nm. It was established
that when the proposed reaction detection
scheme was used, concentrations of DMF, ace-
tone and MEK as high as 7-107> M did not
affect the detector response. In contrast, the
direct absorptiometric detection at 220 nm suf-
fered from severe interference by these com-
pounds due to peak overlapping, which pre-
cluded correct determination of either of the two
analytes. Therefore, it may be concluded that
the selectivity of the developed procedure is
primarily controlled by the binding characteris-
tics of the binding protein employed (avidin).

The developed procedure was further charac-
terized by constructing calibration curves for
biotin and biocytin that were based on the
chromatographic peak heights and peak areas.
The data for these curves were obtained under
the optimum conditions for the reaction detec-
tion. For the LS 50 detector, the curves for the
two analytes were linear from 5-107" to 1-107°
M (i.e., 0.01 to 0.2 nmol for a 20-ul sampling
loop). An increase in the concentration of the
analytes over 1.0-107° M was accompanied by
an appreciable peak broadening and deteriorated
resolution, and above 2.0-10™° M the calibra-
tion curves leveled off. A photon-counting spec-
trofluorometer was’ also evaluated as a detector
in this system. In this case, the calibration curves
were linear from 4-107®* M to 61077 M. In
addition, it was determined that the introduction
of the KOT reactor did not result in appreciable
band broadening. Typically, the peak width
increase due to the KOT reactor was about 15%.
Further, the resolution of the postcolumn HPLC
system toward biotin and biocytin did not change
significantly.

The detection limits were estimated by analyz-
ing a series of biotin and biocytin solutions of
decreasing concentrations, until a signal-to-noise
ratio (S/N) of 3 was obtained. Using the LS 50,
the detection limits for both analytes were found
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to be 1.4-10~7 M, which corresponds to 0.66 ng
biotin and 1.0 ng biocytin for a 20-ul sample
volume. The detection limits when using the
photon-counting detector were estimated to be
89 and 94 pg for biotin and biocytin, respective-
ly. These values were almost an order of mag-
nitude lower than those obtained from the LS
50. The better detection limits were attributed to
the photon-counting mode of detection. This
constitutes an improvement with respect to the
UV detection at 220 nm by a factor of 67 and
2.6-10” for biotin and biocytin, respectively.
The analytical utility and the accuracy of the
proposed procedure were examined by determin-
ing the biotin content in a commercial liquid
vitamin preparation and in a horse-feed supple-
ment. The amount of biotin found in the liquid
vitamin supplement ABDEC was 0.051 mg/ml
(average from two determinations), which is in
good agreement with the amount claimed by the
manufacturer (0.05 mg/ml). The composition of
1 ml of ABDEC is: 1500 international units
(LU.) of vitamin A, 400 I.U. of vitamin D, 5
L.U. of vitamin E, 35 mg of vitamin C, 0.5 mg of
thiamine, 0.6 mg of riboflavin, 8§ mg of niacin,
0.4 mg of vitamin B¢, 2 ug of vitamin B,,, 0.05
mg of biotin, and 3 mg of pantothenic acid.
The selectivity of the postcolumn reaction
detection system for biotin over the other ten
vitamins present in the ABDEC preparation was
excellent. This can be perceived by comparing
two chromatograms of the vitamin solution ob-
tained with the direct UV detection at 220 nm
(Fig. 4A) and by employing the postcolumn
reaction system with the fluorometric detection
(Fig. 4B). It is evident that the interference from
the other sample components precludes a correct
quantitative determination of biotin when using
the direct detection at 220 nm, whereas no
interference is observed for the developed post-
column reaction detection system. The differ-
ence in retention times for biotin between the
chromatograms in Fig. 4A and B is a result of
the additional time required for the eluent to
pass through the 10.0-m KOT reactor.
Likewise, a horse-feed supplement was ana-
lyzed that contained, in addition to biotin (231
mg/kg), zinc methionine, maltodextrin, and
ground rice hulls. Two samples of the supple-
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Fig. 4. Chromatograms of 20 ul of a diluted solution (1:40,
v/v) of the liquid vitamin preparation ABDEC: (A) absorb-
ance detection at 220 nm, (B) postcolumn reaction with
fluorometric detection. For the chromatographic conditions,
see Fig. 2.

ment were extracted and analyzed for the biotin
content by following the procedure outlined in
the experimental section. As shown in Fig. 5, the
UV detection at 220 nm suffered from severe
interferences, while the chromatogram obtained
by using the developed reaction system revealed
the presence of only the biotin peak. The quan-
titative determination of biotin in the two sam-
ples yielded the following results: 240 and 236
mg/kg. The average value, 238 mg/kg, is in
good agreement with the biotin content claimed
by the manufacturer (the difference amounting
to 3%).

The stability of the postcolumn reagent was
evaluated by filling the syringe pump with 2.0
mg/l avidin-FITC and using it repetitively to
analyze a test solution containing fixed amounts
of biotin and biocytin. It was found that the
reagent solution was sufficiently stable for at
least eight hours as revealed by the unchanged
peak heights of biotin and biocytin. However,
after 24 h no chromatographic peaks corre-
sponding to the analytes were observed. Appar-
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Fig. 5. Chromatograms of 20 w1 of the extract of a horse-
feed supplement: (A) direct UV detection at 220 nm, (B)
postcolumn reaction with fluorometric detection. For the
chromatographic conditions, see Fig. 2.

ently, this is due to adsorption of avidin-FITC
(present at very low concentration of 3 - 107% M)
on the walls of the syringe pump. In contrast, the
stock avidin-FITC solution was stable for at least
two weeks when stored refrigerated in amber
vials. As a result, fresh working solutions of
avidin-FITC were prepared daily from the stock
solution.

CONCLUSIONS

This study has demonstrated the feasibility of
a postcolumn reaction detection system for
biotin and biocytin based on a homogeneous
fluorophore-linked assay. The developed proce-
dure has an improved selectivity over the direct
UV detection at 220 nm. The detection limits
were 89 and 94 pg for biotin and biocytin,
respectively. The high sensitivity of the described
system is a result of the high quantum efficiency
of fluorescein. Further, because fluorometric
detection is performed at a wavelength in the
visible region, the majority of compounds pres-
ent in natural samples do not interfere. Indeed
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the developed method was used to determine the
biotin content in real samples with minimum
pretreatment. The high selectivity of the de-
scribed system is a combination of the binding
selectivity of avidin (i.e., ability to discriminate
between compounds that contain the biotin moi-
ety and those that do not) and the separation
process itself (to separate biotin and its ana-
logues).

The applicability of the proposed system is
more general and can be extended to postcolumn
reaction detection of other analytes as long as
there exist fluorophore-labeled biological binders
(e.g., antibodies, binding proteins, receptors,
and lectins) that undergo spectral changes as a
function of the concentration of the analytes.
Work in this direction is currently underway in
our laboratory.
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ABSTRACT

The effect of solvent injection on the area and peak-height responses of some drugs (ergotamine tartrate, astemizole,
terfenadine, bromhexine hydrochloride, caffeine, ambroxol hydrochloride, phenylephrine hydrochloride, enalapril maleate and
betamethasone) was evaluated. Reversed-phase chromatographic systems were employed and loops of different sizes and various
overfill volumes were assayed. When injection solvents weaker than the mobile phases were used, significant variation in the area
responses was observed for astemizole, bromhexine, ergotamine and terfenadine. Adsorption on the internal surface of the
injection loops produced this anomalous behaviour depending on the chemical nature of the analyte injected.

INTRODUCTION

Much attention is nowadays focused on the
validation of analytical methods for drug de-
termination in complex matrices such as bio-
logical fluids and pharmaceutical dosage forms.
These analyses require compliance with good
laboratory practices (GLPs) and standard oper-
ating procedures (SOPs), which dictate in detail
the different validation steps of an analytical
process. The applicability of HPLC in phar-
maceutical analyses is well known and so the
procedures used must be fully validated.

A variable to be investigated is the injection
system because inaccuracy and lack of repro-
ducibility are often caused by the sample injec-
tor. Quantitation problems in measuring peak
height or area arising from sample—solvent inter-
action phenomena [1-9] or adsorption effects
onto the injection system [10-13] have been
reported. This adsorption is observed particular-

* Corresponding author.

0021-9673/93/$06.00

ly when the solvent used is water or weaker than
the mobile phase in RP-HPLC.

Taking into account the adsorption effects,
Dolan [11] reported different inter-laboratory
results obtained in the analysis of an antihis-
taminic agent because drug adsorption in the
injector loop caused increased area responses
related to the variable overfill volume. Similar
results were found when samples of aqueous
nonylphenol ethoxylate surfactant solutions were
injected {12]. Inaccuracies and reproducibility
problem have also been observed on injection of
aqueous solutions of vinblastine and van-
comycin, and this has been attributed to their
interaction with the injection system [7].

MacLeod et al. [10] suggested that the valve
rotor caused adsorption of aqueous solutions of
an ansiolitic agent, and Simonson and Nelson
[13] demonstrated amitriptyline adsorption on
the inner wall of the injection loop.

Because of drug regulations, in vitro dissolu-
tion studies are becoming relevant for testing the
bioequivalency of pharmaceutical formulations.
These assays use aqueous media and HPLC is

© 1993 Elsevier Science Publishers B.V. All rights reserved
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often the method choice because of its selectivity
and sensitivity. Therefore, we considered it of
interest to study several drugs with different
physicochemical characteristics at present not
reported in order to investigate their anomalous
response in the injection process.

EXPERIMENTAL

Reagents

Ergotamine tartrate, terfenadine, bromhexine
hydrochloride, caffeine, ambroxol hydrochlo-
ride, phenylephrine hydrochloride and beta-
methasone were purchased from Sigma (St.
Louis, MO, USA). Astemizole was from Janssen
(Denmark) and enalapril maleate was from
Merck Sharp & Dohme (USA).

HPLC-grade acetonitrile and methanol were
obtained from Merck (Darmstadt, Germany).
Heptanesulphonic acid sodium salt was bought
from Sigma and potassium dihydrogenphosphate
from J.T. Baker (Phillipsburg, NJ, USA).
Deionized, double-distilled water was used.
Eluents were filtered through a 0.2-pum mem-
brane filter and degassed before use.

Instrumentation

HPLC was carried out with a Varian Model
5020 liquid chromatograph equipped with a
Varian UV-100 detector. Data were processed
with a Varian 4270 integrator (Varian, Palo Alto,
CA, USA). A Rheodyne Model 7125 injector
(Cotati, CA, USA) with 20- and 50-ul loops was
used. Detection was performed at 276, 254, 246
and 230 nm according to the absorption spectra
of the drugs under study and at 0.05 AUFS. The
columns used were a 150 X 4.6 mm I.D., 5 um,
MicroPak MCH-5 (Varian) and a 300 X 3.9 mm
1.D., 10 um, pxBondapak Phenyl (Waters, Mil-
ford, MA, USA).

Solutions

Stock drug solutions of astemizole, ter-
fenadine, caffeine and betamethasone in concen-
trations ranging from 0.2 to 1.0 mg/ml were
prepared in methanol. Stock drug solutions of
‘ergotamine tartrate, phenylephrine hydrochlo-
ride, bromhexine hydrochloride, ambroxol hy-
drochloride and enalapril maleate were prepared

in water in concentrations from 0.2 to 1.2 mg/
ml.

Working standard solutions were obtained
from stock solutions by dilution in water, mobile
phase or methanol. The final concentrations
were: phenylephrine hydrochloride 19.2 pg/mi,
ergotamine tartrate 34.0 wpg/ml, bromhexine
hydrochloride 20 pg/ml, betamethasone 20 ug/
ml, ambroxol hydrochloride 24 wg/ml, enalapril
maleate 10 wg/ml, astemizole 20 ug/ml, ter-
fenadine 5 pg/ml and caffeine 30 wg/mi.

Analyses were performed by replicate injec-
tions (n = 4) of all drug solutions.

RESULTS AND DISCUSSION

In this report we present and discuss the
results obtained in the study of the adsorption
effects of some drugs on the inner wall of HPLC
injector loops. Basic drugs such as phenylephrine
hydrochloride, ergotamine tartrate, bromhexine
hydrochloride, ambroxol hydrochloride, aste-
mizole and terfenadine were chosen for this
study. Caffeine, betamethasone and enalapril
maleate were also investigated.

In our experiments a loop of 20 ul was
overfilled with 60, 150 and 300 ul of aqueous
solutions of the drugs under study. Statistical
analysis was performed and a significant increase
in the area response (P <0.05) was observed
depending on the degree of overfill volume used
in the injection (Table I). The results obtained
may be attributed to a sample adsorption mecha-

TABLE I

OVERFILL VOLUME EFFECT FOR AQUEOUS SOLU-
TION INJECTIONS IN A 20-u1 LOOP

For chromatographic conditions, see Figs. 1, 2, 3 and 4.

Drug Area (+S.D.)’

60 ul 150 pl 300 ul
Astemizole 12155 =385 16338 + 485 17509 + 418
Bromhexine 19397 £ 623 21725+ 550 24548 + 416
Ergotamine 28789 + 788 31155 = 584 33802 * 664
Terfenadine 5118 = 175 6413 =203 7412 £ 213

“Mean area (+S.D.) for four injections.
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nism and are in agreement with reports of other
workers [11-13]. When a strong solvent is used
as mobile phase, it flows through the loop,
desorbs the retained substance and, consequent-
ly, the measured areas increase.

When methanol or mobile phase was used as
the injection solvent (Table IT) the area response
values remained constant and were not affected
by the overfill volume because the injection
solvents employed are strong enough to prevent
drug adsorption (Figs. 1-4). Lack of an adsorp-
tion effect might be interpreted in terms of the
relative free energies of adsorption and that of
solubility. With methanol and mobile phase as
injection solvents the free energy of solubility
could be favoured [10]. No variations in the
mean area responses were obtained with
phenylephrine hydrochloride, caffeine, beta-
methasone, ambroxol hydrochloride and enalap-
ril maleate.

In order to investigate if an adsorption process
could be produce on the internal surface of the
loop, aqueous solutions of astemizole, bromhex-
ine hydrochloride, ergotamine tartrate and ter-
fenadine were injected in 20- and 50-ul loops
with a constant overfill volume of 150 ul of each
solution. A comparison of area responses ob-
tained with water and mobile phase is shown in
Table III. Differences in the measured areas
between the solvents for each loop are evident,
and these differences are proportional to the
contact surface each injected solution ran
through. Our results indicate that adsorption

TABLE 11

OVERFILL VOLUME EFFECT FOR MOBILE PHASE
SOLUTION INJECTIONS IN A 20-ul LOOP

For chromatographic conditions, see Figs. 1, 2, 3 and 4.

Drug Area (=S.D.)*

60 wlt 150 i 300 wl
Astemizole 12768 + 213 12922 + 240 12773 =204
Brombhexine 19859 + 189 20003 =250 19920 = 198
Ergotamine 28808 * 237 28960 = 207 28911 + 287
Terfenadine 5072 * 112 5078 + 98 5018 £ 124

“Mean area (£S.D.) for four injections.
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Fig. 1. Astemizole: area response as a function of overfill
volume. Injection solvent: © = water; € =mobile phase;
0 = methanol. Column: MicroPack MCH-5. Mobile phase:
methanol-phosphate buffer 0.03 M, pH 3.0 (85:15). Flow-
rate: 1.5 ml/min. Detection: 276 nm, 0.05 AUFS.
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mobile phase; 0= methanol. Column: MicroPack MCH-5.
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TABLE III

AREA RESPONSES IN 20- AND 50-u! LOOPS USING WATER AND MOBILE PHASE AS INJECTION SOLVENT FOR
A 150-p1 OVERFILL VOLUME

For chromatographic conditions, see Figs. 1, 2, 3 and 4.

Drug Area (£S.D.)°

Loop 20 ul Loop 50 ul

Water Mobile phase Water - Mobile phase
Astemizole 16338 + 485 12922 + 240 42806 *+ 1229 32305 £ 495
Brombhexine 21725 =550 20003 =250 53383 = 990 50010 + 508
Ergotamine 31155 + 584 28960 = 207 75395 + 1100 72590 + 475
Terfenadine 6413 + 203 5078 = 98 15008 = 560 12580 + 209

* Mean area (+S.D.) for four injections.

phenomena take place mainly on the inner walls
of the injection loops and that drug interaction
with the polymeric material of the rotor would
not be the only cause of the increased areas
observed. If this were the case, at constant
overfill volume the area differences between the
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Fig. 3. Ergotamine tartrate: area response as a function of
overfill volume. Injection solvent: O =water; ¢ =mobile
phase; [J = methanol. Column: wBondapak Phenyl. Mobile
phase: acetonitrile-heptanesulphonic acid 1.25 mM in acetic
acid 0.1%, pH 3.25 (65:35). Flow-rate: 1.3 ml/min. Detec-
tion: 254 nm, 0.05 AUFS.

injections in water and mobile phase would be
the same for the two loops used.

Basic drugs that showed adsorption phenom-
ena were slightly soluble in water but more
soluble in methanol. Our results are in agree-
ment with those of Zlatkis and Ranatunga [14],
who pointed out that the lower the solubility and
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Fig. 4. Terfenadine: area response as a function of overfill
volume. Injection solvent: © = water; @ =mobile phase;
0 = methanol. Column: MicroPak MCH-5. Mobile phase:
acetonitrile—phosphate buffer 0.03 M, pH 3.0 (70:30}. Flow-
rate: 1.7 mi/min. Detection: 230 nm, 0.05 AUFS.
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polarity of a compound the better it is adsorbed
on the surface of a capillary tubing.

In brief, inaccuracy and lack of reproducibility
in the results of HPLC may be caused by
adsorption phenomena in the injector loop. This
problem can be overcome if a constant overfill
volume or injection solvents that favour the
solubility of the drugs are used.

ACKNOWLEDGEMENT

The authors thank Dr. J.O. Muse for his help
in the preparation of the manuscript.

REFERENCES

1 M. Tsimidou and R. Macrae, J. Chromatogr., 285 (1984)
178.

2 Ch. Yi, J.L. Fasching and P.R. Brown, J. Chromatogr.,
352 (1986) 221.

3 S. Perlman and J.J. Kirschbaum, J. Chromatogr., 357
(1986) 39.

4 J.J. Kirschbaum and S. Perlman, J. Chromatogr., 369
(1986) 269.

5 K.C. Chan and E.S. Yeung, J. Chromatogr., 391 (1987)
465.

6 N.E. Hoffman, S. Pan and A.M. Rusium, J. Chroma-
togr., 465 (1989) 189.

7 E.L. Inman, A.M. Maloney and E.C. Richard, J. Chro-
matogr., 465 (1989) 201.

8 N.E. Hoffman and A. Rahman, J. Chromatogr., 473
(1989) 260.

9 N.E. Hoffman and J.H.Y. Chang, J. Liq. Chromatogr.,
14 (1991) 651.

10 S.K. MaclLeod, D.T. Fagan and J.P. Scholl, J. Chroma-
togr., 502 (1990) 236.

11 J.W. Dolan, LC-GC, 9 (1991) 22.

12 B.B. Sithole, B. Zvilichovsky, C. Lapointe and L.H.
Allen, J. Assoc. Off. Anal. Chem., 73 (1990) 322.

13 L. Simonson and K. Nelson, LC- GC, 10 (1992) 533.

14 A. Zlatkis and R.P.J. Ranatunga, Anal. Chem., 62 (1990)
2471.






Journal of Chromatography, A 654 (1993) 93-104
Elsevier Science Publishers B.V., Amsterdam

CHROM. 25 467

High-performance liquid chromatographic separation
and isolation of the methanolic allomerization products

of chlorophyll a

Pirjo Kuronen, Kristiina Hyvérinen and Paavo H. Hynninen*
Department of Chemistry, Division of Organic Chemistry, P.O. Box 6, University of Helsinki, SF-00014 Helsinki (Finland)

Ilkka Kilpeldinen

Institute of Biotechnology, P.O. Box 45, University of Helsinki, SF-00014 Helsinki (Finland)

(First received March 15th, 1993; revised manuscript received June 22nd, 1993)

ABSTRACT

Isocratic normal-phase HPLC on a silica column with diode-array detection provided a powerful means for the analytical
separation and preparative isolation of seven methanolic allomerization products of chlorophyll a. Diastereomeric selectivity was
achieved for 13%(R,S)-hydroxychlorophyll a, 13°(R,S)-methoxychlorophyll @ and the Mg complex of 3'3°-didehydro-15'-
hydroxy-15'(R,S)-methoxyrhodochlorin-15-acetic acid 8-lactone 15°-methyl 17°-phytyl ester. The Mg complex of 3',3’-di-
dehydrorhodochlorin-15-glyoxylic acid 13',15%-dimethyl 17>-phytyl ester was also isolated in high purity. Reversed-phase HPLC
did not result in an acceptable separation in spite of using several different brands of reversed-phase C,; columns and mobile
phase compositions. The identification of the allomerization products was based on UV-Vis and '"H NMR spectra, retention times
and co-elution with authentic samples. The observed formation of small amounts of numerous side-products is interpreted as
further -evidence for the free-radical mechanism of the allomerization.

INTRODUCTION

The chlorophylls (Chls) are a group of closely
related compounds which play a central role in
the photosynthetic conversion of light energy
into chemical energy. It is well known that the
chlorophylls are extremely susceptible to a
number of chemical transformations which can
occur during their extraction and separation.
Typical reactions are loss of the central mag-
nesium atom (pheophytinization), configuration-
al change at C-13° (epimerization), photochemi-
cal degradation, transesterification or hydrolysis
of the ester groups and oxidation of the isocyclic

* Corresponding author.

ring by molecular triplet oxygen (allomerization)
[1-5].

The allomerization, first observed by Willstit-
ter and Stoll [1], includes a complicated series of
oxidation reactions at C-13” by molecular triplet
oxygen (*0O,) in alcohol solutions [2-14]. The
allomerization reaction, which poses a serious
problem in the isolation of chlorophylls from
natural sources, may yield several oxidation
products depending on the conditions and start-
ing material. Several reaction mechanisms have
been proposed for the allomerization of Chl a
[2-4,6-17]. The free-radical mechanism, where
Chl enolate anion is the key intermediate, is
supported by ample experimental evidence
[4,11], but some details of the reaction are still
poorly understood.
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A variety of chromatographic procedures,
including paper, thin-layer (TLC), conventional
column (CC) and high-performance liquid chro-
matography (HPLC), have been developed and
used for analytical and preparative separations of
chlorophylls and their derivatives [18-23]. The
first published HPLC separation for Chl com-
pounds dates from 1975 [24]. Since then, the
trend has been towards increased use of HPLC
for the ultimate separation, isolation and analysis
of these plant pigments [14,19-23,25-38]. The
high resolving power, speed, increased sensitivity
and several detection systems now available
make modern HPLC superior to other LC tech-
niques. In most studies, reversed-phase (RP)
HPLC has been chosen in preference to the
normal-phase (NP) separation. Schaber et al.
[14] were the first to follow the allomerization
reaction in methanol by RP-HPLC with tetrahy-
drofuran (THF)-MeOH-water (36:54:10, v/v/
v) as the mobile phase They obtamed good
separatlons for the 13%(R)- and 13° (S )-epimers
of 13%-hydroxy-Chl a and the 15'(R)- and
15'(S)-epimers of the 15'-methoxylactone de-
rivative, but they could not detect other allo-
merization products (see Fig. 1).

In this paper, we report the results of in-
vestigations on the allomerization of Chl a in
methanol, performed under atmospheric oxygen,
in darkness and at room temperature. We de-
scribe an improved method for the separation,
isolation and identification of the main allomeri-
zation products and their epimers, using NP-
HPLC under isocratic conditions and diode-array
detection (DAD) for preliminary identification.
The separated compounds were identified more
conclusively by NMR spectroscopy.

EXPERIMENTAL

Isolation and purity of chlorophyll a

Chl a (Fig. 1) was isolated from clover leaves
by the method described previously [41], but
since then modified for large-scale preparation.
The purity of the Chl a was confirmed by UV-
Vis spectrophotometry, 'H NMR, TLC and
HPLC. The spectroscopic properties of the prep-
aration were identical with those described ear-
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lier [42]. The 'H NMR spectrum showed that the
only impurity was water (present in a ratio of ca.
1:1). TLC on sucrose [43] yielded only one spot,
whereas NP-HPLC [Zorbax Sil column (250 X
4.0 mm 1.D.), particle size 5 pm (Rockland
Technologies, Newport, DE, USA), eluent 1.5%
(v/v) 2-PrOH (LiChrosolv; Merck, Darmstadt,
Germany) in hexane (LiChrosolv, Merck), flow-
rate 1 ml/min, detection at 420 nm] revealed a
trace amount of Chl a’ which may have formed
during the analysis.

Allomerization experiments

Experiment 1. An amount of 31.4 mg of solid
Chl a was dissolved in 15 ml of methanol (J.T.
Baker, Denventer, Netherlands, Catalog No.
8045, Absolute, ACS, “Baker analyzed re-
agent”, dried over 3 A molecular sieves). This
solution was continuously stirred magnetically at
room temperature in an erlenmeyer flask pro-
vided with a loose glass stopper and wrapped
with aluminium foil to avoid any effect of light.
The course of the reaction was followed by TLC
on sucrose [43] employing 1% (w/w) 2-PrOH
(analytical-reagent grade, Merck) in light petro-
leum (analytical-reagent grade, Merck; b.p. 60—
80°C, distilled through a Vigreux column) as the
eluent. After 3 days, Chl a was completely
converted into its allomers. Without stirring, the
reaction reportedly takes 7 days [10]. The metha-
nolic reaction mixture was poured into a separat-
ing funnel containing water—hexane (Extrapure,
Merck; distilled through a Vigreux column) (1:1,
v/v). The aqueous phase was saturated with
sodium chloride and extracted several times with
hexane until it was colourless. The combined
hexane phases were washed with water and
concentrated with a rotary evaporator. An
aliquot was taken and evaporated to dryness.
The residue was dissolved in diethyl ether and
analysed by TLC on sucrose. According to this
analysis, the composition of the products had not
changed during the extraction process. The allo-
merization products were studied by RP-HPLC
on C, columns and by NP-HPLC on silica
columns. The main extract in hexane was evapo-
rated to dryness under an argon stream and the
residue was dissolved in a minimum amount of
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methanol for RP columns or of 0.5-1.5% (v/v)
2-PrOH in hexane for silica columns.

Experiment 2. The whole allomerization ex-
periment was repeated with the difference that
the amounts of Chl ¢ and methanol were 304. 5
mg and 150 ml, respectively, and that light
petroleum was used instead of hexane as ex-
traction solvent. The mixture of allomerization
products obtained was prefractionated on a suc-
rose column followed by HPLC purification of
some fractions for NMR spectroscopy (see
below).

Chromatography on a sucrose column

The conventional chromatographic procedure
on a sucrose column [43] was employed in the
preseparation of the allomerization products
from experiment 2. Powdered sugar (Cultor,
Kirkkonummi, Finland), passed through a 100-
mesh sieve, was used in the separations. The
sugar (1500 g) was suspended in 2500 ml of the

eluent [light petroleum (analytical-reagent grade, -

Merck, b.p. 60-80°C) or hexane (Extrapure,
Merck), both distilled through a Vigreux column,
containing 1% (w/w) of 2-PrOH] to form a
slurry, which was then poured into a glass
column (6 cm O.D.) to form a sucrose layer, 54
cm high. The mixture of allomerization products
was evaporated to dryness and dehydrated by
the chloroform co-distillation method [42]. The
solvent residues were removed on a vacuum line
at room temperature. The dry product was
monomerized by dissolving it in 20 ml of
diethyl ether [analytical-reagent grade, Merck;
dried and stabilized with 2,6-di-tert.-butyl-4-
methylphenol (BHT)] and evaporating nearly to
dryness. The product was dissolved in a mini-
mum amount of the eluent [0.5-1% (w/w) 2-
PrOH in distilled hexane or light petroleum] and
the solution was introduced on to the top of the
sucrose layer. The separation was performed in
the dark by wrapping the column with alumin-
ium foil. The flow-rate of the mobile phase was
4-5 ml/min. The collected fractions were ana-
lysed using sucrose TLC, UV-Vis spectropho-
tometry and HPLC. After the analyses, the
fractions containing a pure component, were
combined, washed several times with distilled
water and concentrated to a small volume. Final
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purification was achieved by NP-HPLC using a
semi-preparative Zorbax Sil column.

High-performance liquid chromatography

The HPLC experiments, both analytical and
semi-preparative, were performed with a Waters
(Milford, MA, USA) liquid chromatograph con-
sisting of two Model 501 pumps controlled by a
Model 660 solvent programmer, a Rheodyne
(Cotati, CA, USA) Model 7125 injector (10-,
100- and 1000-ul loops) a Waters Model 990
photodiode-array detector, an NEC APC III
computer with chromatographic software and a
Waters Model 990 recorder. Samples were moni-
tored by absorption at 420 and 430 nm. All
HPLC columns were operated under isocratic
conditions at ambient temperature. The flow-
rate was 3—-4 ml/min for the semi-preparative
columns and 0.8-1.5 ml/min for the analytical
columns.

The reversed-phase separations were per-
formed on five different C,¢-modified silica col-
umns: Resolve C; (150 X 3.9 mm I.D.), particle
size 5 um (Waters); uwBondapak C;; (300 x 3.9
mm [.D.), 10 um (Waters); Novapak C,; (150 X
3.9 mm 1.D.), 4 um (Waters); LiChrosorb RP-18
(250 x 4.0 mm 1.D.), 5 pum (Merck); and Zorbax
ODS (250 x9.4 mm 1.D.), 5-6 pum (semi-pre-
parative column) (DuPont, Wilmington, DE,
USA). The mobile phase solvents for RP-HPLC
were methanol (MeOH), acetonitrile (ACN) and
tetrahydrofuran (THF) (all of LiChrosolv grade,
Merck), used in different binary, ternary and
quaternary combinations with water (distilled,
deionized).

The normal-phase separations were carried
out with silica columns: Zorbax Sil (250 X 9.4
mm L[.D.), 5-6 pum (semi-preparative column)
(DuPont); LiChrospher Si 100 (250 x 4.0 mm
I.D.), 10 um (Merck); LiChroCART HPLC
cartridge 250-4 Superspher Si 60 (250 X 4.0 mm
I.D.), 4 pm (Merck); and Zorbax Sil (250 X 4.6
mm 1.D.), 5 um (Rockland Technologies). The
eluent was usually 2-PrOH (LiChrosolv, Merck)
in hexane (LiChrosolv, Merck) with the con-
centration of the former varying from 0.8 to
2.0% (v/v). In some experiments the mobile
phase composition was MeOH-2-PrOH-hexane
(0.4:0.8:98.8, v/v/v). The semi-preparative NP
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Zorbax Sil column was used both for analytical
and preparative purposes.

The HPLC solvents were filtered through a
0.45-pm membrane filter (Millipore, Milford,
MA, USA) and thoroughly degassed by applica-
tion of ultrasound before use. Millex LCR 0.45-
pm cartridges (Millipore) were used for the
filtration of the HPLC samples and the cartridges
were always flushed carefully with the sample
solvent. The HPLC columns were thoroughly
flushed at the end of each day with a polar
solvent; methanol or acetonitrile was used for
RP columns and methanol for silica columns.

Component identification was based on UV-
Vis and 'H NMR spectra, retention times and
co-elution with authentic samples.

Isolation of allomerization products by semi-
preparative HPLC

After chromatography on a sucrose column,
the fraction (band 4) containing both epimers of
the 15'-MeO-lactone derivative and the other
epimer of 13°-MeO-Chl a in addition to numer-
ous minor components (see Fig. 5b) was further
fractionated on a semi-preparative Zorbax Sil
column. A 1-ml volume of the 2-PrOH-hexane
(0.8:99.2, v/v) solution, containing ca. 4 mg of
the aforementioned mixture, was injected and
the column was eluted isocratically with the same
solvent. Each component fraction was collected
in repeated separations until the amount of the
component was sufficient for NMR analyses. The
combined fractions, containing a pure compo-
nent, were washed with water to remove 2-
PrOH, hexane was evaporated and the residue
was dried by the chloroform co-distillation meth-
od. The solids were stored at —18°C.

Thin-layer chromatography

The TLC analyses for separate compounds,
mixtures of allomerization products and fractions
from the sucrose column were performed on
laboratory-prepared sucrose plates, using 1% (w/
w) 2-PrOH in light petroleum (analytical-reagent
grade, Merck; b.p. 60-80°C, distilled through a
Vigreux column) as eluent [43].
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UV-visible spectra

Perkin-Elmer Model 550 and 554 spec-
trophotometers were used for the spectrophoto-
metric characterization of the compounds dis-
solved in diethyl ether (analytical-reagent grade,
Merck; dried) at ambient temperature. In the
HPLC separations, the on-line UV-Vis spectra
were recorded from 200 to 800 nm with the
photodiode-array detector.

Nuclear magnetic resonance spectra

The 'H NMR spectra were recorded on a
Varian Gemini-200 instrument and a Varian
Unity 500 MHz spectrometer, using 5-mm sam-
ple tubes. The NMR samples were dissolved in
acetone-d¢ (Aldrich, 99.5, 99.98% ’H, or Merck,
99.8% H) to give the concentrations presented
in Table I. The "H chemical shifts (8) are given
in ppm downfield from the internal standard,
tetramethylsilane (TMS). The spectra were as-
signed by comparison with the spectrum of Chl a
[42] and by using the two-dimensional NMR
techniques heteronuclear multiple quantum
coherence (HMQC) and heteronuclear multiple
bond multiple quantum coherence (HMBC) [44—
46].

Preparation of authentic 13°(R,S)-hydroxy-Chl
a

Authentic 13*(R,S)-OH-Chl a was obtained
by further purification of the preparations syn-
thesized earlier in two ways: by horseradish
peroxidase-catalysed H,O, oxidation of Chl a
solubilized with Triton-X 100 [47] and by
selenium dioxide oxidation of Chl a in pyridine
solution under argon [48]. The preparations were
re-purified using chromatography on a sucrose
column (3 cm O.D., height of the sucrose layer
45 cm). For the chromatography, the preparation
was dissolved in 1 ml of diethyl ether plus 4 ml of
the eluent. 13>-Hydroxy-Chl a was eluted with
1% (v/v) 2-PrOH-hexane or MeOH-2-PrOH-
hexane (0.4:0.8:98.8, v/v/v). The column, wrap-
ped with aluminium foil, was operated in the
dark at a flow-rate of 1 ml/min. The collected
fractions were analysed by HPL.C and the purest
fractions were combined, washed with water and
dried by the chloroform co-distillation method.
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The solvent was evaporated to dryness and the
solid was stored at —18°C.

RESULTS AND DISCUSSION

Allomerization reaction of Chl a

Fig. 1 shows the structures and numbering
system for Chl a (1a) and the allomerization
products relevant to this study. Except for a
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trace amount of Chl a’ (1b), no other com-
ponents could be detected in the original Chl a
preparation by NP-HPLC. Methanolic solutions
of Chl a [2.3 mM; 31.4 mg in 15 ml (experiment
1) and 304.5 mg in 150 m! (experiment 2)] were
found to allomerize completely in 3 days when
magnetically stirred under atmospheric oxygen at
room temperature in darkness. The seven allo-
merization products identified were as follows:

¢ooPh ([ 1ot 13t
y ,52600Me
153
1 2 3
p2 Pa P6 ps P10 P12 P14 P16
hvtv] P1
Phy = phytyl = P15
p3' p7' P11’ Pis?

No. R! R? Semisystematic name [4,39] Trivial name {8,40] Abbreviation
1a H COOCH,(13%) 13%(R)-Chiorophyll a Chlorophyll a Chl a
ib COOCH;,(13*) H 13%(S)-Chlorophyll a Chlorophyll a’ Chl a’
1c COOCH,(13%) OH 13%(R)-Hydroxychlorophyll a 10(R)-Hydroxychlorophyll a 13%(R)-HO-Chl a
1d OH COOCH,(13%) 13%(S)-Hydroxychlorophyll a 10(S)-Hydroxychlorophyll a 13%(S)-HO-Chl a
1e COOCH,(13") OCH,(13%) 13%(R)-Methoxychlorophyll a 10(R)-Methoxychlorophyll a 13%(R)-MeO-Chl a
1f OCH,(13%) COOCH3(’134) 13%(§)-Methoxychlorophyll a 10(S)-Methoxychlorophyll a 13%($)-MeO-Chl a
2a COOCH,(15%) OCH,(15%) The magnesium complex of Mg-10(R)-Purpurin 7-lactone 15'(R)-MeO-lactone-

3! 3%-didehydro-15'-hydroxy- methyl ether methylphytyl Chl a

15'(R)-methoxy-rhodochlorin- ester

15-acetic acid 8-lactone 15

) methyl»173—phytyl ester

2b OCH,(15%) COOCH3(153) The magnesium complex of Mg-10(S)-Purpurin 7-lactone 15'(S)-MeO-lactone-

3!,3%.didehydro-15"-hydroxy-
15'(S)-methoxy-rhodochlorin-
15-acetic acid 5-lactone 15%
methyl—173-phytyl ester

3 The magnesium complex of
3! 3%-didehydro-rhodochlorin-
15-glyoxylic acid 13',15%-
dimethyl-17°-phytyl ester

methyl ether methylphytyl
ester

Mg-Purpurin 7-dimethyl-
phytyl ester

Chl a

15-Glyox-Chl a

Fig. 1. Structures, names and numbering system for Chl a and Chl a’ and their allomerization products.
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15'-MeO-lactone derivative (two epimers, 2a
and 2b), 13°-HO-Chl a (two epimers, 1c and 1d),
13°-MeO-Chl a (two epimers, le and 1f) and
15-glyox-Chl a (3). The concentration of Chl a
has been postulated to affect the number and
nature of the products formed in the allomeriza-
tion reaction [7,12].

Separation and isolation of the allomerization
products of Chl a

Column chromatography. The conventional
column chromatographic separation of the allo-
merization products from experiment 2 gave,
after eluting with solvents of several polarities,
five coloured bands arranged one above another
in order of decreasing adsorptivity on sucrose.
The order of the bands from the bottom of the
sucrose column according to NP-HPLC analysis
was (1) pheophytins a’ and a, (2) 15-glyox-Chl
a, (3) 13°-MeO-Chl a (one epimer), (4) 15'-
MeO-lactone derivative (two epimers), overlap-
ped by the other epimer of 13°-MeO-Chl 4 (Fig.
2a) and (5) 13°-HO-CHI a (two epimers), over-
lapped by an unknown impurity and small

Agzo

(a)

i

Ag2o |
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amounts of 13>-MeO-lactone epimers and of the
other 13°-MeO-Chl a epimer (Fig. 2b). The
preparative sucrose column was capable of
separating as stereochemically pure compounds
15-glyox-Chl a and one epimer of 13*-MeO-Chl
a.
Reversed-phase HPLC. Because RP chroma-
tography is used in at least half of all HPLC
separations [49], it is always a good first choice
for the separation of soluble organic compounds.
In addition, Schaber et al. [14] used RP-HPLC
for following the allomerization reaction. There-
fore, also we selected this HPLC method for our
first trial. Five C 4 columns from different manu-
facturers were tested along with a Zorbax ODS
semi-preparative column similar to that used by
Schaber et al. [14]. Starting with different binary
MeOH-water and ACN-water mobile phases,
we soon found that the amount of water could be
at most 5% (v/v), otherwise the Chl derivatives
seemed to form various water adducts that were
adsorbed strongly on the RP column and could
be washed out only with 100% MeOH. We then
tried the Zorbax ODS column using THF-

(b)

0 ; : -
— L 11 0
0 10 20 30 minutes

&

Fig. 2. (a) NP-HPLC of band 4 from the preparative sucrose column (allomerization products from experiment 2). Column,
LiChrospher Si 100 (250 X 4.0 mm L.D.), particle size 10 pm; mobile phase, 2-PrOH-MeOH-hexane (0.8:0.4:98.8, v/v/v);
flow-rate, 0.8 ml/min. Peaks: 1 and 2 = 15'-MeO-lactone-Chl a epimers; 3 = 13>-MeO-Chl a epimer 2. (b) NP-HPLC of band 5
from the preparative sucrose column (allomerization products from experiment 2). Column, Zorbax Sil (250 X 9.4 mm I.D.), 5-6
wm; mobile phase, 1.25% (v/v) 2-PrOH in hexane; flow-rate, 3 mi/min. Peaks: 1= unidentified; 2 and 5= 13>-HO-Chl «
epimers; 3 and 4 = 15'-MeO-lactone-Chl a epimers; 6 = 13’-MeO-Chl a epimer 2.
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MeOH-water (36:54:10, v/v/v) as the mobile
phase, because Schaber et al. [14] were able to
separate the epimers of 13>-HO-Chl a and those
of the 15'-MeO-lactone derivative with this sys-
tem. THF coordinates to the fifth and/or sixth
coordination position of the central magnesium
atom of the allomerization products, thus inhib-
iting the formation of water adducts. In spite of
several attempts under these chromatographic
conditions, we were able to resolve only the
15'-MeO-lactone epimers, the other compo-
nents, except 15-glyox-Chl a, being eluted unre-
solved (Fig. 3a). 15-Glyox-Chl a showed an
increased affinity for the RP column, eluting
only when the column was flushed with metha-
nol. Attempts were made to improve the separa-
tion by varying the proportions of THF, MeOH
and water in the ternary mobile phase and some
quaternary solvent systems were also tested. The
best, but still incomplete, RP-HPLC separation,
was achieved by using the Zorbax ODS column
and THF-MeOH-water (10:85:5, v/v/v) as the
mobile phase (Fig. 3b).

Normal-phase HPLC. The allomerization mix-
ture contains several components, some of which
are eluted very close together and hence can be
separated only with difficulty. Because we could
not achieve the desired separation by the RP-
HPLC method, in spite of using several different
RP columns and mobile phase combinations, we
attempted NP-HPLC on a silica column. This
method has often shown a unique capability to
resolve isomers, and is also a good choice for
preparative-scale HPLC. Watanabe et al. [33],
for example, achieved a good separation for Chl
a, a', b and b’ and the corresponding
pheophytins using isocratic HPLC on a silica
column.

Four silica columns from two manufacturers
(Merck and DuPont) were tried in the NP
separations. All silica columns afforded better
separations than the RP columns. The Zorbax
Sil semi-preparative column was the best as it
separated all allomers including their epimers
(Fig. 4). Tt is noteworthy that not even the
analytical Zorbax Sil column was capable of
separating the allomers as effectively as the
corresponding semi-preparative column. This
demonstrates again that similarity of the chro-
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Fig. 3. RP-HPLC separation of the allomerization products
on the Zorbax ODS column (250 X 9.4 mm 1.D.), 5-6 pm.
(a) Mobile phase, THF-MeOH-water (36:54:10, v/v/v);
flow-rate, 3 ml/min. Peaks: 1 and 2 = unidentified, possibly
pheophytins; 3 = 13°-MeO-Chl @ and 13°-HO-Chl a epimers;
4 and 5 = 15'-MeO-lactone-Chl a epimers. (b) Mobile phase,
THF-MeOH-water (10:85:5, v/v/v); flow-rate, 3 ml/min.
Peaks: 1 and 2 = unidentified, possibly pheophytins; 3, 4 and
5 all have UV-Vis spectra very similar to that of Chl a but
the components were not identified more precisely; 6 and
7 = 15'-MeO-lactone-Chl a epimers.

matographic material does not ensure reproduci-
bility of the retention properties for different
batches of the same product, which has been and
still is a problem in HPLC. Fig. 4 shows that the
elution order of the allomerization products on a
silica column did not meet expectations, as the
more polar 13>-HO-Chl a epimers were eluted
before 13°-MeO-Chl a epimers. For some
reason, the latter epimers are retarded more
strongly than the former in the polar stationary
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Fig. 4. NP-HPLC separation of the allomerization products
on the Zorbax Sil column (250 X 9.4 mm I.D.), 5-6 pm.
Mobile phase, 1.5% (v/v) 2-PrOH in hexane; flow-rate, 4
ml/min. Peaks 1 = 15-glyox-Chl a; 2, 3 and 4 = unidentified;
5 and 8 = 13-HO-Chl g epimers; 6 and 7 = 15'-MeO-lactone-
Chl ¢ epimers; 9 and 10 = 13>-MeO-Chl a epimers.

phase of silica. The principal allomerization
products were the 15'(R)- and 15'(S)-epimers of
the 15'-MeO-lactone derivative (ca. 52% al-
together). The amounts of 13*(R,S)-HO-Chl a
and 13*(R,S)-MeO-Chl a were 21% and 18%,
respectively, and the amount of 15-glyox-Chl a
was 7%. The ratios of epimers 1 and 2, where 1
and 2 denote the elution order of the epimers in
NP-HPLC, were 46:54 for the 15'-MeO-lactone
derivative, 79:21 for 13°-HO-Chl a and 62:38 for
132-MeO-Chl a.

The mobile phase consisted of 0.8-2.0% (v/v)
2-PrOH in hexane or MeOH-2-PrOH-hexane
(0.4:0.8:98.8, v/v/v). A very small change
(0.1%) in the mobile phase composition affected
the NP-HPLC separation results. The addition of
MeOH to the mobile phase facilitated the chro-
matography of the 13°-HO-Chl a epimers. The
advantageous effect of MeOH may be attributed
to its capability of preventing aggregation of the
derivatives. The 13°-HO-Chl epimers showed a
particularly strong and concentration-dependent
tendency for aggregation, owing to the presence
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of the central Mg atom and 13*-hydroxyl and the
13'-carbonyl groups in these molecules.

Bands 2 and 3 from the sucrose column (see
above) contained pure 15-glyox-Chl a and one
epimer of 13°-MeO-Chl a, respectively. The
chromatogram in Fig. 2a, in contrast, shows that
band 4 from the sucrose column contained both
epimers of 13°-MeO-lactone-Chl a and the other
epimer of 13°-MeO-Chl a. The semi-preparative
Zorbax Sil column was used for further purifica-
tion of band 4. Figs. 5a and b show the analytical
and preparative chromatograms, respectively, of
band 4 run on the Zorbax Sil semi-preparative
column. Fig. 5b shows that the 4-mg sample
exhibits a behaviour similar to that of the ana-
lytical sample except for the slightly enhanced
overlap between peaks 1 and 2 and the change in
the retention time of component 4. After re-
peated separations the amount and purity of
collected 13°-MeO-lactone epimer 1 were 6 mg
and 99.9%, respectively, and those of epimer 2
were 10.2 mg and 93-94%. The only impurity in
the epimer 2 preparation was epimer 1.

Detection and identification of the
allomerization products

Diode-array detection (DAD) has become
established as a powerful LC detection method
over the last 8 years [50-55]. DAD produces
large amounts of multi-wavelength chromato-
graphic and spectroscopic data in a single run. A
variety of graphical and numerical strategies
have been developed for the presentation of the
data [50,53,54]. Most commonly, DAD is used
to produce the on-the-fly UV-Vis spectra of the
chromatographic peaks. This kind of spectrum
was recorded here under isocratic HPLC con-
ditions at the retention time of each allomer
peak (Fig. 6) to facilitate its preliminary identifi-
cation. Chl a and the derivatives substituted at
C-13? have very similar UV-Vis spectra. Conse-
quently, the 13%-HO-Chl a and 13°-MeO-Chl a
epimers could not be identified solely on the
basis of their UV-Vis spectra. Retention time
comparisons and co-elution with authentic com-
pounds and NMR spectroscopy were also
needed. Nevertheless, 15-glyox-Chl a and the
15'-MeO-lactone derivatives were distinguish-
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Fig. 5. (a) Analytical and (b) preparative (4 mg) NP-HPLC of the 132-MeO-lactone fraction (band 4) from the preparative
sucrose column. Column, Zorbax Sil (250 X 9.4 mm L1.D.), 5-6 pm; mobile phase, 0.8% (v/v) 2-PrOH in hexane; flow-rate, 4
ml/min. Peaks: 1 and 2 = 15'-MeO-lactone-Chl a epimers; 3 and 4 = 13°-MeO-Chl @ epimers.

able by UV-Vis spectra from the other allomeri-
zation products.

Although it has been known for a long time
that UV-Vis spectra are insufficient for the
reliable identification of Chl allomers, NMR
spectroscopy has rarely been used for this pur-
pose. The '"H and "C NMR resonances for the
macrocycle of 13>-HO-Chl a have been totally
assigned [47,48] and the '"H NMR spectrum of
the 13°-MeO-lactone derivative of Chl a has
been partly interpreted (12,14]. In this study, the
'"H NMR spectra (Table I) were used to identify
the allomerization products more conclusively.
For about half of the Chl derivatives in Table I,
the assignments have already been confirmed

using the HMQC and HMBC techniques. For
the other derivatives, the mutual order for sever-
al assignments is only tentative and requires
confirmation by the aforementioned two-dimen-
sional NMR techniques. Such experiments are in
progress.

Mechanism of allomerization

Our allomerization results are different from
those reported by Schaber et al. [14] in that we
observed 15-glyox-Chl a and 13%(R)- and 13%(S)-
MeO-Chls in addition to the diastereomers of
132-HO-Chl a and the 15'-MeO-lactone deriva-
tive (major products). Several minor components
could also be detected among the allomers (Fig.
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Fig. 6. UV-Vis spectra of the allomerization products of Chl
a recorded from 200 to 800 nm with the diode-array detector
under the chromatographic conditions of Fig. 4. The numbers
on the spectra correspond to the numbers of the chromato-
graphic peaks in Fig. 4. The shoulder in the spectra near 650
nm depends on the detector.

5b), but we did not investigate these. According
to Schaber et al. [14], the 13>-HO-Chl a epimers
are major products and are formed in both
presence and absence of extraneous nucleophiles
(e.g., MeOH), while the epimers of the 15'-
MeO-lactone derivative are formed only when
Chl q is allowed to allomerize in a polar hydroxy-
lic solvent [14]. They could not detect any 15-
glyox-Chl a or 13*>-MeO-Chl a by RP-HPLC.
These differences in results probably arise from
differences in the reaction and fractionation
conditions used by the two groups. We per-
formed the reactions with continuous stirring and
in darkness. Further, the methanol we used was
perhaps different from that used by Schaber et
al. [14] (unfortunately, they did not mention the
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purity or source of the methanol), and also we
used NP-HPLC instead of RP-HPLC.

The free-radical chain mechanism involving
triplet oxygen, the Chl C-13? radical and the Chl
13“-hydroperoxide derivative [4,11] can account
for the allomerization products formed in this
study. Radical reactions are typical of the triplet
oxygen. Singlet oxygen cannot be formed in the
dark. The large number of the allomerization
products (Fig. 5b) supports the radical mecha-
nism. The unexpected ratio of ca. 4:1 for the
13°-HO-Chl a epimers can be explained by their
formation via two possible routes: (1) the termi-
nation reaction of the Chl C-13* radical with
hydroxyl radical and (2) the homolytic cleavage
of the Chl 13*-hydroperoxide followed by hydro-
gen atom addition. Moreover, steric reasons may
result in unexpected epimeric ratios.

CONCLUSION

The spontaneous allomerization reaction for
Chl a in methanol (2.3 mM) in complete dark-
ness produced as principal products 15'-MeO-
lactone derivatives (52%), consisting of 15'-dia-
stereomers in a ratio of 46:54. The other prod-
ucts were 13>-HO-Chl a (21%, 13*-diastereo-
mers in a ratio of 79:21), 13>-MeO-Chl a (18%,
13%-diastereomers in a ratio of 62:38) and 15-
glyox-Cl a (7%). In addition, some minor com-
ponents were detected, but not identified.

The separation, isolation and structural identi-
fication of the individual components in the
complex mixture of the Chl a allomers have
posed an analytical problem of practical interest.
In this study, the RP-HPLC experiments were
carried out with various RP columns and mobile
phase compositions, but no RP method resulted
in the desired separation. Silica columns proved
to have the unique capability of separating all
allomerization products and their epimers. Of
the silica columns tested in this study, the
Zorbax Sil semi-preparative column provided the
best separation and a powerful means for the
preparative isolation of the allomerization prod-
ucts in milligram amounts. The amounts isolated
were sufficient for the characterization of the
compounds by NMR techniques. The pre-
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TABLE 1

'H NMR CHEMICAL SHIFTS (8 ™° IN PPM) FOR CHL a AND ITS ALLOMERS IN ACETONE-d

103

Proton” Chl a 15-Glyox-Chl @ 15'-MeO-lactone-Chl a  13>-MeO-Chl a 13%-HO-Chl a
(11.2mM) (10.9 mM)

Epimer 1° Epimer 2° Epimer 1° Epimer 2° Epimer 1° Epimer 2°

(8.5mM) (14.5mM) (27.0mM) (2.4mM) (15.0mM) (10.0 mM)
10-H 9.72 9.52 9.79 9.80 9.78 9.79 9.78 9.79
5-H 9.39 9.28 9.51 9.52 9.42 9.45 9.46 9.46
20-H 8.56 8.39 8.66 8.68 8.61 8.61 8.62 8.61
3L.H, 8.12 8.01 8.13 8.13 8.12 8.13 8.14 8.14
3°-H, (trans) 6.22 6.16 6.23 6.23 6.23 6.24 6.22 6.22
3%-H, (cis) 6.01 5.96 6.01 6.01 6.02 6.03 6.02 6.02
13°-OH - - - - - - 6.05 6.02
13*>-H 6.18 - - - - - - -
P2-H 4.95 5.16 5.19 5.14 5.16 5.21 5.14 5.22
17-H 4.16 4.66 4.72 4.85 4.45 4.27 4.68° 4.15°
18-H 4.55 4.31 4.46 4.45 4.54 4.57 4.55¢ 4.55°
P1-CH, 4.29 4.42 4.45 4.40 4.43 4.48 4.40° 4.46°
8'-CH, 3.80 3.72 3.82 3.83 3.82 3.83 3.83 3.83
13>-CH, - 3.97° - - - - - -
13*-CH, 3.81 - - - 3.62 3.59° 3.60° 3.58°
15%-CH, - - 3.84 3.49 - - - -
15°-CH, -~ 3.84° 3.61 3.65 - - - -
12'-CH, 3.59 3.43° 3.77 3.77 3.65 3.66° 3.64° 3.64°
2'-CH, 3.34 3.23° 3.35 3.35 3.35 3.36° 3.36° 3.36°
7'-CH, 3.29 3.20° 331 331 3.28 3.31° 3.31° 3.31°
13*-CH, - - - - 3.15 3.40° - -
17'-CH,, 17°-CH, 2.58-2.12 2.28-1.82 2.47-2.10 2.46-2.24 2.38-1.96 2.70-2.45 2.34-2.22 2.83-2.43
P4-CH, 1.84 1.90 1.91 1.88 1.89 1.93 1.85 1.79
8°-CH, 1.70 1.65 1.70 1.70 1.73 1.72 1.71 1.71
18'-CH, 1.76 1.74 1.55 1.69 1.62 1.56 1.65 1.56
P3'-CH, 1.51 1.58 1.59 1.55 1.57 1.61 1.56 1.62

“See Fig. 1 for numbering of carbon atoms.

® Epimer 1= faster moving epimer and epimer 2 = slower moving epimer in NP-HPLC.
 HMQC and HMBC experiments are necessary for the final assignments.

parative-scale isolation of Chl derivatives has
formerly relied largely on conventional column
chromatography (CC). In this study, however,
conventional CC on sucrose had to be com-
plemented by HPLC in order to achieve the
separation of all allomerization products includ-
ing the C-13°/15' epimers. Although conven-
tional CC requires large amounts of column
material and solvents, it seems likely to maintain
its position as a good preparative preseparation
method. The determination of the absolute con-
figuration at C-13° or C-15' for the isolated
allomerization products by NMR is in progress.
We should subsequently be able to specify which
peaks in the HPLC traces belong to the 13%/

15'(R)-epimers and which to the 13*/15'(S)-epi-
mers. Additional studies to clarify the allomeri-
zation mechanism in further detail are in pro-
gress.
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ABSTRACT

Anion exchangers, prepared by the sorption of cetylpyridinium chloride onto a reversed phase, have been evaluated for the
separation of the transition metal ions Mn**, Co*", Ni**, Cu®", and Zn**. Parameters examined included nature of complexing
reagent, eluent pH, eluent concentration, speciation of the metal ion in the complexation system, and column capacity. The
separations obtained with an oxalate eluent were compared to those obtained with a cation exchanger prepared by the addition of
n-octanesulfonate to the eluent. Theoretical plate heights were in the range of 0.010 mm to 0.025 mm, and were in many
instances, slightly better than those obtained with cation separation systems. Metal ion speciation in the eluent appeared to be a
dominant factor determining the efficiency of the anion separation; metal ions with one dominant complexed ion generally gave
more efficient separations. Compared to cation separations, analysis times were similar, but separation selectivities were

considerably different.

INTRODUCTION

The separation of metal ions on modern high-
performance ion exchangers has become an
accepted practice in ion chromatography, and
many suppliers of chromatographic equipment
offer standard methods for such analyses. The
majority of the methods available are based on
cation-exchange separations with either bonded
phases or exchangers formed from the sorption
of anionic surfactants onto reversed phases [1,2].
Only a limited number of studies have been
reported for the separation of anionic metal ion
species {3-9]. The methods reported to date
have not been widely adopted, primarily due to
poor column efficiency and increased difficulty of
detection relative to cation-exchange systems.
However, separations based on anionic exchange
offer the potential advantages of different selec-
tivity, reduced problems from metal ion hydrol-

* Corresponding author.

0021-9673/93/$06.00

ysis, and application to complex sample ma-
trices. The most successful applications reported
for anion-exchange separations of metal ions
have made use of stable multidentate reagents,
such as ethylenediaminetetraacetic acid [4,7].
Other anionic systems [3,5,6,8,9] exhibit separa-
tion efficiencies that are much less than normally
found for cation exchangers. However, these
reported studies suggest that anion exchange
offers potential advantages with respect to selec-
tivity and for the analysis of complex samples
[3-9].

The diversity of metal species present in the
eluent of an anion separation is expected to be
greater than that for a cation separation. In
cation separations the formation of a small
amount of a 1:1 complex with a ligand in the
eluent may be sufficient to both effect elution
and impart selectivity to the separation. How-
ever, for an anion separation, a greater degree of
complexation is required to produce the neces-
sary anionic complexes, and if a wider variety of
complexed metal species are present, all of these

© 1993 Elsevier Science Publishers B.V. All rights reserved
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species must be in rapid equilibrium for efficient
mass transfer between the mobile and stationary
phases. Consequently, there is a need to ex-
amine anionic systems in more detail in an effort
to understand the factors limiting column ef-
ficiency in these systems.

In this work the anionic exchange separation
of the transition metal ions Mn>*, Co?*, Ni**,
Cu®", and Zn®" has been evaluated in terms of
nature of complexing reagent, eluent pH, eluent
concentration, speciation of the metal ion in the
complexation system, and column capacity. In
addition, detection with postcolumn reaction
(PCR) reagents was also briefly examined. Since
the complexation reactions of divalent transition
metal ions with oxalate have been widely
studied, oxalate was the main complexing re-
agent used in the eluent. Other complexing
reagents briefly examined included 2,6-pyridine
dicarboxylic acid (PDCA) and tartaric acid. The
results obtained with the optimized anion system
were then compared to standard cation systems
recommended for metal ion separations. Surfact-
ant-modified reversed phases were used in these
evaluations to permit the use of the same column
for the preparation of a wide variety of exchange
capacities, and for application to both anion and
cation-exchange separations.

EXPERIMENTAL

Apparatus

The eluent delivery system was a Waters
Model 510 HPLC pump (Waters/Millipore, Mil-
ford, MA, USA). A Rheodyne Model 7161
injection port (Cotati, CA, USA) with a 20-ul
sample loop was used to inject samples onto a 15
cm X 4.6 mm (I.D.) Supelcosil LC-18 (5 um)
column (Supelco, Bellefonte, PA, USA); for
some studies self-packed columns with Nucleosil
100-5 C.5 (5 pm) or 100-10 C,4 (10 wm) (Mach-
erey-Nagel, Diren, West Germany) were used.
The detection system included a screen “T”
mixer [10], a reaction coil made from 102 cm
long 1/16 in. O.D. X 0.020 in. I.D. (1 in. = 2.54
cm) PTFE tubing knotted into a series of figure-
eight knots, and a UV-visible detector set at 520
nm (Waters 484 Tunable Absorbance Detector,
Milford, MA, USA). The PCR reagent solution

was introduced with helium gas pressure (ca. 25
p.s.i.; 1.8-10* kg-m~?) at 0.57 ml - min~" with a
Matheson Model No. 3473 gas regulator. A
small amount of citric acid was placed in a tube
between the reagent reservoir and the regulator
to prevent diffusion of ammonia into the gas
regulator. A Waters BASELINE 810 Chroma-
tography Workstation software (Waters/Milli-
pore) was used to record and analyze the data.
Values of height equivalent to a theoretical plate
(HETP) were calculated from peak widths mea-
sured by the tangent method. Extra-column
contribution to band broadening was determined
by plots of peak variance as a function of sample
volume in the absence of a column. These values
of variance were used to correct the values of
peak widths used for the calculation of the
number of theoretical plates, N, from the com-
mon equation, N = 16(t,/t,,)* (¢, is peak width).

Chemicals and supplies

Aqueous solutions were prepared with dis-
tilled deionized water, and all chemicals were
standard analytical grade. Cetylpyridinium chlo-
ride (CPCl) (Sigma, St. Louis, MO, USA) in
acetonitrile—water (20:80, v/v) solution was used
to “permanently”’ coat reversed-phase columns
with CPCl, and thus convert them into anion-
exchange columns. Sodium octanesulfonate (SO)
(Aldrich, Milwaukee, WI, USA) was used for
separations based on ion-interaction exchange
mechanisms. Metal ion samples for anion and
cation separations were made by dissolving metal
salts in the desired eluent, normally at a concen-
tration of 5.0 /,Lg-ml_l. The postcolumn re-
agents, 4-(2-pyridylazo)resorcinol (PAR) (Al-
drich, Milwaukee, WI, USA), and eriochrome
black T (EBT) (Aldrich), were used as PCR
reagents at a concentration of 2.0-10™* mol-17"
in a 3.0 mol-17" NH, and 1.0 mol-17" acetic
acid pH 10 buffer. Eluent pH was adjusted with
sodium hydroxide. All eluents were filtered
through a 0.2-um filter prior to use.

Column preparation

Self-packed columns were packed with an
isooctane—chloroform (1:3, v/v) slurry as de-
scribed elsewhere {11]. Anion-exchange columns
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Fig. 1. Breakthrough curve for CPCl adsorption onto a
reversed-phase column. Experimental conditions: 1.0-107*
mol - 17! CPCl in acetonitrile—water (20:80, v/v); 15 cm x 4.6
mm L.D. Supelcosil LC-18 (5 pm) column; CPCl solution
flow started at ¢ = 5.0 min; the UV absorbance of the eluent
was monitored at 254 nm.

were prepared by equilibration of reversed-phase
columns with 1-1 solutions of CPCl in acetoni-
trile—water (20:80, v/v) as described elsewhere
[2]; concentrations of CPCl in the range of 1.00 -
1072 t0 1.00-10"* mol - 1~! were used to produce
a wide range of exchange capacities. The coating
solutions were filtered through 0.2-um nylon
filters and eluted through the reversed-phase
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Fig. 2. Anion-exchange capacity as a function of concen-
tration of CPCl in the coating solution. Experimental con-
ditions: 15 cm x 4.6 mm LD. Supelcosil LC-18 (5 um)
column; CPCl solution, 1 1, was in acetonitrile—water (20:80,
v/v).

separation column and a pre-column at a flow-
rate of 1.0 ml- min~'. Breakthrough curves [12]
were used to determine column capacity, and an
example of one of these curves is shown in Fig.
1. The relationship between the concentration of
the surfactant in the coating solution and the
final effective exchange capacity (per ml of
column volume) is shown in Fig. 2.

RESULTS AND DISCUSSION

Detection

Simple metal ions can not be detected with
good sensitivity by direct UV-visible absorption.
Detection as anionic complexes formed with
complexing reagents in the eluent is possible if
the complexes exhibit large molar absorptivities
at wavelengths different from the free ligand, but
this was not the case for any of the eluents used
in these studies. Consequently, detection after a
PCR was investigated. The main PCR reagents
studied were PAR and EBT. PAR is commonly
used for the PCR detection of metal ions, and
EBT was selected since its conditional stability
constants are higher for some metal ions. At pH
10 both PAR and EBT can react with several
metal ions, and to maintain a pH value of 10, a 3
mol-17" ammonia and 1 mol-17" acetic acid
buffer was used in the PCR reaction. Although
ammonia can complex metal ions, it did not have
an important effect on the formation of PAR or
EBT complexes. In spite of the larger condition-
al formation constants for EBT complexes, ex-
perimental results showed that sensitivities with
EBT were much worse than those with PAR,
possibly due to a slower ligand exchange be-
tween metal complexes formed in the eluent and
EBT.

Except for Ni*", good sensitivities were ob-
tained when PAR was used with oxalate eluents.
Detection sensitivity for Ni** decreased with an
increase in the concentration of free oxalate in
the eluent. Since Ni’" is known to exhibit slow
ligand exchange (see below) relative to the other
metal ions studied [13], the poor sensitivity with
Ni*" was likely a result of a slow reaction with
PAR. This conclusion is supported by the fact
that with a reaction-delay coil Ni’* was detected
with a sensitivity comparable to that for the
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other metal ions. With 0.100 mol-1"' PDCA
(pH =5.4) as the eluent, only Co®>* and Cu®*
were detected without a reaction coil. When the
reaction coil was used all metal ions were de-
tected, and detection sensitivities were increased
by up to 5-fold for Co** and Cu’>*. However,
relative to oxalate eluents, detection limits with
PDCA were lower by 2- to 50-fold than those
observed for the highest concentration (0.20
mol-17") of oxalic acid used as an eluent. The
poorer detection limits for PDCA eluents may
be a result of the larger conditional formation
constants for PDCA complexes (calculated from
data in ref. 14). Tartaric acid was also considered
as a possible eluent because its conditional
formation constants are smaller than those of
complexes of oxalate and PDCA [14]. However,
detection sensitivities were much lower than with
0.20 mol - 17! oxalic acid as eluent, possibly as a
result of a slower reaction between PAR and the
tartrate complexes, or the formation of ternary
PAR-tartrate—metal complexes, which had
smaller molar absorbances, and thus lower de-
tection sensitivity. Consequently, all further
studies reported here were obtained with oxalate
eluents.

Effect of metal ion speciation on retention

Due to its d’ structure, Cu** tends to form
primarily 2:1 square planar complexes in the
presence of weak-field bidentate ligands [15].
For Mn**, Co**, Ni**, and Zn®", the difference
in crystal-field stabilization energy between the
square planar and the octahedral complexes is
considerably smaller, and six-coordinated octa-
hedral complexes can form with weak field
ligands [15]. Among these cations, Ni** and
Zn>" have been reported to form 1:3 six-coordi-
nated octahedral complexes with oxalate (Ox”")
[14,15]. The fraction of free Ox*~ changes from
0.06 to 0.99 in the pH range of 3 to 6, and since
the pH value of the eluent can have a pro-
nounced effect on the speciation of the metal
ion—oxalate complexes, this pH range was select-
ed for further studies. Values of pH less than 3
were not used because retention times decreased
with time due to slow loss of the surfactant from
the coated columns.

When the test metal ions were separated on a

higher capacity column (ca. 0.14 meq-ml ') at a
constant oxalate concentration, significant differ-
ences in the pattern of retention order as a
function of pH were observed, as shown in Fig.
3. The observed increases in retention can be
related to an increase in the anionic character of
the metal complexes with increasing pH. Calcu-
lations from stability constants [14] showed that
the fractions of MOx~ for Mn>" and Co®*, and
the sum of the fractions of MOx>™ and MOx;"~
for Ni*" and Zn”" increased over the pH range,
and thus retention is expected to increase. The
fraction for CuOx;~ remained almost constant at
1.0 throughout this pH range, and thus the
increasing concentration of Ox>~ in the eluent
caused a decrease in the retention time of Cu®".
This increase in eluent strength with pH would
also offset some of the increase in retention time
expected for the other metal ions.

Since Ni’* and Zn®* can form small amounts
of MOx}™, it is not unexpected that these two
metal ions are retained longer than Co”>* and
Mn** (see Fig. 3). The calculated fraction of
NiOx}~ was larger than that for ZnOx; , and
this is consistent with the longer retention for
Ni**. It was found that, for any one metal ion,
the effect of pH on retention decreased as the
exchange capacity of the column was decreased.
For example, with an exchange capacity of ca.
0.06 meq-ml~" and a 0.1 mol - 17" oxalate eluent
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Fig. 3. Variation of capacity factor with eluent pH. Ex-
perimental conditions: 0.10 mol - 17! oxalate eluent; 15 cm X

4.6 mm L.D. Supelcosil LC-18 (5 pm) column coated with
1.0-1072 mol-1"* CPCI solution (ca. 0.13 meq-ml~*); sam-
ple, 20 ul of 5 ug-ml™" test metal ion.
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it was found that the retention times of the metal
ions remained relatively constant as a function of
pH. except for Cu’~ which showed a slight
decrease with an increase in eluent pH. The
different retention patterns on the lower capacity
columns can be attributed to a weaker inter-
action between the anionic complexes and the
lower capacity ion exchanger, resulting in a
greater relative effect from the increase in elu-
tion strength with pH. With a 0.200 mol-1"'
oxalic eluent, a slight increase in the retention
time of Cu”" was observed with increased eluent
pH. The reason for this is not clear. but may be
a result of possible formation of CuOx; at the
higher oxalate concentrations.

At pH 4.00, the metal ions could be separated
within a relatively short time with good column
efficiency (see below). In addition. this pH value
is close to pK, ,=4.19 for oxalic acid [14]. and
thus oxalate is an effective buffer at this pH.
Consequently, a pH of 4.00 was selected for
further studies.

Metal speciation and column efficiency

In the oxalate eluent system MOx. MOx;~
and MOx} complexes can be formed. and these
different anionic complexes must be in rapid
equilibria with one another to maintain fast mass
transfer and high separation efficiency. The
calculated fractions of the different metal species
present at pH 4 as a function of oxalate concen-
tration are shown in Fig. 4. To evaluate if
speciation of metal ion and kinetics of ligand

ZnOx2 CuOx2
1.0, . ,-,ﬁ,,,k, oL
0.9 ,;L B e T S ——
084 ST 7 CoOx2
- o7k .l =TT T TT——— Niox2
2 06 { \\y / S 7" MnOx2
S 0.5 P\ oNiOx e _
T 47 A\ i ~—~  MnOx
i AN
0.3/ . ¥ s
0.2/ iOx
0.1 ZnOx3
0.0 hos= &
0 120 160

Oxalate Concentration ( mmol/l )

Fig. 4. Fractions of metal oxalate complexes as a function of
oxalate concentration at eluent pH of 4.0. Data calculated
from constants in ref. 14.

exchange influenced column efficiency, a concen-
tration range of 1.50- 10" to 1.00- 10" mol -1
oxalic acid (at pH=4.00) was evaluated for
seven different column capacities over the range
of 0.01 to 0.12 meq-ml~'. At a constant eluent
pH and with increasing concentration of oxalate
from 0.001 to 0.15 mol-1"', all metal ions
showed a decrease in retention time. and the
order of elution was normally Mn*' <Co " <
Zn" " <Ni'" < Cu”". On columns with capacities
>0.1 meq-ml ' and with high oxalate concen-
trations in the eluent. the order of Cu’’ and
Ni®" was reversed, possibly due to the ability of
Ni*" to form octahedral complexes such as
NiOx;~ (see Fig. 4). The retention order nor-
mally observed for the other metal ions was
Ni"">Zn"" >Co" " >Mn"". This order corre-
sponds to what would be expected based on the
speciation in Fig. 4. Nickel has the greatest
percentage of MOx, species, and the order for
the concentration of MOx;  species is Zn" >
Co’" >Mn"".

For almost all of the exchange capacities
evaluated the HETP values for each metal ion
did not show any obvious trend as the concen-
tration of oxalic acid was decreased from 1.50-
107" t0 2.50-10 > mol -1"". Fig. 5 shows typical
results for one of the experimental conditions
used in this study. For each metal ion HETP
values were generally in the range of 0.010 to
0.025 mm. However, at lower oxalate concen-
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Fig. 5. Column efficiency as a function of oxalate concen-
tration. Experimental conditions: pH 4.0: concentration of
CPCI coating solution. 8.0-107" mol - | ' 15 cm X 4.6 mm
[.D. Supelcosil LC-18 (5 pm) column.
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trations with lower capacities columns (coated
with 1.00-10* and 2.00-10"* mol-1~" CPCl)
the HETP values for Ni’" and Mn”" increased
significantly, and the Mn”" peak which had the
shortest retention time, began to show obvious
tailing. The behaviour of Mn>" may be related
to slow exchange between the different mangan-
ese species: the fraction of the 2:1 complex,
MnOx;~ was always smaller than that of any of
the other metal ions. The behaviour of Ni*" may
be related to an inherently slow rate of ligand
exchange for Ni’" complexes, as discussed
below.

The order of HETP values for the oxalate
system was normally in the order, Ni=Mn>
Co=7Zn>Cu. Since mass transfer should be
related to the rate of ligand exchange between
the different complex species for any given metal
ion, one might expect a relationship between
ligand-exchange rates and column efficiency.
Exchange rates for all of the metal oxalate
systems were not available in the literature, but
it is not unreasonable to expect that the general
order of rates of exchange for the different metal
ions should be related to the exchange rates for
coordinated water. This order of water exchange
is: Cu (1-10°)>2Zn (5-107)=Mn (2.7-107) >
Co (2-10°)>Ni (3-10*) [13]. Except for Ni*’
the order of HETP values does not agree with
this pattern. An examination of the speciation in
Fig. 4 shows that, for any given metal ion, the
number and concentration of species other than
MOx;" increased in the order Mn > Co = Zn >
Cu, which is the same as the order of HETP
values. It can be expected that the overall rate of
mass transfer would increase with an increase in
the number of species in equilibrium with each
other. Consequently, although there may be a
relationship between the rate of ligand exchange
(water exchange rates) and HETP values for the
metal ions when the differences between rates
are large, the order of the HETP values appears
to be primarily determined by the diversity of
the speciation.

Comparison of cation and anion separation
systems

The performance of the anion separations
were compared with separations on a cation

exchanger, which was based on an ion-inter-
action system that used rn-octanesulfonate to
modify the reversed phase. The same column
was used for both systems, and this eliminated
the influence of variations in the packed bed on
the relative performance of the two systems. Fig.
6 shows a comparison of the column efficiencies
obtained with a recommended cation procedure
[16] and the results obtained with the oxalate
anion-exchange separation; also included in Fig.
6 is a cation separation performed with an
oxalate eluent. These results show that the
anion-exchange system can provide column ef-
ficiencies that compare well to that for cation
systems. To achieve these efficient anion separa-
tions it is necessary to minimize the number of
species in equilibrium with one another. Conse-
quently, surfactant-modified reversed phases
offer advantages relative to bonded phases
because both the capacity and eluent composi-
tion can be varied to optimize the speciation of
the metal ions. As expected, the order of separa-
tion on the anion-exchange system was con-
siderably different from that observed with cat-
ion exchange, which could be attractive for
certain analytical problems. Both systems were
also comparable in terms of total analysis time.
Total analysis time for isocratic separations with
the anion systems was actually less than that for

0.18
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Theoretical Plate Height (mm )
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(Tartrate)

Separation Mode
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Fig. 6. Comparison of column efficiency for anion- and
cation-exchange systems. Experimental conditions: anion
system as for Fig. 5; cation systems; 0.0020 mol- 1”! sodium
octanesulfonate, pH 3.4, and 2% (v/v) acetonitrile in eluent;
tartrate concentration, 0.0020 mol-1"'; oxalate concentra-
tion. 0.010 mol-1"'; 15 cm x 4.6 mm L.D. Supelcosil LC-18
(5 wm) column.
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the cation systems, but this advantage would be
reduced if gradient separation conditions were
used. Sensitivities, which were also comparable,
were generally in the range of 0.3 absorbance
units per ug of injected metal ion.
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ABSTRACT

In the electronics industry, wafer cleaning is usually performed by means of hot ammoniacal or acidic hydrogen peroxide
solutions, which remove organic surface films by oxidative breakdown and dissolution to expose the substrate surface for
concurrent and/or subsequent decontamination reactions. It is difficult to establish the optimum renewal cycle of the cleaning
solutions to avoid economic as well as pollution problems. The present work deals with the application of ion chromatography to
the determination of anionic as well as cationic impurities in hydrogen peroxide and ammonia, which are extensively used in
wafer cleaning technology. As these two reagents cannot be injected directly into the separator column, methods are suggested
for the pretreatment of the samples. Hydrogen peroxide was subjected to UV photolysis for about 30 min in an UV digestor at
85+ 5°C. Though ammonia could also be treated in the same manner, simply heating it at 85 + 5°C for 45 min in a dust-free cell,
to expel most of the ammonia as gas, was found to be satisfactory. The samples were then analysed by ion chromatography and
were found to contain chloride, phosphate, sulphate, copper, zinc, iron and manganese as impurities in variable amounts, when
analysed at different stages of the wafer cleaning operation (20-1000 pg/1).

INTRODUCTION ammonia, followed by a second peroxide treat-
ment at low pH. This is intended to remove any

Clean surfaces in the fabrication of semicon- organic surface film by oxidative breakdown and
ductor devices are important as a number of dissolution to expose the silicon or its oxide
processes are highly sensitive to impurities pres- surface free from organic matter for concurrent
ent in the chemicals employed [1]. One of the or subsequent decontamination reactions. Metal-
commonest methods of silicon wafer cleaning lic impurities, whose levels in the bath increase
and/or photoresist stripping is treatment of the as more wafers are cleaned, are absorbed on the
surface with a mixture of hydrogen peroxide and wafer surface and have proved to cause yield and

reliability problems in electronic devices [2].
Contrary to this, the modern trend in semi-
conductor device evolution is to employ very
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lems, which leads to strict control of impurities
in many process steps in order to reduce chemi-
cal consumption and waste.

Several techniques, such as flame or flameless
atomic absorption spectrometry [4,5], inductively
coupled plasma atomic emission spectrometry
[6], polarography [7,8], spark source mass spec-
trometry [9] and inductively coupled plasma
mass spectrometry [10], have been suggested for
the determination of impurities in ultra-pure
reagents. Most of these techniques are based on
preconcentration of impurities and/or addition
of one or more reagents to the sample prior to
analysis, while others require very expensive
equipment and highly skilled personnel.

Ion chromatography, introduced by Small et
al. [11}], is one of the simplest and most effective
techniques to determine both anionic as well as
cationic impurities owing to its high sensitivity,
rapidity and ease of operation coupled with the
advantage of simultaneous determinations. Dul-
ski [12] determined some anions in hydrofluoric
and nitric acids, “while Murayama et al. [13]
determined bromide, nitrate and sulphate in
several acids by concentrating these anions on a
chromatographic column.

The present work deals with the application of
ion chromatography for the determination of
fluoride, chloride, phosphate, sulphate, cop-
per(Il), cadmium(Il), lead(Il), zinc(II),
iron(IlT), nickel(II), cobalt(ll) and man-
ganese(II) in hydrogen peroxide, ammonia and
their mixtures without any preconcentration of
the impurities or addition of reagents. The
method has been successfully used for moni-
toring the process media employed for the clean-
ing of semiconductor wafers.

PRELIMINARY STUDIES

Hydrogen peroxide

The chemistry of hydrogen peroxide has been
extensively studied [14-16]. It is a strong oxi-
dizing agent in acidic as well as in alkaline
conditions. At room temperature the half-life of
acidic (pH 4.5) and alkaline (pH 9.0) hydrogen
peroxide is about 50 h and 11 h, respectively.
The stability of hydrogen peroxide solutions
decreases with an increase in temperature as well
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as pH. By heating at only 85 + 5°C, the relative
hydrogen peroxide content of the acidic solution
(pH 4.5) was found to decrease by 99% in 60
min and by more than 99.9% in 90 min.

When the hydrogen peroxide solution was
subjected to UV irradiation at 85 = 5°C, the
relative content of the acidic solution was found
to be less than 1% in 15 min and less than 0.1%
in 20-25 min. For the alkaline solution (pH 9.0)
the corresponding values were found 5 and 11
min, respectively. As hydrogen peroxide cannot
be injected directly on the separator column, UV
photolysis permits its analysis without any re-
agent addition.

Recoveries obtained with spiked samples
range between 97 and 103% for all the impurities
under investigation.

Ammonia

Though ammonia could also be treated in the
same manner as hydrogen peroxide, simply heat-
ing it at 85 = 5°C for 45 min in a dust-free cell, to
expel most of the ammonia as gas, was found to
be satisfactory. Heating was performed in PTFE
containers fitted with 29/32 sockets and PTFE
heads with 29/32 cones, adapted for passing
inert gas through the cell and for water circula-
tion, in order to avoid any eventual loss due to
formation of micro-droplets.

By using spiked samples, recoveries of various
ions were found to range between 97 and 103%.

EXPERIMENTAL

Reagents and standards

Sodium carbonate, sodium hydrogencarbo-
nate, oxalic acid, lithium hydroxide, 4-(2-
pyridylazo)-resorcinol monosodium salt (PAR)
and pyridine-2,6-dicarboxylic acid (PDCA) were
chromatographic grade (Novachimica, Milan,
Italy), hydrogen peroxide (30% m/m, without
stabilizer), ammonium hydroxide (30%), sodium
hydroxide, glacial acetic acid and nitric acid
(70%) were Erbaton electronic grade (Carlo
Erba Reagenti, Milan, Italy), and sulphuric acid
was analytical grade (Carlo Erba Reagenti).
Ammonium acetate (2 M, pH 5.5) was chelation
grade (Dionex, Sunnyvale, CA, USA). Ultra-
pure water with conductivity <0.1 uS (DI water)
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was obtained from a Milli-Q (Millipore, Bed-
ford, MA USA) four-bowl deionization system.

Working standards were prepared daily by
diluting Carlo Erba Reagenti Normex atomic
absorption standards (1.000 g/1) or by dissolving
the required Carlo Erba Reagenti analytical-
grade reagents.

Quartz test tubes and all glassware were
cleaned in concentrated nitric acid and carefully
washed with DI water. Normal precautions for
trace analysis were observed throughout.

Instrumentation

Hydrogen peroxide samples were subjected to
UV photolysis in a Metrohm (Herisau, Switzer-
land) 705 UV digestor equipped with a 500-W
high-pressure mercury lamp. The temperature of
the sample was maintained at 85 + 5°C with the
aid of a combined air/water cooling system.

Ammonia samples were heated in PTFE tubes
fitted with 29/32 sockets, by employing a Berg-
hof (Tibingen, Germany) sample evaporating
device equipped with an aluminium heating
block (in which the PTFE tubes can be inserted)
whose temperature was maintained with the help
of a T-P regulator (Berghof). The device was

TABLE I
ION CHROMATOGRAPHIC CONDITIONS
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also fitted with PTFE heads with 29/32 cones,
adapted for passing inert gas and circulating
running water to maintain low temperature to
avoid any loss due to the transportation of
micro-droplets by the vapour formed.

Chromatographic analyses were performed on
a Dionex (Sunnyvale, CA, USA) 2000i ion
chromatograph equipped with an EDM eluent
degassing module, a GPM gradient pump, an
IonPac AG9 guard column and an IonPac AS9
separator column (for anions), an AMMS anion
micromembrane suppressor, an lonPac CGS5
guard column and an IonPac CS5 separator
column (for cations), an IonPac MRAD mem-
brane reactor coupled with a reagent delivery
module for post-column reagent addition and a
CDM conductivity detector and a VDM2 UV-
visible absorbance detector.

All measurements were made at 25 = 1°C and,
in all cases, injection of the sample was done at
least in triplicate.

Peak areas were obtained using AI-450
Dionex software and background correction was
applied wherever necessary.

All the chromatographic conditions are listed
in Table I.

Cations

Anions
Column IonPac AS9 (+AG9)
Eluent 2.0mM Na,CO, + 0.75 mM NaHCO,

Eluent flow-rate 1.5 ml/min

Injection volume 25 pl

Detection Suppressed conductivity
Suppressor AMMS

Regenerant 25mM H,SO,
Regenerant flow-rate 8 ml/min

Post-column reagent -

Post-column reagent -
flow-rate
Wavelength -

IonPac CS5 (+CGS5)

50 mM (COOH), +95mM LiOH
95 mM LiOH (pH 4.8) or
[for Fe(I1Il) only] 6 mM PDCA
+90 mM CH,COOH
+ 40 mM NaOH (pH 4.6)

1.0 ml/min

25 ul

Visible absorbance

0.2mM PAR in 3 M NH,OH
+1 M CH,COOH
0.5 ml/min

520 nm
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During the determination of cations, the
eluent flow-rate was maintained at 1.0 ml/min
and the post-column reagent flow-rate was 0.5
ml/min, and the total flow-rate (1.5 ml/min) was
checked at the exit of the waste line. For optimal
signal-to-noise ratio, the output was measured at
a wavelength of 520 nm.

Samples preparation

Hydrogen peroxide. Aliquots of 5-ml of hy-
drogen peroxide or a mixture of hydrogen perox-
ide and ammonia were placed in quartz tubes
and closed with conical PTFE stoppers that
tapered to a point. The stoppers acted as cooling
fingers, and thus prevented solution losses and
also protected samples against contamination.
The sample was subjected to UV photolysis at
85 = 5°C for 30 min. The volume was made up to
the original value with DI water, to compensate
for the water loss due to evaporation, and
analysed by ion chromatography for determining
anionic impurities. For the determination of
cationic impurities, 10 ul of 2 M nitric acid were
added to ensure the dissolution of all the metallic
oxides, if formed during the course of UV
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photolysis, followed by the addition of 200 ul of
2 M ammonium acetate to maintain the sample
pH in the range between 5 and 6, prior to
chromatographic analysis. The volume was made
up to 5 ml with DI water and analysed.

Ammonia. Aliquots of 5 ml of ammonia were
heated at 85 + 5°C in the sample heating device
in an atmosphere of nitrogen for 45 min to
reduce the volume to almost half. The volume
was made up to the original value with DI water,
and analysed for determining anionic impurities.
For the determination of cationic impurities, 10
wul of 2 M nitric acid were added to ensure the
dissolution of all the cationic species. The pH of
the sample was maintained in the range 5-6 by
adding 200 ul of 2 M ammonium acetate. The
volume was made up to 5 ml with DI water and
analysed by injecting on to the ion chromato-
graph.

RESULTS AND DISCUSSION
Figs. 1-3 show the chromatograms of a mix-

ture of hydrogen peroxide and ammonia (1:1,
v/v) for anion and cation determination.
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Fig. 1. Determination of anions in a mixture of ammonia and hydrogen peroxide (1:1, v/v) (exhausted batch). Chromatographic
conditions as reported in Table 1. Chloride 850 p.g/1, sulphate 200 g/l and phosphate 120 ug/l.
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Fig. 2. Determination of cationic impurities in a mixture of ammonia and hydrogen peroxide (1:1, v/v) (exhausted batch).
Chromatographic conditions as reported in Table I. Copper(II) 240 pg/1 and zinc(IT) 380 wmg/l.
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Fig. 3. Determination of iron(IIl) in a mixture of ammonia and hydrogen peroxide (1:1, v/v) (exhausted batch). Chromato-
graphic conditions as reported in Table I. Iron(III) 950 wg/l.
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It is evident that the detection of the various
species in these reagents is straightforward.
Lead(II) and cadmium(II) cannot be determined
with PDCA eluent because these ions are so
strongly bound to PDCA that they are not
sensitively detected by PAR. Similarly, iron
cannot be determined with oxalate eluent, while
zinc(II), nickel(II) and cobalt(II) can be de-
termined by either of the two eluents. For
convenience, oxalate eluent was used for all the
cations except iron, which was determined by
PDCA eluent.

In the case of cation determination using
oxalate eluent, normally the peak appearing just
before lead(1I) (at about 2.5 min) becomes
larger if the matrix is very rich in various ions,
and interferes with its determination. Employing
the described sample pretreatment procedure,
the size of this peak becomes vanishingly small
and lead(Il) can be detected in very low
amounts, as reported in Table II.

The described ion chromatographic procedure,
using the oxalate eluent, suffers from the draw-
back that cadmium(II) and manganese(II) have
retention times very close to each other and
therefore coelute with each other, so preventing
their simultaneous determination, but the prob-

TABLE II
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lem is resolved by the use of the PDCA eluent,
as this gives a peak only for manganese(II).

The detection limits and concentration ranges
in which calibration curves are linear with corre-
lation coefficients greater than 0.99 are shown in
Table II.

The effect of UV radiation on various anions
and cations in the presence of hydrogen peroxide
as well as a mixture of hydrogen peroxide and
ammonia was investigated in detail. Deionized
water as well as acidic and alkaline hydrogen
peroxide samples were spiked with varying
amounts of many common anions and heavy/
transition metal ions and subjected to UV photo-
lysis for 4 h prior to chromatographic analysis.

As shown in Tables III and IV, it was found
that fluoride, chloride, bromide, phosphate and
sulphate anions and copper(II), cadmium(ll),
lead(II), zinc(Il), iron(III), nickel(I1) and co-
balt(II) cations were not affected by UV photo-
lysis and the recovery of these species was
between 97 and 103% in deionized water as well
as in acidic or alkaline hydrogen peroxide sam-
ples. In the case of iodide, nitrite, nitrate and
manganese(II) the recoveries were not quantita-
tive. This is because UV photolysis of hydrogen
peroxide proceeds via a radical mechanism. The

DETECTION LIMITS AND USEFUL CONCENTRATION RANGES IN HYDROGEN PEROXIDE AND AMMONIA BY
ION CHROMATOGRAPHY, AFTER SAMPLE PRETREATMENT

Ton Eluent Detection limit Range
(ng/l) (ng/l)
F~ Carbonate-hydrogencarbonate 5 10-5000
Cl~ Carbonate-hydrogencarbonate 10 20-4000
Br~ Carbonate-hydrogencarbonate 15 40-4000
PO;” Carbonate-hydrogencarbonate 25 50-5000
SO:- Carbonate-hydrogencarbonate 25 50-5000
Cu(II) Oxalate 5 10-1500
Cd(r) Oxalate 25 50-2500
Pb(1I) Oxalate 10 25-2500
Zn(II) Oxalate 10 25-2500
Fe(III) PDCA 5 15-2000
Ni(II) Oxalate 20 100-1500
Co(II) Oxalate 10 20-2000
Mn(I1)* Oxalate 10 25-1500

¢ Valid for ammonia only.
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RECOVERY OF TRACE ANIONS IN 30% (m/m, WITHOUT STABILIZER) HYDROGEN PEROXIDE AND (30%)

AMMONIA

Mean of the values obtained for ten samples —triplicate injection each. Chromatographic conditions as previously reported in

Table 1.
Anion Added Hydrogen peroxide Ammonia
(ppm)
Found Recovery R.S.D. Found Recovery R.S.D.
(ppm) (%) (%) (ppm) (%) (%)
Fluoride 0.000 0.000 - - 0.000 - -
0.100 0.103 103 3.0 0.102 102 2.1
0.500 0.508 101.6 1.9 0.509 101.8 2.0
Chloride 0.000 0.042 - 2.0 0.064 - 1.7
0.100 0.144 102 2.0 0.166 102 2.0
0.500 0.548 101.2 1.5 0.572 101.6 1.8
Bromide 0.000 0.000 - - 0.000 - -
0.100 0.102 102 2.0 0.098 98 2.1
0.500 0.496 99.2 1.1 0.508 101.6 1.9
Nitrite 0.000 0.042 - 15.4 0.017 - 19.6
0.100 0.096 54 24.9 0.092 75 33.2
0.500 0.366 65 18.6 0.434 83 22.5
Nitrate 0.000 0.021 - 22.6 0.062 - 37.9
0.100 0.059 38 31.5 0.157 97 28.9
0.500 0.328 61.4 37.2 0.555 98.6 333
Phosphate 0.000 0.085 - 2.2 0.024 - 1.5
0.100 0.188 103 3.0 0.122 98.4 1.8
0.500 0.592 101.2 1.5 0.528 100.7 1.0
Sulphate 0.000 0.034 - 1.5 0.054 - 1.7
0.100 0.135 101 1.2 0.152 98 2.0
0.500 0.539 101 1.2 0.561 101.3 1.5

"OH radicals formed during the irradiation inter-
act with the mentioned species and give a
number of reaction products depending upon the
temperature, medium and concentration of the
'OH radicals {17,18]. Thus, the sample pretreat-
ment employing UV photolysis is not recom-
mended for the determination of iodide, nitrate,
nitrite and manganese(II).

CONCLUSIONS

Ion chromatography has been found to be very
effective for determining anionic as well as
cationic impurities in hydrogen peroxide and
ammonia.

These reagents were found to contain chlo-
ride, nitrate, phosphate and sulphate as anionic
impurities and iron, copper and zinc as cationic
impurities. The technique has been successfully
applied for determining the impurities in mix-
tures of hydrogen peroxide and ammonia, and
can therefore be used for monitoring trace levels
of various anions and cations in baths for semi-
conductor cleaning.

ACKNOWLEDGEMENT
Two authors (J.L.S. and S.S.) are grateful to

the International Centre for Theoretical Physics
(Trieste, Italy) for awarding them a fellowship.



120

TABLE IV
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RECOVERY OF TRACE CATIONS IN 30% (m/m, WITHOUT STABILIZER) HYDROGEN PEROXIDE AND (30%)

AMMONIA

Mean of the values obtained for ten samples —triplicate injection each. Chromatographic conditions as reported in Table L.

Cation Added Hydrogen peroxide Ammonia
(ng/l)
Found Recovery R.S.D. Found Recovery R.S.D.
(ppm) (%) (%) (ppm) (%) (%)
Pb(1I) 0.000 0.000 - - 0.000 — -
0.050 0.051 102 2.1 0.051 102 2.0
0.100 0.101 101 1.7 0.102 102 2.2
Cd(I1)* 0.000 0.000 - - 0.000 ~ -
0.050 0.051 102 2.0 0.051 102 2.0
0.100 0.101 101 1.3 0.102 102 2.1
Fe(III) 0.000 <0.010 - - <0.010 - -
0.050 0.059 100 0.5 0.060 101 1.6
0.100 0.110 100 0.5 0.112 102 2.1
Cu(II) 0.000 0.012 - 1.6 0.017 - 1.9
0.050 0.063 102 2.0 0.068 102 2.1
0.100 0.114 102 2.2 0.119 102 2.0
Ni(II) 0.000 0.000 - - 0.000 - -
0.100 0.098 98 2.0 0.98 98 2.0
0.500 0.510 102 2.0 0.500 100 1.5
Zn(11) 0.000 <0.020 - - <0.020 - -
0.050 0.068 100 1.3 0.065 100 1.5
0.100 0.119 100 1.5 0.118 101 2.0
Co(II) 0.000 0.000 - - 0.000 - -
0.050 0.049 98 2.0 0.051 102 2.0
0.100 0.100 10 1.0 0.101 101 1.5
Mn(I1)* 0.000 0.000 — - <0.025 - -
0.050 0.042 84 3.5 0.075 100 1.0
4.8 0.125 100 1.0

0.100 0.088 88

¢ Cadmium(Il) and manganese(Il) not determined simultaneously.
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ABSTRACT

A method has been developed for the quantitative determination of various inorganic impurities present in carboxylic acids.
The spiked as well as unspiked analytes were subjected to oxidative UV photolysis prior to ion chromatographic analysis. This
procedure has definite advantages compared with other sample pretreatment methods: it is a simple procedure and the reagent
requirement is minimal. Inorganic cations and anions, except nitrite, nitrate, iodine, sulphite and manganese(II), are unaffected
by UV radiation. Depending upon the nature of impurity to be analysed and the amount of carboxylic acid, the UV photolysis
time can be adjusted as required. The method was tested on several aliphatic as well as aromatic acids and found to be
satisfactory for the determination of chloride, bromide, phosphate, sulphate, iron(III), lead(1I), copper(Il), zinc(Il), nickel(IT)
and cobalt(1). Detection limits of the proposed method are between 5 and 25 ng/ml and calibration curves were found to be

linear up to 1-2 pg/ml.

INTRODUCTION

Carboxylic acids play a vital role in the
modern industrial world and find numerous
applications. They are widely used in the food,
pharmaceutical and electronics industriecs. The
determination of trace inorganic constituents in
carboxylic acids is desirable in a number of
industrial processes, as in many industries the
requirements for lower impurity levels are ex-
ceeding the limits of current analytical methods.
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published in J. Chromatogr., Vol. 640 (1993).
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In many instances, new specifications are being
set with impurities at ng/l levels.

The determination of trace inorganic im-
purities in organic matrices including carboxylic
acid is generally based on classical analytical
techniques such as volumetric and gravimetric
analysis and/or turbidimetry and colorimetry [1].
These techniques require sample preparation
aimed at destroying the organic matrix, which is
usually done by dry ashing, involving complete
destruction of all organic matter at very high
temperatures, or by wet digestion with mixed
acids.

Ion chromatography is a well-established and
quite sensitive technique for the simultaneous
determination of many ionic impurities in vari-
ous matrices [2,3], as it is flexible in terms of
operation and optimization. However, in many
cases this technique, too, needs to be sup-

© 1993 Elsevier Science Publishers B.V. All rights reserved
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plemented with sample pretreatment to over-
come the problems related to matrix interfer-
ences.

PRELIMINARY STUDIES

The chromatographic behaviour of many car-
boxylic acids was examined using an AS9 anion
separator column and different eluents contain-
ing varying proportions of sodium carbonate and
sodium hydrogencarbonate at different flow-
rates. Many carboxylate ions were found to have
retention times close to those of the inorganic
anions to be analysed as impurities, i.e., chlo-
ride, bromide, nitrite, nitrate, phosphate, arse-
nate, sulphite and sulphate. In most cases it was
found that the large peak due to the carboxylate
ion masked the smaller peaks due to the spiked
inorganic impurity anions. Attempts to analyse
the cationic impurities, viz., lead, copper, iron,
manganese, cobalt, zinc and nickel, without
sample pretreatment also failed, as most of the
carboxylate ions formed complexes with the
metals, thereby making their quantitation almost
impossible. In order to reduce the matrix effect,
the dilution of the matrix was not preferred,
because this led to the dilution of the impurities
to below the detection limits for the various ions
under investigation. It was therefore necessary to
modify the sample in a manner that avoids
dilution and permits quantitation without inter-
ferences resulting from the matrix. For this
purpose UV photolysis of carboxylic acids was
utilized as it is quite effective for the destruction
of the organic matrix, without affecting most of
the inorganic ions.

UV photolysis optimization

A 50-mg aliquot of each carboxylic acid sam-
ple was mixed with 1 ml of H,0, (30%) and
subjected to UV photolysis at 85 = 5°C. Later, it
was cooled, diluted to 5 ml and analysed by ion
chromatography. It was found that the photolysis
time for the destruction of the carboxylic acid
depend upon the quantity and the nature/type of
the acid. In most cases 2 h of UV photolysis was
sufficient for the complete decarboxylation/de-
struction of the matrix. The carboxylic acids,
having a strong electron-attracting group (-I
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substituent, where I =inductive effect) on the
a-carbon atom, were decarboxylated in less time.
On the other hand, decarboxylation of formic and
aceticacid required much time, because in the pres-
ence of hydrogen peroxide these acids form stable
peroxy acids and thus prevent the formation of free
'OH radicals. The findings related to the de-
carboxylation and UV photolysis time are summa-
rizedin TableI.

To make the present sample pretreatment
amenable for the widest range of applications,
the procedure was optimized by making investi-
gations with ‘‘synthetic solution 1, comprising
1000 mg/l each of formic, acetic, lactic, citric,
tartaric, oxalic, malonic, succinic, fumaric, ben-
zoic, phenylacetic, phthalic and salicylic acids. A
1-ml volume of ‘“‘synthetic solution 1” was sub-
jected to UV photolysis in the presence of
hydrogen peroxide, as described earlier. Inves-
tigations revealed that 1 ml of this solution
requires 1 ml of hydrogen peroxide for the
complete disappearance of all the peaks due to
carboxylate ions in 2 h, thus permitting the
determination of inorganic anions. However, the

TABLE 1

PHOTOLYSIS TIME FOR DECARBOXYLATION OF
DIFFERENT AMOUNTS OF ACIDS

Acid Photolysis time for complete
destruction (min)

50 mg 100 mg 200 mg
Formic 100 120 150
Acetic 200 240 360
Propanoic 80 110 125
Butyric 80 120 125
Benzoic 60 60 60
Lactic 60 75 90
Glutamic 90 120 150
Oxalic 90 120 150
Malonic 60 60 60
Succinic 60 100 100
Citric 80 120 180
Tartaric 60 100 150
Phthalic 60 60 75
Phenylacetic 60 75 100
Salicylic 60 75 90
Caprilic 100 150 200
Ascorbic 60 80 100
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UV photolysis time can be reduced, if desired,
by increasing the amount of hydrogen peroxide.

For the determination of cationic impurities,
viz., iron(IIl), lead(1l), copper(Il), cobalt(II),
manganese(II), zinc(II) and nickel(II), complete
destruction of all types of carboxylic acids was
found to be unnecessary. Carboxylic acids (L)
forming weaker complexes with the metal ions
(M), than the metal-oxalate (Ox) complex
formed by the eluent do not require destruction/
decarboxylation of the acid by UV photolysis, as
the oxalate ion of the eluent is capable of
displacing the weak carboxylate ion from the
M-L complex, i.e., M-L+Ox—>M-Ox+L,
and thereby separating various metal ions, which
further complex with 4-(2-pyridylazo)-resorcinol
monosodium salt and are detected and quanti-
tated. This has been found to be true in the case
of aliphatic monocarboxylic acids of low molecu-
lar mass, especially formic, acetic, propanoic
and butyric acids. On the other hand, di-, poly-
and/or hydroxy-substituted carboxylic acids ca-
pable of forming stronger M-L complexes (com-
pared with M-Ox complexes) require matrix de-
struction prior to ion chromatographic analysis.
Detailed investigations were made on “synthetic
solution 2” consisting of 1000 ppm each of
malonic, oxalic, tartaric, citric, salicylic and
phthalic acids. A 1-ml volume of this solution
was spiked with 50 ug/1 each of Fe(III), Cu(Il),
Pb(II), Mn(Il), Co(II), Zn(II), and Ni(Il),
treated with 1 ml of H,O, and subjected to UV
photolysis at 85 + 5°C. A 20-ul aliquot of HNO,

TABLE II
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(5 M) was added after 30 min to ensure the
dissolution of the oxides or other insoluble
metallic species formed during the course of
sample pretreatment and the samples were ana-
lysed after different periods of photolysis. The
recovery of Fe(III), Pb(Il), Cu(Il) and Zn(II)
was quantitative within 1 h of photolysis, while
Co(II) and Ni(II) require at least 11 h for their
complete recovery. The recovery of Mn(II)
could not be ascertained, as it is probably oxid-
ized to a higher oxidation state. These findings
are summarized in Table II.

In all subsequent studies, carboxylic acids
were subjected to 2 h of UV photolysis, to
ensure the complete recovery of all the cationic
impurities under investigation.

Effect of UV photolysis on impurity ions

The effect of hydrogen peroxide and UV
radiation on various anions and cations was
investigated in detail. “Synthetic solutions 1 and
2” were spiked with 1 mg/] of many common
anions and cations, respectively, and subjected
to UV photolysis for 4 h, followed by ion
chromatographic analysis.

It was found that the recovery of chloride,
bromide, phosphate, sulphate, iron(III),
lead(Il), copper(Il), zinc(IT), nickel(II) and
cobalt(IT) ranged between 97% and 102%, while
iodide, nitrite, nitrate and sulphite were lost
owing to the influence of UV radiation. It was
also found that manganese(Il) was oxidized to a
higher oxidation state. Hence the present meth-

RECOVERY OF VARIOUS METAL IONS AFTER DIFFERENT UV PHOTOLYSIS TIMES

Metal Recovery (%) after
ion
30 min 45 min 60 min 75 min 90 min 120 min

Pb(II) 78 92 102 101 102 100
Cu(1II) 84 95 102 100 101 101
Mn(II) 44 58 69 62 56 51
Co(II) 51 61 72 89 101 101
Zn(1I) 67 83 101 100 102 101
Ni(II) 37 48 63 77 102 98
Fe(III) 39 86 102 101 102 102
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od of sample pretreatment is not recommended
for the determination of manganese(II) and the
above-mentioned anions, if present, in carboxyl-
ic acids.

EXPERIMENTAL

Reagents and standards

Sodium carbonate, sodium hydrogencarbo-
nate, oxalic acid, lithium hydroxide, 4-(2-
pyridylazo)-resorcinol monosodium salt (PAR)
and pyridine-2,6-dicarboxylic acid (PDCA) were
chromatographic grade (Novachimica, Milan,
Italy), hydrogen peroxide (30% m/m, without
stabilizer), ammonium hydroxide (30%), sodium
hydroxide, glacial acetic acid and nitric acid
(70%) were Elbatron electronic grade (Carlo
Erba Reagenti, Milan, Italy), and sulphuric acid
was analytical grade (Carlo Erba Reagenti).
Ammonium acetate (2 M, pH 5.5) was chelation
grade (Dionex, Sunnyvale, CA, USA). Ultra-
pure water with conductivity <0.1 S (DI water)
was obtained from a Milli-Q (Millipore, Bed-
ford, MA, USA) four-bowl deionization system.

Working standards were prepared daily by
diluting Carlo Erba Reagenti Normex atomic
absorption standards (1.000 g/1) or by dissolving
the required Carlo Erba Reagenti analytical-
grade reagents.

Quartz test tubes and all glassware were
cleaned in concentrated nitric acid and carefully
washed with DI water. Normal precautions for
trace analysis were observed throughout.

Eluent, regenerant and post-column reagent
solutions

A 2.0 mM sodium carbonate—0.75 mM sodium
hydrogencarbonate solution was used as chro-
matographic eluent for anions.

A 2.5 mM sulphuric acid solution was used as
regenerant for the anion micromembrane sup-
pressor at 8 ml/min flow-rate.

For the analysis of lead(II), copper(1l), man-
ganese(II), cobalt(Il), zinc(II) and nickel(II), a
mixture of 50 mM oxalic acid and 95 mM lithium
hydroxide (pH 4.8) was used as the eluent.
While a mixture of 6 mM PDCA, 90 mM acetic
acid and 40 mM sodium hydroxide (pH 4.6) was
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employed for the determination of iron(III). 0.2
mM PAR dissolved in 3 M ammonium hydroxide
and 1 M acetic acid was used as the post-column
reagent for cationic analysis with both the
eluents.

Instrumentation

Carboxylic acid samples were subjected to UV
photolysis in a Metrohm (Herisau, Switzerland)
705 UV digestor equipped with a 500-W high-
pressure mercury lamp. The temperature of the
sample was maintained at 85 * 5°C with the help
of a combined air/water cooling system.

Chromatographic analysis were performed on
a Dionex (Sunnyvale, CA, USA) 2000i ion
chromatograph equipped with an EDM eluent
degassing module, a GPM gradient pump, an
IonPac AG9 guard column and an IonPac AS9
separator column (for anions), an AMMS anion
micromembrane suppressor, an IonPac CGS5
guard column and an IonPac CS5 separator
column (for cations), an IonPac MRAD mem-
brane reactor coupled with a reagent delivery
module for post-column reagent addition and a
CDM conductivity detector and a VDM2 UV-
visible absorbance detector.

Injections of 25 nl of sample were performed.

All measurements were made at 25 + 1°C, and
in all cases injection of the sample was done at
least in triplicate.

Precautions were taken to ensure that the
analyte did not remain either on the column or
on the injection loop overnight. At the end of
the analysis, the membrane reactor device was
washed with 0.1 M ammonium hydroxide. The
injection loop was washed with DI water prior to
each analysis.

Peak areas were obtained using Al-450 Dionex
software, and background correction was applied
wherever necessary.

During the determination of anions, the eluent
flow-rate was maintained at 1.5 ml/min, while
for cations the eluent flow-rate was 1.0 ml/min
and that of the post-column reagent was 0.5
ml/min; the total flow-rate (1.5 ml/min) was
checked at the exit of the waste line. For optimal
signal-to-noise ratio, the output was measured at
a wavelength of 520 nm.
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Sample preparation

A amount of 50-100 mg of carboxylic acid was
weighed into a quartz tube and 2 ml of hydrogen
peroxide were added. The quartz tube was
closed with its proper conical PTFE stopper,
which tapered to a point. The stopper acted as a
cooling finger, prevented solution losses and also
protected samples against contamination. The
sample was subjected to UV photolysis at 85+
5°C for 120 min. The volume was made up to 5
ml and analysed by ion chromatography for
determining anionic impurities. For the determi-
nation of cationic impurities, 10 pl of 2 M nitric
acid were added to ensure the dissolution of all
the metallic oxides, if formed during the course
of UV photolysis, followed by the addition of 200
pl of 2 M ammonium acetate to maintain the
sample pH in the range 5-6, prior to chromato-
graphic analysis. The volume was made up to 5
ml with DI water.

RESULTS AND DISCUSSION

The detection limits of various anions and
cations were determined by spiking “‘synthetic
solutions 1 and 2” with varying amounts of
different anions and cations, and subjecting them
to UV photolysis for 2 h, followed by ion
chromatographic analysis. The linearity range

TABLE III

DETECTION LIMITS AND LINEARITY RANGE FOR
VARIOUS IONS DETERMINED IN CARBOXYLIC
ACIDS AFTER SAMPLE PRETREATMENT

Ion Detection limit Range of linearity
(ng/l) (ng/l)
Cl- 10 20-2000
Br~ 20 40-2000
PO;" 25 50-1500
SO;~ 25 50--2000
Cu(1l) 5 50-2000
Pb(1I) 10 20--1000
Zn(II) 10 25-1500
Fe(1II) 5 15-2000
Ni(II) 25 50-2000
Co(II) 10 20-2000
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and limits of detection for the anions and cations
determined are summarized in Table III.

As evident from Table 111, the present method
is highly suitable for the determination of very
low amounts of iron(IIl), lead(Il), copper(Il),
zinc(Il), nickel(I) and cobalt(Il), but suffers
from the drawback that cadmium(Il) and man-
ganese(Il) coelute. Further, the retention times
of lead(Il) (2.8 min) and copper(II) (3.4 min)
are very close to each other; hence, only if these
two ions are present in amounts less than 2
pg/ml each, the peaks are well separated.

Sodium, potassium, ammonium, calcium and
magnesium at levels higher than 1:1000 do not
interfere in the determination of iron(III),
lead(Il), copper(Il), zinc(II), nickel(Il) and
cobalt(II).

Since many carboxylate ions elute very close
to the common inorganic anions, viz., chloride,
phosphate and sulphate, interferences due to the
simultaneous presence of common inorganic and
carboxylate anions were investigated in detail.

It was found that citrate interferes in the
determination of chloride, succinate interferes in
the determination of phosphate and malonate
interferes with the determination of sulphate, if
present in amounts greater than those reported
in Table IV. Interestingly, the above-mentioned

TABLE IV

TOLERANCE LIMITS (IN mg/l) OF THE VARIOUS
CARBOXYLATE IONS DURING THE DETERMINA-
TION OF 1 mg/l OF EACH OF CHLORIDE, PHOS-
PHATE AND SULPHATE

Carboxylate Chloride Phosphate Sulphate
ion

Formate 5 50 1000
Acetate 5 50 1000
Citrate 0.5 30 1000
Benzoate 5 20 800
Succinate - 5 10
Malonate - 100 15
Salicylate - 800 200
Oxalate - 800 200
Phthalate - 400 100
Tartrate 20 50 500
Ascorbate 5 150 500
Lactate 5 150 500
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interferences during the determination of anions
were overcome by the sample pretreatment
mvolving UV photolysis.

The present sample pretreatment method cou-
pled with ion chromatography was applied to
determine the impurities in different commercial
carboxylic acids. Most of the carboxylic acids
were found to contain chloride, sulphate and
phosphate as the anionic impurities, while com-
mon cationic impurities were found to be
iron(I111), lead(II), copper(1l) and zinc(II).

CONCLUSIONS

UV photolysis of the carboxylic acids followed
by ion chromatography was found to be very
effective for the simultaneous determination of
many inorganic anionic as well as cationic im-
purities in carboxylic acids. The various ions can
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be very well determined in the range between
0.6 uM and 1 uM as the present method has
excellent resolution, sufficient precision and is
more convenient than traditional methods.
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ABSTRACT

The quantitative determination of phosphorus in soaps and detergents is a classical analytical problem owing to the complexity
of the matrix containing a variety of chemical species (i.e., surfactants, complexones and/or zeolites, optical whiteners, perfumes,
etc.). A new method has been developed for the analysis of total phosphorus in soaps and detergents which employs UV
photolysis of the analyte. It has the advantages that it is a simple procedure and has very low blank values because of the small
amount of reagent required for the sample pretreatment. Different types of soaps and detergents were subjected to oxidative UV
photolysis. It was found that the organic matrix was degraded in about 60 min, thereby permitting the quantitative analysis of
various inorganic species, especially the phosphate ion. Soaps and detergents of different “types and brands” were found to
contain phosphate from a few mg/l or mg/kg to the 1% level. The results were compared with those obtained by conventional
alkaline fusion followed by reduction to molybdenum blue, and were found to be in good agreement.

INTRODUCTION

The determination of total phosphorus in
soaps, detergents and other cleaning agents has
gained much importance because of legislation in
many parts of the world that limits their use as
they are one of the causes of eutrophication.
This, in turn, has resulted in demand for sensi-
tive and rapid instrumental analytical techniques
for a precise control of the phosphorus content,
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majority of the papers presented at this symposium were
published in J. Chromatogr., Vol. 640 (1993).
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not only in the inorganic form, but also present
as combined organic derivatives in various
forms.

Different techniques are routinely used for the
determination of phosphate in detergents. These
include gravimetry [1], spectrophotometry [2,3],
voltammetry [4] and flow injection analysis [5],
but these methods suffer from various draw-
backs, such as cumbersome sample preparation
and long analysis time.

The remarkable developments in high-ef-
ficiency liquid chromatography, in particular ion
chromatography, have provided the opportunity
to explore a new approach to analyse the total
phosphorus content in detergent products. High-
performance liquid chromatography with flame
photometric detection has been used [6] for the
determination of inorganic phosphate in de-

© 1993 Elsevier Science Publishers B.V. All rights reserved
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tergents, but the method is not recommended for
the determination of the phosphorus present as
organic derivatives.

The present work deals with the development
of a new sample treatment method for the
analysis of total phosphorus in soaps and de-
tergents which employs oxidative UV photolysis
of the analyte to destroy organic matter prior to
the ion chromatographic analysis. It has the
advantages that it is a simple procedure and has
very low blank values because of the small
amount of reagent required for sample pretreat-
ment.

When the proposed method was compared
with the conventional alkaline fusion method
followed by spectrophotometric molybdenum
blue detection the results were found to be in
good agreement.

PRELIMINARY STUDIES

Investigations were performed on a large
number of commercially available soaps, de-
tergents and cleaning agents and revealed that
the composition of these products varies not only
in terms of the total phosphorus content, but
also in terms of total chlorine, nitrogen and
sulphur content. After UV photolysis, some of
the products show a very large peak for chloride,
nitrite, nitrate and/or sulphate ions. In some
cases the partially photolysed samples were also
found to contain one or more carboxylate ions as
photolysis products. Some of these ions have
retention times very close to that of orthophos-
phate, and can be confused with the presence of
phosphate, even if it is not present in the
product. It therefore becomes necessary to study
the effect of various ions on the retention be-
haviour and quantitation of phosphate. Chloride,
nitrite, nitrate, sulphate and a number of car-
boxylate ions were chosen to study the interfer-
ences because one or more of these ions are
formed after UV photolysis of the commercially
available products. Borate and silicate were also
included in the list of possible interferents in the
determination of phosphate as these are, or
might be, present as one of the constituents of
soaps and detergents. For this study, a series of
solutions containing 1 mg/l phosphate and vary-
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ing amounts of possible interferents were pre-
pared. The pH of all the solutions was adjusted
to 7.5 by adding dilute ammonia solution and the
solutions were then analysed by ion chromatog-
raphy following the procedure described in the
Experimental section. In most cases, a suffi-
ciently high concentration of the added anion did
not interfere with the quantitation of phosphate.
These findings are summarized in Table I.

Effect of pH

The retention time and the peak area of
phosphate are very much influenced by the
change in pH of the eluent as well as the analyte.
This is largely because phosphate undergoes
protonation/deprotonation and is present in dif-
ferent forms. The free orthophosphate form is
predominant in alkaline conditions, while at
acidic pH the protonated form dominates. The
carbonate—hydrogencarbonate eluent used for
the present chromatographic analysis has a pH of
9.7, at which the divalent form (HPO2") pre-
dominates. However, if the sample is too acidic
to be neutralized by the eluent, the initial reten-
tion of the analyte is disturbed, probably because
its valence is continuously changing as the buffer
takes effect, and thus its retention time as well as
the peak area changes. Experiments revealed
that for a sample injection volume of 25 ul the
area of the phosphate peak is not affected if the
pH of the analyte is in the range 4.5-10.

TABLE 1

TOLERANCE LIMITS FOR VARIOUS ANIONS FOR
THE DETERMINATION OF 1 mg/i PHOSPHATE (AT
pH 7.5)

Ion Tolerance Ion Tolerance
limit (mg/1) limit (mg/1)
Oxalate 1000 Palmitate 500
Formate 1000 Oleate 500
Acetate 1000 Laurate 1000
Benzoate 1000 Chloride 1000
Succinate 1000 Nitrite 1000
Salicylate 400 Nitrate 100
Phthalate 250 Sulphate 1000
Malonate 200 Silicate 5000
Stearate 500 Borate 5000
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EXPERIMENTAL

Reagents and standards

Sodium carbonate and sodium hydrogencarbo-
nate were chromatographic grade (Novachimica,
Milan, Italy), hydrogen peroxide (30% m/m,
without stabilizer), hydrochloric acid (37%),
ammonia solution (30%) and sodium hydroxide
were Erbatron electronic grade (Carlo Erba,
Milan, Italy), sulphuric acid, ammonium molyb-
date, sodium nitrate, sodium sulphite and N-p-
methylaminophenol sulphate were analytical
grade (Carlo Erba), and sodium hydrogensul-
phite was analytical grade (Janssen Phar-
maceutica, Geel, Belgium). Ultrapure water with
conductivity <0.1 uS (DI water) was obtained
from a Milli-Q (Millipore, Bedford, MA, USA)
four-bowl deionization system.

Working standards were prepared daily by
dissolving pH standard-grade potassium di-
hydrogenphosphate and reagent-grade potassium
pyrophosphate (Carlo Erba).

Quartz test tubes and all glassware were
cleaned in concentrated nitric acid and carefully
washed with DI water. Normal precautions for
trace analysis were observed throughout.

Eluent and regenerant solutions

A solution of 2.0 mM sodium carbonate and
0.90 mM sodium hydrogencarbonate (pH 9.7)
was prepared by dissolving the requisite amounts
in DI water and used as chromatographic eluent
at a flow-rate of 1.5 ml/min. The regenerant
solution for the anion micromembrane suppres-
sor was 125 mM sulphuric acid at a flow-rate of 8
ml/min.

Spectrophotometric solutions

Reducing solution. A 250-g amount of N-p-
methylaminophenol sulphate, 1.25 g of sodium
sulphite and 37.5 sodium hydrogen sulphite were
dissolved in DI water and make up to 500 ml.
Since this solution deteriorates in contact with
air, it was prepared freshly when needed.

Ammonium molybdate solution. A 12.5-g
amount of ammonium molybdate was dissolved
in 125 ml of 10 M sulphuric acid and diluted to
500 ml.
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Instrumentation

Samples were subjected to UV photolysis in a
Metrohm (Herisau, Switzerland) 705 UV diges-
tor equipped with a 500-W high-pressure mer-
cury lamp. The temperature of the sample was
maintained at 85 = 5°C with the aid of a com-
bined air—water cooling system.

Chromatographic analyses were performed on
a Dionex (Sunnyvale, CA, USA) 2000i ion
chromatograph equipped with an EDM eluent
degassing module, a GPM gradient pump, a
25-nl injection loop, an IonPac AG9Y9 guard
column and an IonPak AS9 separator column,
an AMMS anion micro-membrane suppressor
and a CDM conductivity detector.

All measurements were made at 25 = 1°C and,
in all cases, injection of the sample was done at
least in triplicate.

Precautions were taken to ensure that the
analyte did not remain either on the column or
on the injection loop overnight. The injection
loop was washed with DI water prior to every
analysis.

Peak areas were obtained using Al-450 Dionex
software and background correction was applied
wherever necessary.

Spectrophotometric analyses were performed
on a Baush & Lomb (Rochester, NY, USA)
Spectronic 21 UV-D spectrophotometer.

Sampling

An appropriate sampling procedure is essen-
tial to ensure that the sample taken represents all
the characteristics/properties of the bulk materi-
al, because only a small amount is required for
the analysis.

The sampling of commercially available soaps,
detergents and cleaning agents was done on the
basis of their physical form. Transparent liquid
detergents free from deposit and suspensions
were used directly without any sampling treat-
ment. But the liquid products containing insolu-
ble deposit or suspended matter were heated to
40°C with constant stirring to homogenize all the
components present in the product. Powdered
products were sampled using a conical divider
such as the Pascall Rotary Cascade Sample
Divider. Products in the form of cakes were
homogenized by warming with water at 40°C.
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Ion chromatographic procedure

A 0.05-g amount of sample was mixed with 0.5
ml of hydrogen perioxide in a quartz tube, which
was closed with conical PTFE stoppers that
tapered to a point. The stoppers acted as cooling
fingers, and thus prevented solution losses and
also protected the sample from contamination.
The sample was subjected to UV photolysis at
85 = 5°C for 60 min, then it was diluted to 25 ml
(100 ml in case of samples containing a relatively
large amount of phosphate) and analysed by ion
chromatography. Under the present chromato-
graphic conditions, the retention time for phos-
phate was found to be 7.7 min.

Spectrophotometric procedure

For comparison purposes, the spectro-
photometric method for the determination of
phosphate, as proposed by Longman [7], was
used: 0.5 g of the detergent/soap sample were
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mixed with an equal amount of sodium nitrate,
and heated gently in a platinum cap to oxidize
the organic matter. When cold, the fuse was
treated with 10 ml of hydrochloric acid (25%)
and evaporated to dryness. The addition of
hydrochloric acid was repeated and the mixture
again evaporated to dryness. The residue was
dissolved in 5 ml of hydrochloric acid (25%) and
filtered into a 500-ml flask. The cap and filter
were washed with hydrochloric acid, and the
washings were added to the flask. The solution
was neutralized with 10% sodium hydroxide
solution (using phenolphthalein as indicator) and
diluted to 500 ml. A 45-ml aliquot of this
solution was transferred to a 100-ml flask and
mixed with 10 ml of ammonium molybdate
solution and 20 ml of the reducing solution. This
mixture was diluted to 100 ml with DI water and
its optical density was measured at 720 nm,
employing DI water as the blank.
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Fig. 1. Determination of phosphorus (as PO.") in detergent (A), soap (B) and shampoo (C). Eluent: 2.0 mM Na,CO; + 0.9 mM

NaHCO,.
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RESULTS AND DISCUSSION

Fig. 1 shows typical chromatograms obtained
for three different detergent samples, which had
been subjected to UV photolysis prior to chro-
matographic analysis.

The commercially available soaps, detergents
and other cleaning agents contain phosphorus in
a variety of chemical forms, including simple
phosphates, pyro- and polyphosphates, alkyl or
phenyl phosphates and their derivatives, im-
idophosphates, alkylphosphonates, etc. These
chemicals are hydrolysed during the course of
UV photolysis in the presence of hydrogen
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peroxide. Experiments were performed by
analysing a mixture of potassium dihydrogen-
phosphate and potassium pyrophosphate, after it
had been subjected to UV photolysis. The chro-
matogram of this solution gave only one peak at
7.7 min and the peak area was in agreement with
the area that would be obtained with the equiva-
lent amount of orthophosphate. Similar studies
could not be made on organic derivatives of
phosphorus, since the compounds were not avail-
able in pure form.

At the same time, it is interesting to note that
for different soaps, detergents and cleaning
agents analysed after 1 h of UV photolysis, at pH

TABLE 11
THE PHOSPHORUS CONTENT OF VARIOUS COMMERCIALLY AVAILABLE SOAPS, DETERGENTS AND CLEAN-
ING AGENTS
Category Determined by
Ton chromatography (ppm)* Spectrophotometry (ppm)”
Toilet
(A) Cake 260 257
(B) Liquid emulsion 275 277
Shampoo
(A) Liquid clear 174 180
(B) Liquid emulsion 202 207
Laundry soap
(A) Cake, white 0 0
(B) Cake, yellow 9 9
(C) Flakes 44 45
Detergent
(A1) Liquid, wool 0 0
(A2) Liquid, wool 0 0
(B1) Liquid, hand washing 72 71
(B2) Liquid, hand washing 259 257
(B3) Liquid, hand washing 631 628
(C1) Powder, machine washing 181 175
(C2) Powder, machine washing 197 191
(C3) Powder, machine washing 919 920
Fabric softener
(A) Liquid emulsion 0 0
Fabric whitener
(A) Powder 7495 7500
Dishwasher detergent
(A) Liquid, hand washing 74 70
(B) Powder, machine washing 2813 2850

“ Liquid detergents, ppm = mg/1; solid detergents, ppm = mg/kg.
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greater than 7, the retention time for phosphate
changed by only 5%, thus suggesting that phos-
phorus present in different forms (inorganic as
well as organic) is converted to orthophosphate
after UV photolysis.

Apart from the determination of phosphate,
the present method can be successfully used to
determine the total chlorine and sulphur content
of detergents in the form of chloride and sul-
phate ions, as good separation of their peaks is
achieved. The method is not recommended for
the determination of the nitrogen content of

soaps and detergents, as nitrogen is oxidized to

nitrite and nitrate, which are broken down
during UV photolysis.

The reproducibility, working range and sen-
sitivity of the present method were evaluated by
spiking one phosphate-free detergent sample
with different amounts of standard phosphate
and pyrophosphate solutions, and subjecting it to
UV photolysis prior to analysis. The reproduci-
bility of the successive injections of the same
sample solution was better than 2% R.S.D. In
the concentration range 0.2-100 mg/l phos-
phate. Peak area was found to be linearly related
to phosphate concentration for the spiked solu-
tions covering the entire working range of 0.2—
100 mg/1.

The total phosphorus content as determined
for different “types and brands” of soaps and
detergents varies from product to product. Most
of the toilet soaps and a few shampoos were
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found to contain phosphate in low amounts
(<1000 mg/l or mg/kg). Interestingly, dish-
washer detergents were found to contain very
large amounts of phosphate compared with other
types of detergents, while the detergents for
cleaning woolien clothes were free from phos-
phate. The comparison of the proposed ion
chromatographic method with the conventional
spectrophotometric procedure has shown good
results. These results are reported in Table II.
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ABSTRACT

Binary parameters corresponding to hydrogen bonding (/,,,) and polar (f,, ) interactions were determined by inverse gas
chromatography. The influence of the structures of broad-range and narrow-range distributed oxyethylene derivatives of
1-hexadecanol on the binary parameters was studied. The relationship between the binary parameters (,,, and I, ) and the
polarity of the compounds used as stationary phases is presented and discussed, in addition to the effect of the solubility
parameter and its increments on the values of the two binary parameters.

INTRODUCTION

Inverse gas chromatography (IGC) is widely
used in the characterization of the physico-
chemical properties of a variety of liquid and
solid materials. The term ‘‘inverse” indicates
that the material of interest is placed in a
chromatographic column (as the stationary
phase) and that the retention data for the test
solutes are measured. Physico-chemical parame-
ters calculated from retention data described
intermolecular solute—examined material inter-
actions, which are influenced by the properties of

* Corresponding author.

0021-9673/93/$06.00

the liquid or solid used as the stationary phase
[1] in the chromatographic system.

The properties of polymers and their blends
can be determined relatively easily and accu-
rately by IGC parameters. The Flory—Huggins
solute—polymer interaction parameter is given as

. 273.15R\ p) o
Xi,=1In P(I)VZMI ——ﬁ(Bu_Vl)
VO
+ln<%r> - (1 —73,) (1)
2 2

where M,, p%, B,,, V3, p, and V(g) are the
molecular mass, saturated vapour pressure, sec-
ond virial coefficient, molar volume and specific
retention volume of the solute, respectively; p,

© 1993 Elsevier Science Publishers B.V. All rights reserved
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and Vg are the density and molar volume of the
polymer, respectively, T is the column tempera-
ture and R is the gas constant. In the evaluation
of eqn. 1, the value of V/V} is normally taken
as zero. The parameter x* exhibits high values
for poor solvents [2-6] whereas low values
indicate good solubility.

The cohesive energy, E_,,, of a substance in a
condensed state is defined as the increase in
internal energy, U, per mole of substance if all
intermolecular forces are eliminated. The square
root of the cohesive energy density is called the
solubility parameter, 8, and is defined as 6, =
(E...,/V)'* (3/m*)""*. The units of solubility
parameter are (cal/cm’)'?,  (J/m®)"* or
(MPa)'’?.

The solubility parameter of a volatile com-
pound can be calculated from the basic equation

5 (AHU—RT>”2 @
%
where AH, is the enthalpy of vaporization, R in
the gas constant, T is the absolute temperature
and V! is the molar volume of the compound.
For low-volatile or non-volatile species, the
use of eqn. 2 is not possible. Guillet and
DiPaola-Baranyi [7,8] presented a procedure for
the evaluation of the solubility parameter for
polymeric substances with the use of the solute—
solvent interaction parameter x . They applied
the Hildebrand—Scatchard expression of x“ in
the form

. V6 -8)
X = ! IIQT 2 + X (3)

where V? is the solute molar volume, §, and §,
are solubility parameters of the solute and sol-
vent, respectively, and y, is the entropic factor
of the interaction parameter. This led to the
equation

4

which allowed the calculation of the solubility
parameter, 6,, of the substance used as the
stationary phase in the chromatographic system.

The application this procedure has been re-
ported in several papers [7,9-19]. Most often,
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excellent linearity is obtained when using eqn. 4
[1]. However, Price [13] reported the significant
deviations from linearity for compounds (station-
ary phases) having relatively low molecular mass.
Price determined the contributions to the
solubility parameter attributed to dispersive (64)
and polar (§,) solute-solvent interactions. Re-
cently, Voelkel and Janas [20,21] followed up this
idea. They examined oligooxyethylene deriva-
tives of 1-hexadecanol and oligooxyethylene sur-
factants having perfluoroalkane groups in their
hydrophobic parts. They separated three contri-
butions corresponding to the dispersive, polar
and hydrogen bonding interactions. This allowed
the determination of the total, corrected solubili-
ty parameter from the equation earlier proposed
by Hansen [22,23] for cohesive energy contribu-
tions:

81=085+6.+8} )

However, the Hildebrand—-Scatchard theory
[24,25] and eqn. 3 are valid under the assump-
tions that the volume change of mixing is zero
and the segment interactions are binary, and
these assumptions are valid only for non-polar
systems, where the only molecular forces are
London or dispersive forces. It is possible that
deviations observed by Price et al. [13], Becerra
et al. [14] and Voelkel and Janas [20,21] are
caused by Debye, Keesom or hydrogen bonding
interactions negligible for high-molecular-mass
polymer—solute systems.

As was shown by Mikos and Peppas [26], the
enthalpic component of the solute—solvent inter-
action parameter should be modified as follows:

0

® _ Vi 2
Xn =T [(51 - 52) + 21125152] (6)
RT

where I, is a binary parameter. Binary parame-

ters depend on the molecular size and the

chemical nature of the interacting species, and

may be positive or negative depending on molec-

ular interactions [24,25]. For the applicability of

the Hildebrand-Scatchard theory, I, =0.
Rearranging eqn. 6, we obtain

©

_‘Sj_ X_°°_282(1—112) 5_; Xs 7
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where the slope of hypothetical straight line
depends on the value of [,.

Plotting the left-hand side of eqn. 7 versus §,,
it is possible to obtain straight lines of different
slopes [20,21] if only solutes of one of the
following three groups are used, each group
representing different types of intermolecular
interactions, i.e., dispersive, polar and hydrogen
bonding interactions:

(a) The first group is n-alkanes. Here the
slope of the straight line would be the same as
that obtained with eqn. 4, as it may be assumed
that no specific intermolecular interactions exist
between the examined material and this type of
test probe (i.e., I, =0).

(b) A second group of probes represent polar
interactions, for which the slope of the line
obtained on application of eqn. 7 would be

_2,
SlOpepolar - RT (1 - Il2p) (8)

where I,,, denotes a binary parameter for polar
interactions.

(¢) The third group of probes represent hydro-
gen bonding properties. Here,

o
SIOPCH.bond = RT (1—15) 9)

where [,,, represents a binary parameter for
hydrogen bonding interactions.

The aim of this work was to evaluate binary
parameters for the set of oligooxyethylene de-
rivatives of 1-hexadecanol, evaluate and discuss
the relationships between polarity parameters,
solubility parameters and derived binary parame-
ters, discuss the effect of the structures of the
compounds examined on the binary parameters
and examine the temperature dependence of
both binary parameters.

EXPERIMENTAL

Materials

1-Hexadecanol of 94.5% purity was used to
obtain conventional products with a broad-range
distribution (BRD) of homologues and narrow-
range distributed ethoxylates (NRD) having an
average ethoxylation number from 3 to 11. NRD
products are characterized by a lower content of
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homologues with a number of oxyethylene units
significantly different from the average. More-
over, comparison of the homologue distribution
in NRD products indicates a slight shift of the
maximum towards a higher content of oxy-
ethylene groups. Conventional products were
obtained using sodium hydroxide as a catalyst,
whereas a proprietary catalyst was utilized to
produce NRD ethoxylates. All products were
synthesized at the Institute of Heavy Organic
Synthesis “Blachownia”. Kedzigrzyn-Kozle, Po-
land. Other data on these products were pre-
sented in previous papers {20,27].

IGC experiments

The examined oxyethylate was placed in a GC
column as liquid stationary phase coated on an
inert support of Celite (80-120 mesh) (25%,
w/w). The use of such a high content of liquid
phase is suggested to eliminate adsorption ef-
fects. Other conditions for the GC experiments
were as follows: chromatograph CHROM 5
(Kovo, Prague, Czech Republic) equipped with
a flame ionization detector; column, 1 m X 3 mm
I.D.; column temperatures (isothermal), 70, 90
and 110°C; injector temperature, 150°C; detector
temperature, 200°C; and carrier gas (helium)
flow-rate, 40 ml/min. The testing probes were
n-alkanes from n-pentane to n-decane, benzene,
toluene, xylene, ethylbenzene, n-alkanols from
methanol to 1-butanol, 2-butanone, 2-penta-
none, nitropropane and pyridine. Their adjusted
retention times were determined as described
[28-30].

RESULTS AND DISCUSSION

We assumed that the values of I,, are similar
within each of the three selected groups of test
solutes, i.e., alkanes, hydrogen-bonding probes
and polar probes. This assumption is justified by
the occurrence of straight lines for each group. If
the I,, values within a group were significantly
different for each solute—solvent pair, applica-
tion of eqn. 7 would not produce a straight line.
Moreover, we also assumed that the value of I,
for an alkane-stationary phase pair is zero,
although Preston and Prausnitz [31] reported I,
values for carbon dioxide—alkanes mixtures dif-



138

ferent from but very close to zero. In other
words, one should treat our values of binary
parameters /,, , and /,,, as a measure of the
deviation from the stationary phase—alkane sys-
tem.

The values of the binary parameters are pre-
sented in Tables I and II. We should discuss the
dependence of I, on the type of stationary
phase-BRD and NRD series of oxyethylates
examined, the length of the oxyethylene chain,
the series of test solutes and the temperature of
the chromatographic column. Almost all re-
ported values are negative and lie, with a few
exceptions, in the range 0 to —0.5. The values of
I,,, for donor-acceptor series of solutes de-
crease with increase in oxyethylation ratio for
both the BRD and NRD series of oxyethylates.
The lowest values are observed for ‘“‘homo-
logues” containing 7 (BRD) or 6-8 (NRD)
oxyethylene units. For products having more
than 8-9 oxyethylene units [, , increases. For
NRD products one may observe a wide mini-
mum for both I, and I, , (Fig. 1). I, is

TABLE I

BINARY PARAMETER /,,, FOR HYDROGEN BOND-
ING INTERACTIONS IN PROBE-STATIONARY
PHASE SYSTEMS

Type Average I,,
number
of EO 70°C 90°C 110°C
units

BRD 3 —0.063 0.087 -0.082
4 -0.237 —0.252 -0.174
5 -0.375 —0.385 —0.349
6 —0.410 —0.458 —0.446
7 —0.636 —0.650 —0.672
8 —0.547 -0.596 -0.579
9 —0.435 —0.385 —0.475
10 -0.283 -0.337 —0.405
11 -0.292 —0.286 —0.233

NRD 3 -0.315 —-0.300 —-0.321
4 -0.322 —-0.330 —0.347
5 —0.440 —0.430 —0.461
6 —0.489 -0.477 —0.542
7 —0.480 —0.420 —0.461
8 —0.485 —0.424 —-0.428
9 —0.358 —0.380 -0.417
10 -0.273 —0.335 -0.344
11 -0.282 —0.323 -0.335

A. Voelkel et al. /| J. Chromatogr. A 654 (1993) 135-141

TABLE II

BINARY PARAMETER /,, FOR POLAR INTERAC-
TIONS IN PROBE-STATIONARY PHASE SYSTEMS

Type Average 1,,
number
of EO 70°C 90°C 110°C
units
BRD 3 0.026 0.001 -0.010
4 —-0.110 -0.125 -0.062
5 —0.126 -0.170 -0.255
6 -0.159 -0.166 -0.173
7 —0.404 —-0.418 —-0.428
8 -0.342 —0.368 —0.388
9 —0.272 -0.275 —-0.282
10 —-0.253 -0.292 —0.356
11 -0.312 -0.307 -0.365
NRD 3 —0.089 -0.079 —0.108
4 —0.146 -0.183 -0.206
5 -0.276 —0.258 —0.278
6 -0.310 —-0.290 —-0.335
7 -0.321 -0.264 —-0.268
8 -0.382 -0.351 —0.406
9 -0.203 -0.230 -0.261
10 -0.140 —0.208 —-0.224
11 -0.112 -0.107 —0.165

always higher and for C,(E; (BRD) it is even
positive. The influence of the oxyethylation ratio
on I, , is similar to that on I, ;. The difference
between I,,, and I, , for BRD oxyethylates
decreases with increasing oxyethlation ratio
whereas for NRD products this difference is
approximately constant and equal to 0.2 (Fig. 2).
The type of distribution of oxyethylene products
significantly influences the range of changes in
the [, , and [,, , binary parameters. The differ-
ence between their highest and lowest values is
much larger for BRD products, e.g., at 70°C the
maximum Al;,, (BRD)=0.573 whereas the
maximum Al, , (NRD)=0.212.

The effect of temperature on the values of I, ,,
and [, , can be given various interpretations.
Both I, , and [;, , increase or decrease in value
depending on the particular stationary phase
used. In several extreme cases deviations were
observed at 90°C. No general rule can be formu-
lated for the temperature dependence of the
binary parameters determined by an IGC meth-
od.
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Fig. 1. Influence of the number of oxyethylene units and the
type of their distribution on binary parameters at 70°C.
x = BRD oxyethylates; (0= NRD oxyethylates.

Oligooxyethylene derivatives of 1-hexadecanol
were previously characterized by polarity param-
eters [27] and also by the solubility parameter 3,
and its increments corresponding to dispersive,
polar and hydrogen bonding interactions. [y,
and I, , decrease with increasing polarity of the
stationary phase as measured by the sum of the
first five McReynolds constants [32] £7_, AI, and/
or the polarity index PI (Fig. 3). A narrow
minimum is observed for an X;_, Al value of ca.
1100 i.u. for BRD products, whereas for NRD
analogues minimum [,, values are observed over
a fairly wide range of I._, AI, values (1000~
1200).

A strong relationship exists between the bina-
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Fig. 2. Comparison of binary parameters for (a) BRD
oxyethylates and (b) NRD oxyethylates at 70°C. X =1, ;
O=1

12p

ry parameters discussed here and the increments
of the solubility parameters corresponding to
interactions of the hydrogen bonding (8,) and
polar (8,) types determined earlier by Voelkel
and Janas [20]. The respective linear relation-
ships are as follows:

I, =—9.9445, + 1.604 R =0.960 (10)
I,,=—11.5638,+0.702 R =0.976 (11)

Both I, , and [, , decrease with increase in the
corresponding component of the solubility pa-
rameter (Fig. 4). The deviations from a regular
solution (as measured by I;,) increase with
increasing contribution of hydrogen bonding and
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Fig. 3. Influence of the polarity of the stationary phase on its
binary parameters at 70°C: (a) I,,, vs. %._, Al, for BRD
oxyethylates; (b) I,, , vs. L}_, Al, for NRD oxyethylates.

polar binary parameters to the total solute—sol-
vent interactions.

CONCLUSIONS

It has been shown that the binary parameters
I, and I, , can be calculated from GC data.
The values of the binary parameters were de-
termined not for single species but for two
groups of test solutes representing hydrogen
bonding and polar solute-solvent interactions.
This means that a given value of a binary
parameter (e.g., I,, ,) is characteristic of solutes
that can interact with the solvent (stationary
phase) by hydrogen bonding interactions. As the
sets of test solutes were the same for each
oxyethylate examined, the changes in the hydro-
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Fig. 4. Relationship between binary parameters and incre-
ments of solubility parameter at 70°C: (a) I,, ,, vs. 8, for NRD
oxyethylates; (5) I,, , vs. §, for BRD oxyethylates.

gen bonding 1, , and polar I, , binary parame-
ters may be attributed to changes in the structure
of the stationary phase and to the temperature of
the chromatographic column. /1, ,, and I, , are a
measure of the deviations from a regular solution
for a given solute—solvent system. No general
relationship was found between I,,, and I,
and the temperature of the chromatographic
column.

The relationships between the binary parame-
ters and polarity parameters exhibit minima of
different character depending on the type of
oxyethylate (BRD or NRD). The significant
relationship between I,,, and I, , and the
corresponding increments of the solubility pa-
rameter indicates that an increasing contribution
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of hydrogen bonding and polar interactions in-
creases the deviations from a regular solution.
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" ABSTRACT

A method for processing the peak area vs. retention time data obtained in the gas chromatographic analysis of polychlorinated
biphenyl (PCB) mixtures is described. The method is based on a least-squares procedure for representing the chromatogram of
the unknown (sample) as a linear combination of the chromatograms of the base PCB mixtures of which the sample is assumed to
be composed. A factor used to adjust for minor variations in retention times is also determined by an optimization procedure.

INTRODUCTION

In laboratories responsible for analyzing sam-
ples containing polychlorinated biphenyls
(PCBs), it is often necessary to process samples
made up of PCBs from several sources. (In the
following we will call a mixture of polychlori-
nated biphenyl congeners of fixed composition a
PCB, e.g. Arochlor 1260 is a PCB. A combina-
tion of PCBs will be called a blend.) A given
PCB may contain 10 to 30 or more distinct
chemical species, since 209 PCB congeners exist
[1]. Thus a PCB or a blend, when analyzed using
a suitable column and chromatographic proce-
dure, produces a chromatogram made up of
multiple peaks, each with a corresponding area
and retention time.

Methods for separating PCB congeners by gas
chromatography are well developed and have
been used for many years [1-6]. If each PCB

* Corresponding author.

0021-9673/93/$06.00

shows one or more large peaks which do not
occur in any of the others, it is easy to calculate
the amount of each PCB in a blend. However
this is not always the case, because each PCB is
in fact made up of the same distinct chemical
species (congeners). Thus a more sophisticated
method for processing the peak area vs. re-
tention time data is needed. In this paper we
report the development and testing of such a
method, and show that it performs well in
analyzing PCB blends.

THEORY

The data analysis involves two stages. In the
first, the peak area vs. retention time data are
used to reconstruct a continuous function of time
that approximates the original signal obtained
from the chromatograph detector as the sample
is eluted from the column. This continuous
function is then sampled at evenly spaced times
to produce a discrete-time function, or vector.

© 1993 Elsevier Science Publishers B.V. Al rights reserved
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We denote the value of the kth function at the
jth time as C7.

Assuming that the chromatograph operates in
the linear range, the signal produced when
analyzing a PCB mixture is a linear combination
of the signals produced when running each of the
pure PCB samples. The coefficients of the linear
combination are proportional to the amounts of
pure PCB which make up the sample being
analyzed. In the second phase of the processing
these coefficients are determined by requiring
that they produce a least-squares fit to the
experimental chromatogram. This method has
the advantage that all of the data are used,
rather than limiting the analysis to a small
number of peaks. If, however, data corre-
sponding to certain ranges of retention times are
known to be especially reliable (or unreliable),
these data can be weighted more (or less) heavily
in determining the coefficients.

Elution curve reconstruction

The reconstructed chromatogram, C(¢), is the
sum of Gaussian functions, each Gaussian cen-
tered at the corresponding retention time and
having an area proportional to the area of the
peak occurring at that time. Thus

L
Cloy= 2 pye ™"
i=1

Here p, is the area of the ith peak, ¢ is time, ¢ is
the retention time for the ith peak, a is the peak
width, and L is the number of peaks. Note that,
in the absence of other information, each peak is
assumed to have the same width.

The peak width a can be chosen arbitrarily. If,
however, a is too small, slight variations in the
retention time of a peak will have a major effect
on the coefficients, and thus on the results. On
the other hand, if a is too large, peaks located
close to each other will appear to coalesce and
accuracy will be compromised. In practice, a is
easily chosen so as to reproduce reasonably well
the experimental spectra.

Finally, the discrete-time version of the chro-
matogram, C;, is determined by sampling the
continuous function C(¢) at M evenly spaced
points, e.g.
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C, = C(j Ar)

where j indexes the time (j=1,2,...,M) and
At is the time increment between points.

Parameter estimation

The problem now becomes that of expressing
the chromatogram of the sample, corresponding
to the M-dimensional vector V, as a linear
combination of the K M-dimensional chromato-
gram vectors C* exactly. That is, we want

K
V=2 b,C*
k=1

where the K parameters b, are to be deter-
mined. Note that on physical grounds the param-
eters b, must be non-negative, since it is not
possible to use a negative amount of a mixture in
preparing a sample. We choose, however, not to
impose an inequality constraint on the parame-
ters. Instead the occurrence of a significantly
negative parameter value will be taken as the
sign of a problem in fitting the data.

Since V and C* are M-dimensional vectors,
with M greater than K, this problem cannot in
general be solved exactly. Thus we employ the
widely used method of least-squares, i.e. we
determine the parameters b, by minimizing the
objective function J, with

T
J=r'r

The residual vector r is given by
M

n=v- 2 b C}
k=1

If we define the M X M matrix B as
_ k
B, =C;

the minimum of J is found by solving the K
linear equations (often called the normal equa-
tions)

B'Bb=B"r
for the parameter vector b. Here superscript T
denotes transposition.

The standard error, s,, of the kth parameter
can be found as

S = stzn[(B TB)_I]kk
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where s, is the variance of the measured data,
which can be estimated by running the same
sample a number of times and determining the
run-to-run variation in the chromatogram.

The parameter correlation matrix P is found
from the matrix W= (B "B)"' as follows:

Py = Wy (VW VW)

In general, when all the off-diagonal elements of
P (which are necessarily less than or equal to 1 in
absolute value) are smaller than, say, 0.9, the
parameters will be accurately determined. This
occurs when the standards (PCBs) differ widely
from each other in their congeneric content, and
thus exhibit very different chromatograms. If, on
the other hand, one of the standards is very close
to being a mixture of the other standards, one of
the off-diagonal elements of P will approach
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unity in absolute value, and the parameters
corresponding to the row and column of this
element will not be well-determined. This situa-
tion will reveal itself also in large parameter
standard errors.

In the actual practice of chromatography, the
retention time of a given species depends in-
versely on the flow rate of the eluting gas and
also on the temperature of the column, both of
which are subject to variations which are in
general small, but not exactly zero. When the
peaks are narrow and well separated, even a
small shift in the retention time can lead to
errors in the estimation of the composition of the
sample using the above algorithm. Thus we have
added as a parameter to be determined a factor,
denoted f, which multiplies the observed reten-
tion times of the sample. This factor was de-

TABLE I
RETENTION TIMES AND PEAK AREAS FOR AROCHLOR STANDARDS
Peak Arochlor Arochlor Arochlor
number 1242 1254 1260
Time Area Time Area Time Area
1 1.27 0.140 1.40 0.299 1.40 0.141
2 1.44 4.247 1.69 0.064 1.69 0.034
3 1.70 6.605 2.09 0.209 2.09 0.093
4 1.89 2.409 2.44 2.509 2.45 0.163
5 2.09 18.359 2.93 1.776 3.55 1.095
6 2.31 5.748 3.27 0.497 3.73 1.622
7 2.47 12.975 3.55 6.790 4.30 0.089
8 2.69 0.345 3.73 7.553 4.87 4.036
9 2.94 6.238 4.32 2.202 5.34 5.531
10 3.06 6.006 4.52 2.148 5.92 9.551
11 3.27 4.430 4.83 6.875 6.30 1.371
12 3.56 14.717 5.20 12.476 6.89 6.213
13 4.25 8.035 5.85 16.808 7.64 18.509
14 4.83 1.956 6.92 5.492 8.51 1.930
15 5.20 2.320 7.68 16.875 9.35 5.221
16 5.85 3.317 8.39 1.290 9.83 4.557
17 6.89 0.148 9.29 1.630 11.10 18.201
18 7.55 1.781 10.14 3.260 13.26 7.439
19 18.21 0.105 11.18 5.165 14.59 7.713
20 25.30 0.122 13.21 0.552 17.75 1.658
21 - — 14.59 1.681 21.00 3.664
22 - — 17.80 0.202 23.63 1.168
23 - - 21.03 0.390 - -
24 — — 23.68 0.109 - -

25 - - 27.96 0.064
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termined by calculating the RMS residual for
three values of f, namely 0.990, 1.000, and 1.010.
Then a quadratic was fitted to these points and
the next f, denoted f*, was calculated as that
value which minimized the quadratic. Repeating
this procedure for f* —0.002, f*, and f* + 0.002
gave the final value of f, which minimized almost
exactly the RMS residual. In the results reported
below, this procedure was used. A search over a
range of values of f close to 1.000 gave essential-
ly the same results, but was somewhat slower.

EXPERIMENTAL

The analyses were carried out using Perkin-
Elmer 8400 Series gas chromatographs, accord-
ing to a procedure described previously [2].
These chromatographs are temperature-pro-
grammed single channel units using Ni®® electron

TABLE II
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capture detectors. The conditions were as fol-
lows: column packing, Chromosorb W HP; col-
umn load, 4% OV-225; mesh size, 180-250 pm;
column size, 1.8 m x4 mm I.D.; carrier gas,
argon—methane (95:5, v/v); carrier gas flow, 30
ml/min; oven temperature, 225°C; auxiliary tem-
perature, 375°C.

Table I contains the retention times and peak
areas for the three standards used, namely
Arochlor 1242, Arochlor 1254, and Arochlor
1260. The samples were made up from these
standards. Note that in all cases the solvent
peak, which occurs at less that 1 min, has been
removed.

While Arochlor 1242 has large peaks at lower
retention times, the other two standards show
peaks over a wide range of retention times.

Samples used to test the method were pre-
pared by accurately weighing specified amounts

RETENTION TIMES AND PEAK AREAS FOR SAMPLES 1, 2, AND 3

Peak Sample 1 Sample 2 Sample 3
number
Time Area Time Area Time Area
1 1.42 0.530 1.42 0.297 1.39 0.158
2 1.70 0.411 1.70 0.278 1.69 0.062
3 1.89 0.109 1.89 0.078 2.09 0.125
4 2.10 1.185 2.10 0.796 2.45 0.344
5 2.45 3.333 2.31 0.231 2.93 0.243
6 2.94 2.203 2.47 0.620 3.29 0.063
7 3.28 0.680 2.94 0.255 3.55 1.551
8 3.56 7.260 3.07 0.272 3.74 2.115
9 3.74 7.306 3.28 0.151 4.31 0.319
10 4.33 2.492 3.56 1.575 4.54 0.204
11 4.53 2.076 3.74 1.625 4.87 4.201
12 4.84 6.743 4.28 0.256 5.34 6.162
13 5.21 12.196 4.88 3.843 5.93 10.075
14 5.87 16.468 5.35 5.457 6.30 1.355
15 6.93 5.329 5.94 9.396 6.90 6.202
16 7.70 16.524 6.31 1.262 7.65 18.430
17 8.40 1.263 6.91 5.942 8.53 1.930
18 9.30 1.529 7.66 18.222 9.36 4.976
19 10.16 3.357 8.54 1.702 9.85 4.461
20 11.21 5.526 9.38 4,953 11.12 17.303
21 13.26 0.876 9.86 4.373 13.26 6.730
22 14.64 1.813 11.14 17.809 14.62 6.969
23 17.79 0.230 13.29 6.989 17.76 1.480
24 21.06 0.394 14.64 7.219 21.05 3.450
25 23.65 0.103 17.78 1.613 23.72 1.090

26 27.12 0.063 21.07 3.632
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of the standards, which were supplied as 1000
ppm (w/w) solutions in isooctane by Supelco,
Bellefonte, PA (USA). Table II shows the re-
tention times and peak areas obtained by analyz-
ing the first three of these samples.

RESULTS AND DISCUSSION

In order to demonstrate the effect of the peak
width parameter, denoted a4, that is used in
reconstructing the chromatograms, the peak area
vs. retention time data for Arochlor 1260 (Table
I) were used. Peak width values of 0.100 min,
0.250 min, and 1.000 min were employed to
generate the chromatograms (for Arochlor 1260)
shown in Fig. 1. It is evident that a = 0.100 min
produces very sharp and well separated peaks,
such that the value of the chromatogram at a
given time can be extremely sensitive to the
retention time of the peak. In contrast, for a =
1.000 the peaks are much broader and tend to
overlap strongly. In fact the nine peaks with
retention times between 4 and 10 min coalesce
into a single peak with one shoulder. When a
peak width of 0.250 min is used the peaks are
somewhat less sharp, but remain well separated
except for the coalescence of a few peaks be-
tween 5 and 8 min. Thus a peak width of 0.250
was chosen for the cases discussed below. This is
also justified by the good qualitative agreement
between the original chromatogram (Fig. 2, in
which the detector signal in arbitrary units is
plotted for 660 values of the retention time) and
the reconstructed chromatogram, for a = 0.250,
in Fig. 1. Note that in the original chromatogram
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Fig. 1. Reconstructed chromatograms for Arochlor 1260 for
various values of peak width parameter: a = 0.100, a = 0.250,
and a = 1.000. Solvent peaks have been removed.
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Fig. 2. Original chromatogram for Arochlor 1260, with every
fifth of 3300 original points plotted.

the solvent peak at a retention time of about 1
min has been retained, while the solvent peak
has been removed in the reconstructed chro-
matograms.

Fig. 3 shows the reconstructed chromatograms
for the three PCB mixtures from which the
samples were prepared. Note that they all over-
lap to some extent, particularly Arochlors 1254
and 1260. Nevertheless they differ sufficiently
that it is reasonable to assume that a given blend
can be accurately resolved into its components.
This in fact is true, as the results below show.

The data in Table IT were used to reconstruct
discrete-time chromatogram vectors of dimen-
sion 501, i.e. vectors corresponding to 501
evenly-spaced points 0.050 min apart and thus
covering a 25-min interval. From these vectors
the composition of each sample was calculated
by setting up and solving the normal equations.
In Table III the calculated compositions (in mass
percent) are compared with the compositions of
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Fig. 3. Reconstructed chromatograms for Arochlors 1242,

1254, and 1260. Peak width parameter @ = 0.250. Chromato-

grams shifted upward to avoid overlap.
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TABLE III

CALCULATED AND KNOWN COMPOSITIONS IN
MASS PERCENT FOR SAMPLES 1-9

Sample Known Calculated

Arochlor Arochlor

1242 1254 1260 1242 1254 1260
1 10.00 0.00 9000 11.14 -—1.01 88.38
2 0.00 10.00 90.00 095 1050 9044
3 0.00 90.00 10.00 -023 918 11.09
4 10.00  90.00 0.00 948 88.11 1.57
5 1.00 99.00 0.00 039 9792 -0.31
6 0.00 1.00 99.00 0.11 1.48  99.25
7 0.00 99.00 1.00 —-0.20 98.62 0.49
8 0.00 1.00 99.00 0.80 1.0 97.94
9 99.00 0.00 1.00 98.70 0.59 1.43

the samples produced by accurate volumetric
mixing of the standards.

In general the agreement is excellent. The
maximum difference between the known and
calculated mass percents is 1.89%, and the
average difference is 0.26%. Note also that in
only four cases was a negative mass percent
calculated, even though the estimated parame-
ters were not constrained to be non-negative.
And the largest negative mass percent was
—0.26%, the other three being —0.11, —0.09,
and —0.02%.

The variance—covariance matrix was used to
estimate the standard error of the parameter
estimates, based on the RMS residuals. In all
cases the standard errors lay between 0.10 and
0.40% (w/w), which is consistent with the ob-
served differences. The parameter correlation
matrix P,

1.0000 —0.5736  0.3891
P=|-0.5736 1.0000 —0.8133
0.3891 -0.8133  1.0000

shows that the standards are sufficiently different
in congener content to give relatively low param-
eter correlation, and thus permit accurate esti-
mates of the parameters. Note that parameters 2
and 3 are the most strongly correlated, corre-
sponding to the occurrence of peaks (see Fig. 3)
with retention times between 3 and 12 min in the
chromatograms of Arochlors 1254 and 1260.
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As another indication of the results, Fig. 4a—c
shows the reconstructed and best-fit chromato-
grams for samples 1, 2 and 3, respectively. Also
shown are the residuals. These are quite small,
indicating again that the best-fit chromatograms
fit the reconstructed experimental chromato-
grams well.

As a further test, new standards were pre-
pared and run, and four samples with Arochlor
ratios of 1:1:0, 1:0:1, 0:1:1 and 1:1:1 were run
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Fig. 4. Reconstructed and best-fit chromatograms for sam-
ples 1, 2 and 3, and the corresponding residuals. (a) Sample
1; (b) sample 2; (c) sample 3.
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TABLE IV

CALCULATED AND KNOWN COMPOSITIONS IN
MASS PERCENT FOR ADDITIONAL SAMPLES

Sample Known Calculated

Arochlor Arochlor

1242 1254 1260 1242 1254 1260
1 50.00 50.00 0.00 50.21 49.78 0.00
2 50.00 0.00 50.00 50.33 0.98 48.69
3 0.00 50.00 50.00 0.52 47.80 51.69
4 3333 33.33 33.33 3439 3279 32.82

using the data from the standards. The results
are shown in Table IV. Negative mass percents
(one value only, — 0.78%) were set to zero, and
the rest were scaled to bring the sum of the mass
percents to 100. Again agreement was good,
with a maximum absolute error of 2.2% (w/w),
and an average error of 1.06%.

In summary, the least-squares procedure, as
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applied to 13 known blends each made up from
three PCBs (Arochlors 1242, 1254, and 1260),
worked well. The results were quite close to the
known compositions of the samples. The use of
an optimization method to determine a best
value for the retention time factor also con-
tributed to the accuracy of the method, and
produced good agreement between chromato-
grams reconstructed from peak area vs. retention
time data and the best-fit chromatogram as
determined by the least-squares calculation.
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Affinity gel electrophoresis of nucleic acids

Nucleobase-selective separation of DNA and RNA on
agarose-poly(9-vinyladenine) conjugated gel
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ABSTRACT

Poly(9-vinyladenine) (PVAd) was immobilized within an agarose gel matrix to produce a novel affinity gel for the base-specific
separation of nucleic acids by electrophoresis. The shape (single- or double-stranded) and base content of nucleic acids were
specifically recognized by the affinity gel. Only single stranded DNA, of which the sequence is not regular enough to form a stable
duplex hairpin structure, was selectively adsorbed over double-stranded DNA. Among five polynucleotides having different bases
such as poly(A), poly(G), poly(C), poly(U) and poly(I), poly(U) and poly(I) were base-specifically adsorbed by PVAd, probably
by hydrogen bond formation. The effect of the molecular mass and size of poly(9-vinyladenine) was also examined.

INTRODUCTION

The separation and purification of nucleic
acids on the basis of size, shape, base composi-
tion and base sequence are very important in
gene technology and related fields. The most
commonly used techniques for this purpose are
standard agarose or polyacrylamide gel electro-
phoresis {1] and high-performance liquid chro-

matography (HPLC) [2,3], which mainly offer
separation based on differences in size or chain’

length; a smaller molecule migrates through the
matrices faster than a larger molecule. On the
other hand, affinity gel electrophoresis (AGE)
[4] and high-performance affinity chromatog-
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* Present address: Department of Applied Chemistry, Facul-
ty of Engineering, Nagoya University, Chikusa-ku, Nagoya
464-01, Japan.

0021-9673/93/$06.00

raphy (HPAC) [5] are attractive techniques for
the specific base and sequence recognition of
nucleic acids, and affinity ligands such as poly-
(uridylic acid) [poly(U)], one strand of polynu-
cleotides, and oligonucleotides are immobilized
on supports such as cellulose, agarose and silica
gel for the specific separation of the complemen-
tary strand in mixtures of polynucleotides {6-8].
These affinity materials will resolve nucleic acids
with high specificity, but there is a defect in the
stability of nucleic acids immobilized on a sup-
port. Nucleic acids are decomposed by enzyme-
catalysed hydrolysis and are not suitable as
affinity ligands for electrophoresis because of
their anionic character. Therefore, synthetic neu-
tral analogues having nucleic acid bases such as
vinyl polymer analogues of nucleic acids [9,10]
will be promising as affinity ligands for specific
base recognition by HPAC and AGE.

The concept of base recognition by the ana-
logues is based on the idea that analogues having

© 1993 Elsevier Science Publishers B.V. All rights reserved
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bases will interact with nucleic acids via com-
plementary hydrogen bonding and/or stacking
interaction, which will result in retardation of the
mobility of nucleic acids having complementary
bases. We selected poly(9-vinyladenine) (PVAd)
as one of the fully synthetic vinyl polymer
analogues of nucleic acids because it possesses
advantages of ease of preparation, high solubility
in aqueous media and stability against chemical-
and enzyme-catalysed hydrolysis over natural
polynucleotides and additionally in electropho-
resis PVAd does not undergo electroosmotic flow
because of its neutral character. Moreover,
PVAd forms a complex with poly(U) by com-
plementary hydrogen bonding, as established by
UV and NMR spectroscopy {11,12].

NH,
N

“,\:N| V

N

— CHy-CHI—
PVAd

We have demonstrated the validity of PVAd as
an affinity ligand for the nucleobase-selective
separation of nucleic acids in HPAC [13,14],
AGE [15] and capillary affinity gel electropho-
resis (CAGE) [16-20]. PVAd was chemically
bonded to silica gel to separate oligonucleotides
differing in length from mixtures of oligoadenylic
and oligouridylic acids with base selectivity.
Agarose-PVAd conjugated gel separated poly-
(adenylic acid) [poly(A)] and poly(U) of similar
size in affinity gel electrophoresis. Further, we
have developed a capillary filled with poly-
acrylamide-PVAd conjugated gel, which selec-
tively separated oligothymidylic acids from mix-
tures of oligothymidylic and oligodeoxyadenylic
acids with high resolution and high speed. The
effects of urea, temperature and molecular mass
and concentration of PVAd in a gel filled with
polyacrylamide were examined to develop high-
sensitivity and high-speed base recognition of
oligonucleotides.

In this paper, a more detailed investigation
and the efficiency of PVAd as an affinity ligand
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in AGE are described. This approach will also
serve to elucidate the interaction of PVAd with
nucleic acids which may not be detectable by
usual spectroscopic methods.

EXPERIMENTAL

Materials

Boric acid, ethylenediaminetetraacetic acid
(EDTA), bromophenol blue, xylene cyanol,
ethidium bromide and methylene blue were of
analytical-reagent grade from Nacalai Tesque
(Kyoto, Japan). Tris(hydroxymethyl)amino-
methane (Tris), agarose and ®X174 Hae III and
A Hind III restriction enzyme fragments were
obtained from Sigma (St. Louis, MO, USA),
Takara (Kyoto, Japan) and Toyobo (Osaka,
Japan), respectively.  Poly(guanylic  acid)
[poly(G)] was purchased from Pharmacia-LKB
(Uppsala, Sweden). Poly(A), poly(inosinic acid)
[poly(I)], poly(cytidylic acid) [poly(C)], triple-
stranded [poly(A)-poly(U)-poly(U)], double-
stranded [poly(deoxyadenylic acid)-poly(deoxy-
thymidylic acid)] [poly(dA)-poly(dT)], [poly-
(dA-dT)-poly(dA—dT)], [poly(dG-dC)-poly-
(dG—-dC)], single-stranded M13 mp8 phage
DNA and calf thymus DNA were purchased
from Sigma. pUC18 plasmid DNA was a gift of
Professor Higashi and Dr. Uchiumi of the De-
partment of Biology, Kagoshima University.

PVAd was prepared by the polymerization of
vinyladenine according to the literature [16,21].
The PVAd obtained was fractionated using an
ultrafiltration technique (Amicon 8200 standard
cell) with Amicon membranes (molecular mass
cut-offs 10000, 30000 and 50 000) under nitro-
gen pressure (2.0 kg/ cm?). Three PVAd samples
having molecular mass ranges of <10000,
10 000-30 000 and 30 000-50 000 were obtained.

Sonication

As most commercially available nucleic acids
have high molecular masses and a very broad
range of distribution of molecular mass and are
not suitable for affinity gel electrophoresis, they
were sonicated in TE buffer (10 mM Tris—1 mM
EDTA, pH 7.5) containing 0.5 M NaCl. Sonica-
tion was conducted under nitrogen or helium at
0-8°C using a Tomy Seiko sonicator (Model
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UR-200P) with a high gain and a 25% pulse
cycle using a programmable timer (Kagaku
Kyoeisha, Osaka, Japan) to prevent heating.
After sonication, the solution was filtered
through a 0.45-um Millipore filter and then
dialysed in a solution of 0.1 M NaCl and 1 mM
EDTA using a Spectra Por membrane (molecu-
lar mass cut off 6000-8000) that had been
pretreated twice with a boiling solution of
EDTA (2 mM) for 15 min. The dialysed solution
was lyophilized and the sample obtained was
stored at —20°C until used. The relative size of
the sonicated nucleic acid was estimated against
A Hind IIT restriction enzyme fragments by
agarose (0.7%) gel electrophoresis. The sizes of
the sonicated nucleic acids were in the range
200—400 base pairs (bp) except for poly(A) (300-
700 bp). Double-stranded poly(A)—poly(U).
poly(G)-poly(C) and poly(I)-poly(C) were pre-
pared by mixing equimolar amounts of the
sonicated single-stranded polynucleotides.

Gel electrophoresis

Gel electrophoresis was performed according
to a protocol [22] using a submarine-type gel
apparatus (Bio-Rad DNA SUB CELL) at a
constant voltage (100 V) on an ATTO AE-8350
power supply usually for 2 h using TBE buffer
(89 mM Tris—89 mM boric acid-2 mM EDTA,
pH 8). Agarose gel (0.7 or 1.4%) was prepared
in the usual manner using a Mupid Gel Maker
Set (Cosmo Bio, Tokyo. Japan) and agarose-
PVAd conjugated gel was prepared by dissolving
agarose and the desired amount of PVAd in
buffer. Nucleic acids were dissolved in TE buffer
(10 mM tris=1 mM EDTA) and the solution
(10-20 mM ) was mixed with glycerol containing
bromophenol and xylene cyanol. Denaturation
of nucleic acids was done by heating the solution
of nucleic acids to 95 or 100°C. followed by
cooling quickly to 0°C.

After electrophoresis. the gels were placed on
a TLC sheet (20 x 20 cm) (Merck, Art. 5735)
containing fluorescence agents, and the positions
of the nucleic acids loaded were recorded under
UV light. The gels were first stained with the
intercalating dye ethidium bromide to reveal
DNA and double-stranded RNA by fluorescence
under UV light (312 nm; Cosmo-Bio. CSF-20B
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transilluminator). Because ethidium bromide was
not satisfactory as a stain for a single-stranded
RNA, the gels were rinsed for 15 min in 1.0 M
acetic acid to lower the pH of the gels and were
then stained with 0.2 wt.% methylene blue
dissolved in an acetate buffer for 1-2 h. The
excess stain was removed from the gels using a
continuous flow of fresh water for about 12 h.
The blue bands of single-stranded RNA in the
gel were clearly observed. It has been reported
that methylene blue had a high affinity for
binding to RNA. but the binding of ethidium
bromide to poly(A) and poly(U) was negligibly
small [23]. The electrophoresis experiments were
repeated several times and the reproducibility
was satisfactory.

Photographs were taken with a Polaroid
ACMEL CRT camera (M-0851) with Polaroid
Type 665 P/N film.

Polyacrylamide  gel (5%)  (acrylamide:
bisacrylamide = 19:1) was prepared in a similar
manner to agarose gel under a nitrogen atmos-
phere.

Measurements

UV spectra and “melting temperature™ (7,)
corresponding to a 50% transition of complexes
were obtained with a Hitachi Model 200-20
spectrophotometer in a 1.0-cm path-length
quartz cell equipped with a temperature control-
ler (Tanson TC 3). Hypochromicity was ob-
tained by continuous variation mixing curves in
0.1 M phosphate buffer (pH 7.0) containing 50
mM NaCl at 25°C by monitoring the absorbance
at 253 and 290 nm for PVAd or the poly(A) and
poly(I) systems. Melting curves were obtained
by monitoring the absorbance change at 253 and
290 nm with slow heating at a rate below 0.5°C/
min.

RESULTS AND DISCUSSION

Electrophoresis of DNA

We first examined the effects of molecular
mass and concentration of PVAd on the mobility
of double-stranded DNA in agarose gel (0.7%)
electrophoresis. It should be noted that the
elution of PVAd from the gel is negligible. The
double-stranded DNA interacts weakly with
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PVAd as determined by UV spectroscopic analy-
sis. The hyperchromicity of calf thymus DNA to
PVAd was about 5% based on the continuous
variation mixing curve. Therefore, double-
stranded DNA was suitable as a standard to
calibrate the mobilities of other nucleic acids in
AGE containing PVAd. Three PVAds having
molecular mass ranges of <10 000, 10 000-30 000
and 30 000-50 000 and a vinyladenine monomer
were used as affinity ligands. The numbers of
adenine bases of these PVAd were <60, 60-180
and 180-310, respectively.

The results of the mobilities of DNAs includ-
ing covalently closed circular (ccc) and open
circular (oc) pUC 18 plasmid in agarose gel
electrophoresis in the absence and presence of
different PVAds with respect to molecular mass
and concentration are illustrated in Fig. 1.

Fig. la demonstrates that the mobilities of
linear and circular DNAs decreased as the mo-
lecular mass of PVAd increased. The retardation
of DNA mobility was not much different when
the molecular mass of PVAd ranged from 10 000
to 50000. In these electrophoreses, the concen-
tration of PVAd was held constant at 10% (w/w)
relative to agarose. The concentration of PVAd
also affects the mobility of DNA. An increase in
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Fig. 1. (a) Effect of the molecular mass of PVAd on the
mobility of @X174 Hae III fragments and (b) effect of the
concentration of PVAd on the mobility of A Hind III
fragments. (a) The gel contained 0.7% agarose and 10%
(w/w) PVAd and (b) the molecular mass of PVAd in the gel
was 30 000-50 000. Gel electrophoresis was performed using
TBE buffer (80 mM Tris—89 mM boric acid-2 mM EDTA.
pH 8). The abbreviations ccc, oc and k mean covalently clos-
ed circular, open circular and 107 (base pairs). respectively.
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the concentration of PVAd resulted in a decrease
in the migration of DNA, but the retardation
was almost constant at more than 10% (w/w)
PVAd. Although the interaction between
equimolar PVAd and double-stranded DNA was
weak based on UV spectroscopy, excess of PVAd
entrapped within the gel matrix will cause re-
tardation of the mobility in electrophoresis.
Consequently, we employed PVAd having a
molecular mass of >30000 for affinity gel elec-
trophoresis. and the concentration was held
constant at 10% (w/w) relative to agarose
throughout.

A dramatic decrease in mobility of DNA was
found when the double-stranded DNA was dena-
tured by heating at 95°C for 3 min (Fig. 2, lane
2). We thought that this was due to hydrogen
bonding or base pairing of PVAd with the
denatured, probably, single-stranded DNA. In
order to elucidate this, the single-stranded (+)-
M13mp8 was loaded on to the same gel. As
shown in lanes 3 and 4, the DNA was almost
completely trapped at the upper part of the gel
by PVAd. This may be applicable to selective

Fig. 2. Electrophoresis of DNA on (a) agarose gel (0.7%)
and (b) agarose—PVAd gel. The concentration and molecular
mass of PVAd in the gel were 10% (w/w) and 30 000-50 000,
respectively. Lanes: 1= Hind III restriction enzyme digests
of A DNA: 2 =sample 1 heated at 95°C for 3 min; 3 = single-
stranded M13 mp8 phage DNA: 4 = sample 3 heated at 95°C
for 3 min. Gel electrophoresis was performed using TBE
buffer (89 mM Tris—89 mM boric acid-2 mM EDTA, pH 8)
The gels were stained with ethidium bromide.
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separation of double-stranded DNA in mixtures
of single- and double-stranded DNAs [24].

The ability of PVAd for specific base recogni-
tion of DNA was examined using several DNAs
with different base sequences and dT content
such as poly(dA-dT),. poly(dG-dC),. calf
thymus DNA (dT content ca. 30%) and poly-
(dA)—poly(dT) in agarose—PVAd conjugated gel
electrophoresis (Fig. 3. lanes 1-13, and Fig. 4,
lanes 1 and 2). All double-stranded DNAs were
denatured by heating them at 95 or 100°C to give
single-stranded DNAs. It was found that only
the denatured calf thymus DNA was trapped by
PVAd (lanes 7 and 9 in Fig. 3), and other DNAs
migrated rapidly in both the gels. We first ex-
pected that the single-stranded poly(dA-dT) and
poly(dT) may be adsorbed most strongly in the
agarose—PVAd conjugated gel owing to com-
plementary hydrogen bond formation between
dT bases of poly(dA-dT) and poly(dT) and
adenyl moieties of PVAd. However. the differ-
ences in the mobility of the denatured poly(dA—
dT), and poly(dA)—poly(dT) with and without
PVAd were not regarded as significant. This may
be due to rapid intramolecular renaturation of
the resulting single-stranded poly(dA-dT) and
intermolecular renaturation of the poly(dA) and
poly(dT). In the former instance. when a se-
quence of bases is a complementary sequence in
the same chain as in poly(dA-dT), the chain will
fold back to form a duplex hairpin by base
pairing between complementary sequences.
Therefore. the poly(dA-dT) having a duplex
hairpin. which was expected to retain its original
half size. migrated faster than the poly(dA-dT),
without interacting with PVAd. In the latter
instance, the poly(dT) will renature with the
poly(dA) before it interacts with the immobilized
PVAd in the gel, and then the resulting double-
stranded poly(dA)-poly(dT) may migrate like
the untreated substance. The interaction of poly-
(dT) with PVAd might be strong because the
migration of oligo(dT),, . in a capillary filled
with polyacrylamide gel containing only 0.05%
(w/w) PVAd was strongly retarded by PVAd
even in the presence of an excess of urea such as
7 M, as reported previously [16].

The single-stranded calf thymus DNA. of
which the base sequence may not be regular

(@1 23456 7 8 9 101112 13

Fig. 3. Electrophoresis of DNA on (a) agarose gel and (b)
agarose-PVAd gel. Conditions as in Fig. 2. Lanes: | = Hae
III restriction enzyme digests of @ X174 DNA: 2 = poly(dG-
dC),: 3= sample 2 heated at 100°C for 10 min: 4 = poly(dG-
dC).-PVAd [1:1 (mol/moD]: 5= sample 4 heated at 100°C
for 10 min: 6 = calf thymus DNA: 7=sample 6 heated at
100°C for 10 min: 8 = calf thymus DNA-PVAd [1:1 (mol/
mol)]: 9 =sample & heated at 100°C for 10 min: 10=
polv(dA-dT).: 11 =sample 10 heated at 100°C for 10 min;
2 =poly(dA-dT).-PVAd [1:] (mol/mol)|: 13 =sample 12
heated at 100°C for 10 min. The gels were stained with
ethidium bromide.

enough to form a stable duplex hairpin, easily
interacted with PVAd by base pairing to result in
clectrophoretic retardation.

Electrophoresis of polvaucleotides

Based on imino 'H and *'P NMR, UV and
circular dichroism spectroscopy. PVAd was
found to form a complex with poly(U) by com-
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Fig. 4. Electrophoresis of DNA and polynucleotides on (a)
agarose gel and (b) agarose-PVAd gel. Conditions as in Fig.
2. Lanes: 1= poly(dA)-poly(dT): 2=sample 2 heated at
95°C for 3 min; 3 = poly(A): 4=poly(G): 5=poly(l): 6=
poly(C); 7= poly(U): 8= poly(A)-poly(U): 9=poly(G)-
poly(C); 10 = poly(I)-poly(C). The gels were stained with
methylene blue.

plementary hydrogen bonding [12]. The complex
formation was also established in agarose—PVAd
conjugated gel electrophoresis [15.25]. The
mobility of poly(U) was considerably retarded
by PVAd, but that of poly(A) was not signifi-
cantly affected by PVAd. Such base recognition
ability of PVAd can be utilized for the base-
specific separation of oligonucleotides and oligo-
deoxynucleotides in HPLC [14] and in capillary
gel electrophoresis [16-20]. Here, we employed
five polynucleotides having different bases to
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investigate the more detailed base-specific recog-
nition ability of PVAd in agarose—PVAd conju-
gated gel. The results serve to elucidate the
characteristics of complex formation of PVAd
with nucleic acids, which may not easily be
detectable by the usual spectroscopic methods.

Fig. 4 shows the electrophoretic patterns of
single- and double-stranded polynucleotides on
agarose and agarose—PVAd conjugated gels.
Among the five single-stranded polynucleotides
with different base composition, poly(U) and
poly(I) were base-specifically recognized by
PVAd (lanes 5 and 7) and those electrophoretic
mobilities were significantly diminished, but
other polynucleotides exhibited almost the same
electrophoretic mobility in both gels. Base pair-
ing between poly(U) and PVAd, which is estab-
lished by NMR and UV spectroscopy, will lead
to the retardation of migration of poly(U). The
situation seems to be very similar with poly(I),
as it forms a double helix with poly(A) by
hydrogen bonding between the bases. Similarly,
PVAd will be expected to interact with poly(I).
However, no clear spectroscopic variations in
base pairing between PVAd and poly(I) were
observed in UV spectroscopy. Hypochromicity
and melting between them were not regarded as
significant, whereas those for a mixture of
poly(A) and poly(I) were clearly observed with
ca. 25% of hypochromicity, ca. 60% of hyper-
chromicity and a 7T, of 33°C. The exact nature of
the interaction between PVAd and poly(I) can-
not be explained. Weak hydrogen bonding inter-
actions or hydrophobic interactions between
them, which will be small enough to escape
detection by UV spectroscopy. should be consid-
ered.

Lanes 8, 9 and 10 in Fig. 4 demonstrate that
the duplexes of poly(A)-poly(U) and poly(I)-
poly(C) are resolved into two bands even with-
out heat treatment (b), but the bands are single
in agarose gel (a). Band broadening occurred
especially with poly(I)—-poly(C), probably owing
to strong binding to the immobilized PVAd as
shown in Fig. 4b. Poly(G)-poly(C) migrated
similarly in both gels. These results suggest that
the immobilized PVAd interacted with the du-
plexes of poly(A)-poly(U) and poly(I)-poly(C),
then pulled off the poly(U) and poly(I) strands
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from the duplexes and complexed with them to
give the PVAd—poly(U) and PVAd—poly(I) com-
plexes, respectively. Therefore. the upper broad
bands may be assigned to the PVAd-poly(U)
and PVAd-poly(l) complexes and the lower
sharp bands to the free poly(A) and poly(C).
respectively. The base-pairing ability of PVAd to
poly(U) and poly(I) seems to be superior to that
of poly(A) under these conditions.

Next, in order to investigate the interaction
between PVAd and multi-stranded polynu-
cleotides. double- and triple-stranded polynu-
cleotides were loaded and the gels were stained
with ethidium bromide and methylene blue.

Fig. 5 shows the eclectrophoretic patterns of
double- and triple-stranded polynucleotides and/
or DNA in agarose gel with (b and d) and

(a) 1234567 (c) 1234567

(b) 1234567 d 1234567

~

Fig. 5. Electrophoresis of DNA and polynucleotides on (a)
agarose gel and (b) agarose-PVAd gel. Conditions as in Fig.
2. The gels were stained with (a and b) ethidium bromide and
(¢ and d) methylenc blue. Lanes: 1=Hae III restriction
enzyme digests of @X174 DNA: 2= poly(dA)-poly(dT):
3 =sample 2 heated at 95°C for 3 min: 4 = poly(A)-poly(U):
S=sample 4 heated at 95°C for 3 min: 6= polyv(A)-
2poly(U): 7 =sample 6 heated at 95°C for 3 min.
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without (a and ¢) PVAd. The patterns observed
in Fig. 5b and d were complicated. When
ethidium bromide was used as a stain. only single
bands appeared at around 1.4 kbp of DNA size
marker (Fig. 5b. lanes 4-7). On the other hand,
staining with methylene blue gave additional
bands smaller in size than the former bands (Fig.
5d). Ethidium bromide can stain multi-stranded
nucleic acids but is not suitable for single-
stranded nucleic acids. Methylene blue can stain
both single- and multi-stranded nucleic acids.
Therefore, the lower bands. stained only with
methylene blue should be the free poly(A) and
the upper bands, stained with two dyes, will be
the PVAd-poly(U) complex. to which ethidium
bromide will intercalate and fluoresce. The
strong interaction of PVAd with the Hoogstein-
paired poly(U) of the triple-stranded poly(A)-
2poly(U) was established by UV and 'P NMR
spectroscopy [12]. However, a significant inter-
action between PVAd and the Watson—Crick-
paired poly(U) could not be detected by these
methods. Therefore, a weak interaction between
PVAd and the Watson—Crick-paired poly(U) of
the double-stranded poly(A)—poly(U) may be
amplified throughout the affinity gel electropho-
resis, which will cause retardation of the mobility
of the poly(U).

In conclusion. PVAd was found to be effective
as an affinity ligand in affinity gel electropho-
resis. PVAd specifically recognizes not only
poly(U) but also poly(l), probably by hydrogen
bond formation. and does not interact with
poly(A). poly(G) and poly(C) in agarose gel.
PVAd interacts only with a single-stranded
DNA, the sequence of which is not regular
enough to form a stable duplex hairpin structure.
As many synthetic nucleic acid analogous have
been prepared [10], most of them should be
utilized as affinity ligands in affinity gel electro-
phoresis, and our approach developed here will
be valuable for the base and shape recognition of
nucleic acids.
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ABSTRACT

Two types of affinity gels consisting of cross-linked polyacrylamide and affinity ligands possessing nucleic acid bases were
prepared. One type of gel was polyacrylamide—poly(vinylnucleobase) conjugated gel, where the poly(vinylnucleobase) such as
poly(9-vinyladenine) (PVAd) bearing a nucleobase in the side-chain was entrapped in the gel matrix. The other type of gel, in
which a nucleobase such as adenine is chemically bonded to polyacrylamide gel, was prepared by copolymerization of acrylamide,
cross-linker and 9-vinyladenine. These affinity gels, especially the former, demonstrated characteristic nucleobase- and shape-
selective separation of nucleic acids. The gels showed high affinity for single-stranded DNA and both single- and double-stranded
polynucleotides and could separate a double-stranded DNA in mixtures of double-stranded DNA and polynucleotides. The
electrophoretic mobilities of poly(uridylic acid) and poly(inosinic acid) were selectively retarded even in the presence of 7T M
urea. The electrophoretic behaviours of nucleic acids on the polyacrylamide-PVAd conjugated gels were compared with those on
the agarose—PVAd conjugated gel. The effects of urca, temperature and concentration of PVAd were also examined. The
polyacrylamide—PVAd conjugated gel served to elucidate interactions between PVAd and nucleic acids that could not be detected
by usual spectroscopic methods.

INTRODUCTION specific base or sequence recognition. However,
specific base recognition of nucleic acids has not
Gel electrophoresis, a most commonly used been realized in gel electrophoresis. Several
technique for the separation and purification of intercalator dyes [3,4] and phenylboronate [5]
nucleic acids, has been developed into an essen- have been introduced in a polyacrylamide gel
tial tool in gene technology and related fields and matrix for specific base-sequence or base-content
separates nucleic acids mainly on the basis of size separation and isolation of RNA in electropho-
[1]. On the other hand, affinity gel electropho- resis, respectively.
resis (AGE) [2] may separate nucleic acids with One strand of natural or synthetic polynu-

cleotide can recognize the complementary strand
in mixtures of polynucleotides but will not be
suitable for an affinity ligand in electrophoresis
* Present address: Department of Applied Chemistry, Facul- because of electroosmotic flow due to its anionic

ty of Engineering, Nagoya University, Chikusa-ku, Nagoya character. Fully synthetic neutral vinylpolymer
464-01, Japan. analogues of nucleic acids having nucleic acid

* Corresponding author.

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.V. All rights reserved
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bases in the side-chain should be promising
affinity ligands for base-specific separation of
nucleic acids in electrophoresis [6-13] and
chromatography [14-16]. Poly(9-vinyladenine)
(PVAd), a novel water-soluble neutral vinyl
polymer analogue [17,18], has been demonstra-
ted to be an excellent affinity ligand for the
base-specific separation of oligonucleotides
in high-performance liquid chromatography
(HPLC) [14,15] and capillary gel electrophoresis
[9-13] using PVAd-immobilized silica gel and a
capillary filled with cross-linked polyacrylamide
gel conjugated with PVAd, respectively. PVAd is
also valuable in conventional affinity gel electro-
phoresis for the base- and shape (single- or
double-stranded)-selective separation of DNA
and RNA [6-8]. Only single-stranded DNA was
selectively adsorbed over double-stranded DNA,
and poly(uridylic acid) [poly(U)] and poly-
(inosinic acid) [poly(I)] were base-specifically
recognized by PVAd entrapped in agarose gel
among five polynucleotides having different
bases [8].

In this study, we prepared two types of affinity
gels consisting of polyacrylamide and affinity
ligands having nucleic acid bases as illustrated in
Fig. 1. One was a polyacrylamide—poly(vinyl-
nucleobase) conjugated gel (type I), in which the
vinyl polymer analogues having nucleobases
were entrapped within the gel matrix. PVAd,
poly[N-(2-uracylethyl)acrylamide] and poly-
(vinylhypoxanthine) were used as such a mac-
roligand. In the second affinity gel (type II),
nucleobases as affinity ligands were chemically
bonded to the polyacrylamide gel matrix by the

1 /\—”}
#;' \\\\

y(nucleobase) \B)\ \ B

\\\ \

_B__
=

B T
B8
Type | Type It

Fig. 1. Schematic representation of affinity gels.

E. Yashima et al. | J. Chromatogr. A 654 (1993) 159-166

copolymerization of acrylamide, a cross-linker
and vinylnucleobases such as vinyladenine and
N-(9-adenylethyl)acrylamide. These affinity gels
were expected to exhibit different base-recogni-
tion abilities for nucleic acids depending on the
kinds of immobilized bases, and the electro-
phoretic behaviours of nucleic acids on the gels
were compared with those on the agarose-PVAd
conjugated gel [8]. The effects of urea, tempera-
ture and concentration of PVAd on the electro-
phoretic mobility of nucleic acids in affinity gel
electrophoresis were also examined. Affinity gel
electrophoresis using the polymeric analogues
serves to elucidate the interaction of the ana-
logues and nucleic acids, which is too weak to
detect by common spectroscopic methods.

EXPERIMENTAL

Materials

Boric acid, ethylenediaminetetraacetate
(EDTA), bromophenol blue, xylene cyanol,
ethidium bromide, methylene blue, ammonium
peroxodisulphate, potassium peroxodisulphate
and urea were of analytical-reagent grade from
Nacalai Tesque (Kyoto, Japan). Acrylamide,
N,N'-methylenebis(acrylamide) (Bis), and N,N,
N’,N’-tetramethylethylenediamine =~ (TEMED)
were of electrophoretic grade from Nacalai Tes-
que. Tris(hydroxymethyl)aminomethane (Tris)
and @ X174 Hae III restriction enzyme fragments
were obtained from Sigma (St. Louis, MO,’
USA) and Toyobo (Osaka, Japan), respectively.
Poly(adenylic acid) [poly(A)}l and poly(U) were
obtained from Yamasa (Chiba, Japan) and
Sigma. Poly(I), poly(cytidylic acid) [poly(C)],
double-stranded poly(deoxyadenylic acid)—poly-
(deoxythymidylic acid)] [poly(dA)-poly(dT)],
calf thymus DNA, and RNA (Type III from
bakers’ yeast) were purchased from Sigma, and
poly(guanylic acid) [poly(G)} from Pharmacia-
LKB (Uppsala, Sweden).

The preparation and polymerization of 9-vin-
yladenine have been described previously [9,19].
N-(9-Adenylethyl)acrylamide, N-(2-uracylethyl)-
acrylamide and vinylhypoxanthine were pre-
pared according to reported methods [20-23].
The polymerization was carried out in water or
dimethylformamide with ammonium peroxodi-
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sulphate or potassium peroxodisulphate as a
radical initiator. Poly(9-vinyladenine) (PVAd)
was fractionated using an ultrafiltration tech-
nique [24] and PVAd with molecular mass
>30 000 was used as an affinity ligand in electro-
phoresis throughout [&].

Sonication and gel electrophoresis

Sonication and gel electrophoresis were per-
formed in a similar manner to that reported
previously [8.24]. RNA from bakers’ yeast was
small enough and used without sonication. The
relative size of the sonicated nucleic acids was
estimated against ®X174 Hae III restriction
enzyme fragments by polyacrylamide (5%) gel
electrophoresis. The sizes of the sonicated nu-
cleic acids were in the range 60-200 base pairs
(bp) except for poly(A) (80-450 bp) and
poly(G) (40-300 bp). Double-stranded poly(A)-
poly(U). poly(G)-poly(C) and poly(I)-poly(C)
were prepared by mixing equimolar amounts of
the sonicated single-stranded polynucleotides.

Gel electrophoresis was performed according
to the method reported previously (8] using a
submarine-type gel apparatus (Bio-Rad DNA
SUB CELL) at a constant voltage (100 V) on an
ATTO AE-8350 power supply usually for 2 h in
TBE buffer (89 mM Tris—89 mM boric acid-2
mM EDTA. pH 8). Polyacrylamide gel (5.0%:
acrylamide:Bis = 19:1) was prepared using a
Mupid Gel Maker Set (Cosmo-Bio. Tokyo.
Japan) under a nitrogen atmosphere and poly-
acrylamide—PVAd conjugated gel was prepared
by copolymerization of acrylamide and Bis
(19:1) in the presence of the desired amount of
PVAd (0.05-15%. w/w). N-(9-Adenylethyl)-
acrylamide and vinyladenine were covalently
immobilized to the gel matrix by copolymeriza-
tion with acrylamide and Bis under a nitrogen
atmosphere. Ammonium peroxodisulphate was
used as a radical initiator. Unreacted monomers
were removed by immersing the gels in TBE
buffer for more than 1 h.

After electrophoresis. the gels were first
stained with the intercalating dye ethidium bro-
mide to reveal DNA and double-stranded poly-
nucleotides by fluorescence under UV light (312
nm: Cosmo-Bio. CSF-20B transilluminator). As
ethidium bromide was not suitable for staining a

161

single-stranded RNA, the gel was then stained
with 0.2 wt.% methylene blue. The clectrophor-
etic experiments were repeated several times and
the reproducibility was satisfactory.

Photographs were taken with a Polaroid
ACMEL CRT camera (M-0851) with Polaroid
Type 665 P/N film.

Measurements

UV spectra and “melting temperature™ (T,)
corresponding to a 509% transition of complexes
were obtained with a Hitachi Model 200-20
spectrophotometer in a 1.0-cm path-length
quartz cell equipped with a temperature control-
ler (Tanson TC 3). Hypochromicity and hy-
perchromicity were obtained by continuous vari-
ation mixing curves in 0.1 M phosphate buffer
(pH 7.0) containing 50 mM NaCl at 25°C.
Melting curves were obtained by monitoring the
absorbance change with slow heating at a rate
below 0.3°C/min.

RESULTS AND DISCUSSION

Preparation of affinity gel with nucleobase

Some water-soluble synthetic vinyl polymer
analogues of nucleic acids can interact with
nucleic acids through specific interactions, i.e.,
complementary hydrogen bonding (base pairing)
and hydrophobic interaction or stacking depend-
ing on the degree of the polymerization [17-
19.24]. Such specific interactions can be applic-
able to affinity chromatography and affinity
clectrophoresis in which the analogues serve as
an effective affinity ligand for basec-specific rec-
ognition of nucleic acids having complementary
bascs.

We prepared two types of affinity gels consist-
ing of polyacrylamide and affinity ligands having
nucleic acid bases as illustrated in Fig. 1. One
was a polyacrylamide—poly(vinylnucleobase)
conjugated gel, in which the vinyl polymer
analogues having nucleobases in the side-chain
were entrapped within the gel matrix (type 1) by
polymerization of acrylamide and Bis in the
presence  of  poly(vinylnucleobase).  PVAd,
poly[N-(2-uracylethyl)acrylamide] — and  poly-
(vinylhypoxanthine) were chosen and prepared
for use as affinity macroligands because they
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possess advantages of ease of preparation and
stability against enzyme-catalysed hydrolysis
over natural polynucleotides and additionally in
electrophoresis they will not undergo electro-
osmotic flow because of their neutral character.
PVAd was found to show almost no electro-
phoretic mobility in slab gel electrophoresis
[6,7]. Among the analogues, PVAd was fairly
soluble in water, but the others were less solu-
ble.

In the second type of affinity gel, nucleobases
were chemically bonded to the polyacrylamide
gel matrix by the copolymerization of acrylam-
ide, Bis and vinylnucleobases such as vinyl-
adenine and N-(9-adenylethyl)acrylamide (type
IT). This is a very convenient method of im-
mobilizing nucleobases within the gel matrix by
covalent bonding. Another type of affinity gel
would be possible using a low molecular mass
nucleobase monomer as a mobile carrier. How-
ever, the mobile ligand will interact very weakly
with nucleic acids and is not suitable as an
affinity ligand for the specific separation of
nucleic acids. Therefore, the two methods de-
scribed above were employed for the immobili-
zation of affinity ligands.

We first evaluated the specific base- and shape-
recognition ability of the polyacrylamide—PVAd
conjugated gel in electrophoresis and the electro-
phoretic migration behaviour of nucleic acids on
the gel was compared with that on agarose—
PVAd conjugated gel [8]. Nucleic acids displayed
different electrophoretic migrations on the poly-
acrylamide—-PVAd conjugated gel. The effects of
the concentrations of PVAd and urea and tem-
perature were also examined.

Electrophoresis of DNA and RNA on
polyacrylamide—PVAd conjugated gel

Fig. 2 demonstrates the effect of the poly-
acrylamide gel matrix on the electrophoretic
migration of typical single- and double-stranded
DNA and polynucleotides in (b) the presence
and (a) the absence of PVAd. The retardation of
the mobility of double-stranded DNA was not
much affected by PVAd (lane 1). A dramatic
decrease in mobility of DNA was observed when
the double-stranded DNA was denatured by
heating at 95°C for 3 min (lane 2), as seen with
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Fig. 2. Electrophoresis of nucleic acids on (a) polyacrylamide
gel (5.0%; acrylamide:Bis = 19:1) and (b) polyacrylamide—
PVAd (1%, w/w) gel. Gel electrophoresis was performed
using TBE buffer (89 mM Tris—89 mM boric acid-2 mM
EDTA, pH 8). The gels were stained with methylene blue.
Lanes: 1 = calf thymus DNA; 2 = sample 1 heated at 95°C for
3 min; 3 =poly(A); 4= poly(U); 5= poly(A)-poly(U); 6=
sample 5 heated at 95°C for 3 min.

the agarose—PVAd conjugated gel [7,8]. This
might be due to base pairing of PVAd with the
denatured single-stranded DNA, since the elec-
trophoretic migration of single-stranded (+)-
M13mp8 DNA was almost completely retarded
by PVAd immobilized in agarose gel [8].

The most different electrophoretic behaviour
was found with polynucleotides including
poly(A), poly(U) and the double-stranded poly-
(A)-poly(U), all of which were electrophoret-
ically retarded in spite of the kind of base and
shape (single- or double-stranded) (lanes 3-6).
Complementary hydrogen bonding between
poly(U) and PVAd, established by spectroscopic
methods [24,25], reasonably leads to retardation
of the migration of poly(U). However, no clear
spectroscopic variations in interaction between
PVAd and poly(A) were observed from UV and
*'P NMR spectroscopy, indicating that the inter-
action was so weak that the usual spectroscopic
methods could not detect it. Hypochromicity and
melting between them were not regarded as
significant. The same observation was reported
by Pitha [6], who claimed that very weak co-
stacking between them caused retardation of the
mobility of poly(A) in the presence of PVAd in
polyacrylamide gel, although the mobility of
poly(A) was not affected even in the presence of
10% (w/w) PVAd in agarose gel electrophoresis
[7.8]. These results suggest that the mobility
retardation of poly(A) in the polyacrylamide—
PVAd conjugated gel may be related to the size
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of gel porosity of polyacrylamide other than
hydrophobic or stacking interaction between
PVAd and poly(A). The relatively small pores of
the polyacrylamide (5% ) compared with those of
agarose (0.7%), in which PVAd was entrapped,
will make it possible to associate with nucleic
acids effectively.

Interestingly, the migration of the double-
stranded poly(A)—poly(U) was also strongly re-
tarded without heat treatment in the poly-
acrylamide-PVAd system (lane 5 in Fig. 2). In
the agarose—PVAd conjugated gel, the duplex
was separated into two bands; poly(U) migrated
slowly and poly(A) migrated rapidly [7.8].
Therefore, in the polyacrylamide—PVAd system,
the following complex interaction may be occur-
ring: the duplex first interacts with the immobil-
ized PVAd, and then the PVAd pulls off the
poly(U) to complex with it. The resulting single-
stranded poly(A) also interacted with PVAd as
seen in lane 3. Consequently, both strands were
trapped in the gel.

The results clearly indicate that the poly-
acrylamide—PVAd conjugated gel electrophoresis
will be applicable to the separation of double-
stranded DNA in mixtures of single- and double-
stranded DNA and RNA. An example is demon-
strated in Fig. 3. Only double-stranded DNA
migrated, but polynucleotides were trapped in
the slot.

Next, the effect of the concentration of PVAd
on the mobility of single- and double-stranded
polynucleotides was examined. The electro-
pherograms are shown in Fig. 4. The detectable
retardation of the migration of all polynu-
cleotides occurred only with 0.05% (w/w) PVAd,
and the mobility was greatly decreased as the
concentration of PVAd increased. A similar
concentration effect was also observed in capil-
lary gel electrophoresis of oligo(dT),,_,, using
polyacrylamide-PVAd conjugated gel [9]. The
migration of oligo(dT),, 4 in a capillary filled
with polyacrylamide gel containing only 0.05%
(w/w) PVAd was strongly retarded even in the
presence of excess of urea.

From the band broadening in Fig. 4 it was
found that poly(U) binds to PVAd more strongly
than poly(A).

To examine the more detailed base-specific
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Fig. 3. Electrophoresis of DNA and polynucleotides on (a)

polyacrylamide gel and (b) polyacrylamide—PVAd (10%,
w/w). Conditions as in Fig. 2. The gels were stained with
ethidium bromide. Lanes: 1= Hae IIl restriction enzyme
digests of @X174 DNA: 2 =sample | heated at 95°C for 3
min: 3 = poly(A)-poly(U); 4 = mixtures of Hae III restric-
tion enzyme digests of ®X174 DNA and poly(A)—poly(U).

recognition ability of PVAd in polyacrylamide
gel, RNA from bakers’ yeast, five polynu-
cleotides having different bases and double-
stranded poly(dT)-poly(dA) were electrophor-
esed. Among the five polynucleotides, only
poly(I) and poly(U) were electrophoretically
retarded in the agarose-PVAd gel [8]. The

(a) (b) (c) (d) (e)
$28 1239 120 133

(LA

123

Fig. 4. Effect of the concentration of PVAd on the migration
of single- and double-stranded polynucleotides. Concentra-
tion of PVAd: (a) 0. (b) 0.05, (¢) 0.5, (d) 1 and (e) 5%. Other
conditions as in Fig. 2. The gels were stained with methylene
blue. Lanes: 1= poly(A): 2 = poly(U): 3 = poly(A)—poly(U).
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electrophoretic patterns of these DNA and RNA
are shown in Fig. 5. All single-stranded polynu-
cleotides except poly(C) were strongly adsorbed
by PVAd (lanes 4-8). The retardation of the
mobilities of poly(U) and poly(I) was due to
base pairing, since poly(I) and poly(U) were
strongly adsorbed by PVAd in agarose gel and
those of poly(A) and poly(G) may be due to a
weak hydrophobic interaction. Poly(C), which
may not interact with PVAd either by base
pairing or by hydrophobic interaction, migrated
rapidly in both gels.

The double-stranded poly(G)-poly(C) and

(@1 234567891011

e R e e i

- (b)

Fig. 5. Electrophoresis of nucleic acids on (a) polyacrylamide
gel and (b) polyacrylamide-PVAd (5%. w/w) gel. Other
conditions as in Fig. 2. The gels were stained with methylene
blue. Lanes: 1=RNA from bakers’ yeast; 2= poly(dA)-
poly(dT); 3 = sample 2 heated at 95°C for 3 min; 4 = poly(A):
5=poly(G); 6=poly(I); 7=poly(C); 8=poaly(U); 9=
poly(A)-poly(U): 10 = poly(G)-poly(C): 11 =poly(Il)-
poly(C).
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poly(I)—poly(C) migrated to afford a very broad
band and two bands, respectively (lanes 10 and
11). The upper band in lane 11 was assigned to
poly(I) and the band broadening of the poly(G)-
poly(C) may be due to strong interaction of
poly(G) with PVAd in comparison with the
migration behaviour of the corresponding single-
stranded poly(G) and poly(C) in the presence of
PVAd (lanes 5 and 7). The poly(dA)-poly(dT)
duplex was also separated into two broad bands,
and the upper band should be poly(dT) which
binds to PVAd by complementary hydrogen
bonding. The migration of oligo(dT),, ,; in a
capillary filled with polyacrylamide gel contain-
ing only 0.05% (w/w) PVAd was strongly re-
tarded even in the presence of excess urea, but
the migration of oligo(dA),,_;, was not affected
by PVAd. The reason for different migration
behaviour of single-stranded poly(dA) and
poly(A) (lanes 3 and 4) in the presence of PVAd
is not clear.

We further examined the effect of urea to
elucidate the interaction mechanism of PVAd
with polynucleotides in polyacrylamide gel elec-
trophoresis (Fig. 6). Urea is usually used as a
denaturing agent to avoid a secondary structure
formation of DNA and polynucleotides in gel
electrophoresis. Surprisingly, the electrophoretic
migration behaviour of most nucleic acids did
not change even in the presence of 2 M urea but
slightly changed at 7 M urea. RNA from bakers’
yeast migrated rapidly using 7 M urea, probably
because urea breaks the hydrogen bonds of the
base-paired complex of RNA and PVAd. The
migrations of poly(A), poly(G) and poly(G)-
poly(C) were also affected by urea (lanes 4, 5
and 10 in Fig. 6). We first thought that the
mobilities of these polynucleotides would be
insensitive to changes in the concentration of
urea, because the interaction of poly(A) and
poly(G) with PVAd was considered to be caused
by weak hydrophobic or stacking interactions.
However, the present results indicate the exist-
ence of hydrogen bonding interactions between
them. Again, the size of the gel porosity of
polyacrylamide should be considered in explain-
ing this unusual behaviour, because these poly-
nucleotides migrated rapidly in agarose gel even
in the presence of 10% (w/w) PVAd [8].

Poly(U) and poly(I) did not migrate even in
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(a) 1 2345678 91011

(b)

Fig. 6. Effect of the concentration of urea on the migration
of nucleic acids on polyacrylamide—PVAd (57 . w w) gel.

Concentration of urca: (a) 0. (b) 2.0 and (¢) 7.0 M. Other

conditions as in Fig. 2. The gels were stained with methylene
bluc. Lanes: | = RNA from bakers’ veast: 2= polv(dA)-
polv(dT): 3 = sample 2 heated at Y3°C for 3 min: 4 = poly(A):
S=polv(G): 6=polv(l): 7=polv(C): S=polv(li): Y=
polv(A)—polv(U): 10 = polv(G)-polv(C): 11 = polv(I)-
polv(C).
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the presence of 7 M urea (lanes 6 and 8) but
migrated at 10 M urea in polvacrylamide-PVAd
(0.5% . w/w) gel electrophoresis. Base pairing of
poly(U)-PVAd and poly(I)-PVAd was so strong
that it could not be broken even in the presence
of excess urca. To evaluate the base-pairing
ability of poly(l) and poly(U) with PVAd. the
polynucleotides were electrophoresed on poly-
acrylamide—PVAd (0.5%. w/w) gel at different
temperatures (29 = 1. 55=1 and 77+ 1°C).
Poly(U) migrated at 35 = 1°C but poly(l) did not
and the band was broadened considerably even
at 77 = 1°C. probably owing to very strong bind-
ing to PVAd. The results suggest that the binding
ability of poly(1) to PVAd is superior to that of
polv(U).

From these results. the order of the binding
ability - of polynucleotides  with  PVAd  was
assumed to be poly(l) = polv(U) > poly(G) =
poly(A) == polv(C).

Poly[N-(2-uracylethyl)acrylamide] and  poly-
(vinylhypoxanthine) were also used as macro-
ligands for the base-specific separation of nucleic
acids. However. significant nucleobase recogni-
tion could not be observed in AGE. because the
polymers were not soluble in a running buffer:
therefore. the conjugated gel became turbid,
which gave risc to normal clectrophoretic migra-
tion of nucleic acids even in the presence of the
macroligands.

Electrophoresis of polvaucleotides on
polvacrylamide-nucleobase immobilized gel

A type Il affinity gel was prepared by co-
polymerization of acrylamide. Bis and a vinyl
monomer bearing a nucleobase in the side-chain
such as 9-vinyladenine and N-(9-adenylethyl)-
acrylamide. The clectrophoreses of  poly(A).
poly(U) and the poly(A)-poly(U) duplex using
the affinity gel are shown in Fig. 7. The concen-
tration of the vinvl monomers was held constant
at 109 (w/w). Fig. 7 demonstrates that the
base-specific separation of poly(U) was achieved
only by using 9-vinyladenine as a comonomer:
the migration of poly(U) was retarded. but that
of polv(A) was not changed in the electropho-
resis. In contrast. the clectrophoretic migrations
of polynucleotides were not influenced by intro-
duction of N-(9-adenylethyl)acrvlamide (Fig.
7c). The copolymerizability of the monomers



166

(@123 (b) 123 (c)123

Fig. 7. Electrophoresis of polynucleotides on (a) poly-
acrylamide. (b) poly[acrylamide—co-10% (w/w) vinyl-
adenine] and (c) poly[acrylumide-co-109 (w/w) adenylethyl-
acrylamide]. Other conditions as in Fig. 2. The gels were
stained with methylene blue. Lanes: =poly(A): 2=
poly(U): 3 = poly(A)-poly(U).

with acrylamide in water might affect the electro-
phoretic migration behaviour. N-(9-
Adenylethyl)acrylamide, which has an ethylene
group as a spacer between the adenine and vinyl
groups, will be easily copolymerized with acryl-
amide in a random fashion. However, 9-vin-
yladenine will copolymerize with acrylamide to
afford a block-like copolymer, because 9-vin-
yladenine aggregates in water as a result of
hydrophobic interactions [19]. Therefore. the 9-
vinyladenine gel, in which nucleic acid bases
localized in the gel matrix, can weakly interact
with poly(U) to result in the retardation of
electrophoretic migration. To achicve effective
nucleobase recognition. at least three or more
continuous 9-vinyladenine sequences should be
necessary in the gel matrix [15].

In conclusion. we have found that poly(9-vin-
yladenine) was a useful affinity ligand for affinity
polyacrylamide gel electrophoresis to achieve the
shape-selective separation of DNA and RNA
and the nucleobase-selective separation of poly-
nucleotides could be possible using urea gels.
The polyacrylamide—-PVAd gel served to eluci-
date interactions between PVAd and nucleic
acids that could not be detected by the usual
spectroscopic methods.
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ABSTRACT

Capillary electrophoresis for the determination of inorganic metal cations in the presence of various complexing agents was
investigated. The complexing agents studied were acetic, glycolic, lactic, hydroxyisobutyric, oxalic, malonic, malic, tartaric,
succinic and citric acid. They were all suitable as complexing agents for separating a mixture of six alkali and alkaline earth metal
ions (lithium, sodium, potassium, magnesium, calcium and barium) using indirect UV detection with imidazole as a carrier buffer
and background absorbance provider. The pH of the carrier buffer affected the electrophoretic separation in a complex but
predictable way. The optimum pH for separating these ions in the presence of the complexing agent was around the pK, of the
acid. When di- and triprotic acids were used, electrophoresis carried out above the second acid dissociation constant resulted in a
significant decrease in the mobility of divalent ions and a decrease in number of theoretical plates, N, due to complex formation.
In most of the cases reported here one could obtain, typically, a migration time span from 1 to 2 min, a minimum and a maximum
resolution of 1 and 15, respectively, and N from 16 000 to 750 000 per metre. Of the ten complexing agents studied, lactic,
succinic, hydroxyisobutyric and malonic acid seemed to give the best overall performance.

INTRODUCTION

Capillary electrophoresis (CE) has rapidly
developed into a reliable microanalytical separa-
tion technique for a variety of applications [1,2].
Inorganic ion analysis, however, has received
relatively little attention. This is due, in part, to
the existence of other sensitive techniques and
the lack of a direct detection method. The latter
problem has been solved recently by the intro-
duction of indirect UV absorption method [3-7],
which is readily available with all commercial
capillary electrophoresis systems.

Foret et al. 3] utilized indirect UV detection
to demonstrate the separation of fourteen lan-
thanide cations by CE. Highly efficient separa-

* Corresponding author.

0021-9673/93/$06.00

tion was obtained within 5 min with the aid of
hydroxyisobutyric acid (HIBA) as a complexing
agent and creatinine as a UV-absorbing co-ion.
Wildman et al. [4] and Weston and co-workers
[5-7] investigated the factors that affect the
separation of metal cations and optimized the
detection sensitivity for metal cations using in-
direct photometric detection. They showed that
a mixture of nineteen alkali, alkaline earth and
lanthanide metal cations can be resolved at the
baseline level within less than 2 min. Beck and
Engelhardt [8] investigated several background
electrolytes for indirect UV detection and found
imidazole to be suitable for separation of metal
ions, amines and amino alcohols. Gross and
Yeung [9] employed indirect fluorescence detec-
tion for the CE of several metal cations. Bach-
mann et al. [10] utilized Ce(III) as a fluorescent
carrier electrolyte and reported indirect fluores-

© 1993 Elsevier Science Publishers B.V. All rights reserved
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cence detection for the CE of ammonium and
alkali and alkaline earth metal ions. Swaile and
Sepaniak [11] described the separation of three
divalent cations with a chelating and fluorescent
agent, 8-hydroxyquinoline-5-sulphonic  acid
(HQS). Timerbaev et al. [12] used HQS for the
CE of transition and alkaline earth metals as
precolumn-formed chelates with direct UV de-
tection. Aguilar et al. [13] presented a detection
scheme for iron, copper and zinc cations in
electroplating solution using cyanide complexes
with direct UV detection.

In this study, we investigated the use of
mono-, di- and triprotic carboxylic and hydroxy-
carboxylic acids as complexing agents in the
separation of metal ions using the alkali and
alkaline earth metal ions Li, Na, K, Mg, Ca and
Ba as examples (charges are omitted for brevi-
ty). We have also studied how the pH of the
carrier buffer affected the separation of these
metal ions. These complexing agents can selec-
tively modulate the mobility of metal cations by
forming metal chelates with varying degrees of
stability. It appears that the complexing agent
and the pH of the carrier electrolyte influence
the separation of these cations in a very intricate
manner. They affect the electrophoretic mobility
and the migration order of these ions, the
separation efficiency as measured by the number
of theoretical plates and the resolution.

EXPERIMENTAL

Chemicals

All metal ion solutions were prepared from
chloride salts. They were prepared as stock
solutions of 100 ppm, mixed and diluted to 10
ppm (metal ion concentration). Unless specified
otherwise, all six ions shown in Figs. 1-6 were
present at a concentration of 10 ppm each. The
corresponding ion molar equivalent concentra-
tions were Li 1.43, Na 0.44, Mg 0.41, K 0.26, Ca
0.25 and Ba 0.073 mequiv. Imidazole was used
both as the background carrier electrolyte
(providing strong UV absorption at 215 nm) and
buffer (pK, =6.95). Ten carboxylic and hy-
droxycarboxylic acids were used (see Table I).
They include monoprotic acetic, glycolic, lactic
and hydroxyisobutyric acid, diprotic oxalic,

T.-1. Lin et al. | J. Chromatogr. A 654 (1993) 167-176

malonic, succinic, malic and tartaric acid and
triprotic citric acid. These acids and metal chlo-
ride salts and imidazole all were of analytical-
reagent or reagent grade from various vendors.
Doubly deionized water prepared with a Milli-Q
system (Millipore, Bedford, MA, USA) or doub-
ly deionized, distilled water was used exclusively
for all solutions. The water blank was routinely
checked for contamination with traces of alkali
and alkali earth metal ions.

Buffers and pH adjustment

The running buffer contained 5 mM imida-
zole, which served as both the carrier electrolyte
and background absorber for indirect UV detec-
tion. The pH was varied as specified in the
figures, being adjusted by adding a 1 M stock
solution of complexing agent to the desired pH
in the range 3-6 depending on the experiments.
The concentration of the complexing acid was
varied from 0.1 to 6.4 mM (calculated by the
volume added) as specified in the figures. For
each acid studied, typically CE for each sample
was carried out at 0.5 pH increments. When a
fixed concentration of the complexing agent was
desired, the pH of the solution was adjusted with
aliquots of 1 M HCI (adjustment with sulphuric
acid gave very different migration orders; see
Results and Discussion).

Apparatus

CE experiments were carried out in a fully
automated Spectra Phoresis Model 1000 instru-
ment (Spectra Physics Analytical, San Jose, CA,
USA). The system was equipped with a rapid-
scanning UV-Vis detector with 5-nm wavelength
resolution. In most of the cases reported here,
however, the detector wavelength was fixed at
215 nm to obtain a more stable and less noisy
baseline. The instrument was also equipped with
autosamplers, a capillary cartridge and a solid-
state Peltier temperature control unit. A person-
al computer (486 IBM AT-compatible PC) was
used to control the instrument settings, data
acquisition and analysis with the vendor-pro-
vided software. The separation capillaries (bare
fused silica) from Polymicro Technologies
(Phoenix, AZ, USA) were 42 cm (35 cm to the
detector) X 50 um I.D. X 375 um O.D. UV-Vis
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absorption spectra of the background elec-
trolytes and complexing agents were measured
with a Hitachi (Tokyo, Japan) U-2000 double-
beam scanning spectrophotometer.

Electrophoretic procedures

Prior to first use, a new capillary was subjected
to a wash cycle of 10 min each with the following
steps: (a) 1 M NaOH, (b) 0.1 M NaOH and (c)
deionized water at 60°C, (d) the running buffer
at the running temperature and (e) the running
buffer at the running voltage and temperature.
Subsequent runs were carried out with the fol-
lowing standard cycle: (a) prefilled running buf-
fer for 5 min, (b) sample injection, (c) separation
run at the indicated voltage and temperature and
(d) deionized water post-wash for 3 min. Sample
injection was carried out in the eclectrokinetic
mode at +5 kV for 2 s. The separation run was
at +25 kV constant voltage at 25°C constant
temperature and with a current of 2-10 uA. The
capillary was also washed with 0.1 M NaOH and
deionized water as a daily routine. All buffer
solutions were freshly prepared using deionized,
distilled or doubly deionized water, filtered
through 0.20-um membranes and degassed
under vacuum for 10 min.

RESULTS AND DISCUSSION

Influence of complexing agents on migration
time and order

As reported previously [8], the separation was
most efficient if CE was carried out when the
mobility of the analytes matched well that of the
carrier electrolyte. Imidazole has been found to
be satisfactory for this purpose. However, in the
absence of a complexing agent, only five peaks
were found (Fig. 1a); Na and Mg could not be
resolved. Changing the pH of the buffer changed
only the migration time span [the separation
time was shorter at higher pH owing to the
increase in the electroosmotic flow (EOF)]; it
could not resolve the Na—Mg peak or alter the
migration order. In general, the migration time
was shorter in the absence of a complexing agent
at the same pH. We also noted that the acid
added to adjust the buffer pH affected the
resolution and the migration order of the ions, in
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Absorbance (215 nm)

(d)

Time (min )

Fig. 1. Comparison of electropherograms (a) in the absence
of complexing agent (pH 4.0) and (b) in the presence of 2.1
mM acetic acid (pH 6.0), (c) 4.55 mM glycolic acid (pH 4.0),
(d) 5.0 mM lactic acid (pH 4.0) and (e) 6.4 mM HIBA (pH
4.0). Peaks K, Ba, Ca, Na, Mg and Li in that order in all
figures. The pH was adjusted with (a) 1 M HCl and (b)—(e) a
1 M solution of the complexing acids.

particular for Ba, Mg and Ca. If HC] was used to
adjust the pH, Na and Mg could not be resolved.
If H,SO, was used instead, then all six ions
could be separated in the absence of a complex-
ing agent; the migration order was Na <Ba<
Ca, as found previously [8].
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Monoprotic acids. The four monoprotic com-
plexing agents, acetic, glycolic and lactic acid
and HIBA, affected the separation of the six
metal ions in a similar way. The pK, values for
these four acids are given in Table I. Note that
the hydroxy group lowers the pK, of comparable
carboxylic acids. As with HIBA reported previ-
ously [6-8], separation into six peaks could be
readily seen in the presence of any of the other
three monoprotic acids. The migration order of
the six ions, K<Ba<Ca<Na<Mg<Li, was
the same in these four acids. The electrophore-
grams in the absence of complexing agent and in
the presence of these four monoprotic acids are
compared in Fig. la—e. The migration order was
not altered significantly by the pH but the
resolution at the baseline level was influenced by
the pH. The pH range where the migration order
was not affected by the pH and a good separa-
tion could be obtained was 3.5-6.0 for lactic
acid, 3.5-5.0 for glycolic acid, 3.5-5.5 for HIBA
and 6.0-6.5 for acetic acid. Note that in acetic
acid a baseline separation of all ions was possible
only at pH>6.0. The migration time and its
span were shorter at higher pH owing to the
increase in EOF, as expected. All four mono-
protic acids are suitable as complexing agents in
the pH range indicated above. As the pK, of the
carrier electrolyte imidazole is about 6.9, the CE
operating pH is restricted to about 6.0. How-
ever, as noted above, adjustment of the pH with
H,SO, should be avoided. In HIBA, we found
that if the pH was adjusted to 4.5 with H,S0O,,
the Ca and Na peaks could not be resolved (Fig.
2a). However, lowering the pH to 4.0 (Fig. 2b)

TABLE 1

pK, VALUES OF THE VARIOUS COMPLEXING
AGENTS

Value for HIBA from ref. 14, all others from ref. 15.

Acid pK, Acid pK,

Acetic 4.75 Malonic 2.83,5.69
Glycolic 3.83 Succinic 4.16, 5.61
Lactic 3.86 Malic 3.40,5.11
HIBA 3.97 Tartaric 2.98,4.34
Oxalic 1.23,4.19 Citrate 3.14,4.77,6.39
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Fig. 2. Effect of pH adjusted with sulphuric acid on the
electropherograms in the presence of 3 mM HIBA at pH (a)
4.5, (b) 4.0 and (c) 3.0. Peaks as in Fig. 1.

restored the migration profile as in HIBA with-
out H,SO, (Fig. 1e). Adjusting the pH down to
3.0 with H,SO, changed the migration order
completely; all three divalent ions (peaks 2, 3
and 5) migrated more slowly and were between
Na and Li (peaks 4 and 6, Fig. 2c). All six peaks
seemed to be broadened considerably. It seems
that sulphate anion behaves similarly to a com-
plexing agent and affects the migration of dival-
ent ions even more than HIBA.

Diprotic acids. The effects of diprotic oxalic,
malonic, succinic, malic and tartaric acid on the
separation of metal ions were more complex,
depending also on the pH. The acid dissociation
constants, pK, and pK,, of these acids are also
given in Table 1. A dicarboxylic acid with a
longer carbon chain has higher acid dissociation
constants. A hydroxyl group lowers the first and
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Fig. 3. Comparison of electropherograms in the presence of
oxalic acid at (a) 3.4 mM (pH 3.0) and (b) 1.9 mM (pH 4.0).
The pH was adjusted with 1 M oxalic acid. Peaks as in Fig. 1.

second acid constants by about 0.5-0.6 pK unit.
In oxalic acid at pH 3.0 (Fig. 3a), the resolution
of Li and Ca was poor. The migration order of
the six ions was considerably different from that
in the monoprotic acids. The pH affected the
migration time and order and also the resolution
substantially. At pH 4.0 (Fig. 3b), all ions were
well separated. The mobilities of all three dival-
ent ions decreased greatly, resulting in a much
larger time span. The migration order also
changed; Ba migrated behind Na, and Ca and
Mg both moved far behind Li. Apparently, this
was due to the complex formation of divalent
ions with the anionic conjugated base. Using
oxalic acid as the complexing agent, the pH
range suitable for the CE is 4.0-6.0.

The best separation in the presence of malonic
acid was obtained at pH 4.0 (Fig. 4a). All six
ions were well separated at the baseline level and
the migration order was the same as with the
monoprotic acids. At higher pH, the degree of
complexing of the divalent cations with malonic
acid seemed to increase, resulted in overlap of
the Ba peak (at pH 5.5, Fig. 4b) or the Ca peak
(pH 5.0, data not shown) with the Na peak. In
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Fig. 4. Comparison of electropherograms in the presence of
malonic acid at (a) 4.0 mM (pH 4.0) and (b) 2.2 mM (pH
5.5) and in the presence of succinic acid at (¢) 3.0 mM (pH
4.5) and (d) 2.1 mM (pH 5.0). The pH was adjusted with a 1
M solution of the complexing acid. Peaks as in Fig. 1.

succinic acid, the effect of pH on the separation
of the ions was similar to that in malonic acid.
The best separation was obtained at pH 4.5 with
the same migration order as in malonic acid (Fig.
4c). The pH affected the migration profile in a
similar way. As the pH increased, Ca migrated
more slowly and overlapped the Na peak at pH
5.0 (Fig. 4d) but moved apart again at pH 5.5
(thus the Ca peak moved behind the Na peak;
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data not shown). Comparing the electrophoretic
profiles in these three acids, the separation of
ions in malonic and succinic acid was more
equally spaced and in a narrower time span than
in oxalic acid. As the divalent cations formed a
more stable ring—chelate complex with oxalate
than with malonate or succinate, the complexing
effect in oxalic acid seemed to be more pro-
nounced. Also the effect of pH, which affected
the degree of ionization of the complexing acid
{and thus the stability of the metal chelate), on
the separation of the ions seemed to be more
sensitive with oxalate.

In malic acid, a baseline-resolved separation
into six peaks was possible only at pH = 3.7 (Fig.
5a). At higher pH, all three divalent cations
seemed to form complexes with malate anion
and migrated more slowly (Fig. 5b). The migra-
tion order depended greatly on the pH, which
affected mostly the mobilities of the three dival-
ent ions. Similarly, in tartaric acid baseline
separation into six peaks could be obtained only
at pH 4.0 (Fig. 5c). Also similarly to malic acid,
as the pH was raised to 5.0 all three divalent ions
migrated more slowly, the Ba and Ca peaks
merged and moved closer to the Li peak and the
Mg peak appeared further away from the Li
peak (Fig. 5d). The two hydroxy diprotic acids
behaved differently to the above three diprotic
acids. The pH effect in the two hydroxy acids
seemed to be more sensitive and pronounced,
resulting in a very limited pH range where all six
ions could be baseline resolved.

Triprotic acid. The effect of triprotic citric
acid on the separation of divalent ions was even
greater than that of diprotic acids. As expected,
the influence was dependent on the pH, which
determined the charge carried by the metal
chelate complex. The stability constants of cit-
rate with all three alkali earth metal ions are
high [14]. Hence the experiments were carried
out at different citrate concentrations. A
baseline separation of all six ions could be
obtained at pH 4.5 (adjusted with citric acid to
2.4 mM). All three divalent ions trailed behind
the alkali metal ions (Fig. 6a) with a large time
span. Both Ca and Mg, which migrated far
behind the Ba peak, showed a considerable
triangular trailing shape. If the concentration of
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Fig. 5. Comparison of electropherograms in the presence of
malic acid at (a) 3.6 mM (pH 3.7) and (b) 1.8 mM (pH 5.0)
and in the presence of tartaric acid at () 1.9 mM (pH 4.0)
and (d) 1.4 mM (pH 5.0). The pH was adjusted with a 1 M
solution of the complexing acid. Peaks as in Fig. 1.

citric acid was kept at 1 mM and the pH was
adjusted to 3.0-4.0 with 1 M HCI, the migration
order was very different (Fig. 6b). At pH 3.0
hardly any complexes seemed to be formed and
Ba and Ca migrated ahead of Na, which co-
migrated with Mg. At pH 3.5 Ca co-migrated
with Na but Mg was separated (data not shown).
However, no complete separation of all six ions
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Fig. 6. Effect of citrate concentration and pH on the electro-
pherograms. Citrate concentration: (a) 2.4; (b) 1.0; (c) and
(d) 0.1 mM. pH: (a) 4.5; (b) 3.0; (c) 4.0; (d) 5.5. The pH was
adjusted with (a) 1 M citric acid and (b)-(d) 1 M HCL. Peaks
as in Fig. 1.

could be obtained under these conditions. When
the citrate concentration was lowered further to
0.1 mM, a marginal separation of all six ions
could be obtained at pH 4.0 (Fig. 6¢) with six
sharp peaks similar to those observed in mono-
or diprotic acids. As the pH increased, Ba, Ca
and Mg ions all moved more slowly. Their peaks
overlapped with the Na and Li peaks, depending
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on the pH used. At pH 5.5 the electrophoretic
profile became very similar to that at higher
citrate concentration (Fig. 6d). Thus, in citric
acid, the separation was affected both by the
concentration of the complexing agent and the
pH. Fig. 7 shows a comparison of migration time
and order for the six ions in these ten acids at the
pH were optimum separation can be obtained.
While critic and oxalic acid have a larger separa-
tion time span, all eight other acids provide
faster separation with reasonable to excellent
baseline separation. Further, the first four acids
provide a wider operating pH range.

Resolution and number of theoretical plates

The resolution was judged by the number of
theoretical plates, N, and maximum and mini-
mum peak separation, R_. These parameters,
analogous to those used in the liquid chromatog-
raphy, are calculated by the following equation
for each ion:

N =5.54(t,/W,,,)
R, =2[(t,), ) )/ (W, + W)

where ¢, W,,, and W are the migration time, the
width of the peak of the ion at half-height and

35

2.5

Migration Time (min )

Acetic Glycolic Lactic HIBA Oxalic Malonic Succinic Malic Tartaric Citric

Fig. 7. Comparison of migration times for the six ions in the
presence of different complexing agents in the pH range
where optimum separation could be obtained: in acetic acid
at pH 6.0, in succinic and citric acid at pH 4.5, in malic acid
at pH 3.7 and in all other acids at pH 4.0. The pH was
adjusted with a 1 M solution of the complexing acid. @ = K;
+ =Na, *=Li; 0=Ba; x =Ca; & =Mg.
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the width of the peak of the ion at the baseline in
the electrophortogram, respectively; subscripts 1
and 2 refer to the peak number. The influence of
complexing agents on the resolution of elec-
tropherograms is compared in Fig. 8. In general,
the ions that co-migrate closer to the carrier
imidazole have better N values. Thus, the front-
ing K and the trailing Li both have poorer N
values than the other ions and are affected less
by the type of acid present. The N values for Ca
and Mg varied most significantly; they are par-
ticularly low in oxalic and critic acid, in which
the stability constants of the complexing agent
with these two ions is high. In citric acid, Na has
the best N, but all other divalent ions have the
poorest N. In glycolic acid, Mg has the highest N
of all, reaching 760 000/m.

The ion pair with the largest peak separation
distance is K-Li with the maximum R, of 8.4-
15.9 in most of the complexing agents except
tartaric, oxalic and citric acid. In these three
acids, K~Mg has the maximum R, of 12.3-22.9.
The minimum R, varies in different acids; the
Na-Ca pair (R, =0.7-1.2) is usually more dif-
ficult to separate than any other ion pairs.

Reproducibility, quantification, linearity and
detection limit

The reproducibility of the CE method was
studied by making five consecutive runs with all
six ions present at 10 ppm in 3.0 mM succinic
acid-3 mM imidazole. All other electrophoretic

g

Number of Theoretical Plates (in 1000)

Acetic Glycolic Lactic HIBA Oxalic Malonic Succinic Malic Tartaric Citric

YK CJnNaNNU
) Ba 77 C2 B Mg

Fig. 8. Comparison of number of theoretical plates in differ-
ent complexing agents. Conditions as in Fig. 7.
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conditions were the same except that hydro-
dynamic (HD) sample injection for 2 s was also
studied in addition to the standard electrokinetic
injection (EK) mode (+5 kV for 2 s). The
precisions in terms of relative standard devia-
tions (R.S.D.) for the EK and ED modes are
compared in Table II. Both injection modes
provided excellent precision for the migration
time but not as good for the peak area. The
better peak-area precision for Li could be attrib-
uted to the higher molar equivalent concentra-
tion of Li ions present in the mixture. For
quantitative purpose, it may be better to use
peak height, which offered a slightly better
precision. On the other hand the calculated
percentage peak-area ratio for K:Ba:Ca:Na:
Mg:Li, being 4.1:2.5:9.9:10.5:20:53, is more con-
sistent with the molar equivalent concentration
ratio of these ions present in the standard solu-
tion. The peak-height ratio is not in the correct
proportion to the molar equivalent concentration
for Mg and Li, as is apparent in all the figures
shown. This is due in part to the broader peak
width and more significant trailing of the Li
peak.

The calibration graphs expressed as peak area
vs. concentration in the concentration range
0.0145-1.45 mequiv. (0.1-10 ppm for Li) are
compared in Fig. 9. All five ions (K was not

TABLE II

COMPARISON OF PRECISIONS WITH THE TWO IN-
JECTION MODES

t = Migration time; A = peak area; H = peak height.

Ton R.S.D. (%)°

EK mode HD mode

t A H t A H
K 0.73 5.8 3.5 0.80 6.5 3.6
Ba 0.83 3.3 2.7 0.63 5.5 1.8
Ca 1.02 3.8 2.8 0.59 4.8 2.2
Na 1.02 5.2 1.9 0.58 4.9 2.8
Mg 1.02 2.7 0.9 0.47 2.6 1.2
Li 1.30 1.2 1.0 0.69 2.2 1.3
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Fig. 9. Comparison of calibration graphs for the various ions
in the presence of 3.0 mM succinic acid (pH 4.5). The pH
was adjusted with 1 M succinic acid: X =Na; O =Li; + =
Ba; * = Ca; 0 =Mg.

included in this analysis) exhibit hyperbola-
shaped curves. It is apparent that the calibration
sensitivity is much better in the lower concen-
tration range. Therefore, for quantitative analy-
sis, the sample should be diluted serially such
that the concentration of the analyte will fall into
the range where the calibration graph is linear.
The non-linearity problem in the indirect detec-
tion method has been noted previously [8].
Weston et al. [5] reported a good linearity in the
low concentration range (2-160 ppb) over only
1.5 orders of magnitude. Beck and Engelhardt
[8] reported that whereas a linear correlation
with peak area exists for ion concentrations
between 2 and 10 ppm, signal saturation with
peak height occurs above 4 ppm. We found that
the linearity and sensitivity are indeed better at
the sub-ppm and tens of ppb level. The detection
limit in this study is conservatively estimated to
be at the tens of ppb to sub-ppm level and in
good agreement with those reported by Weston
et al. [5]. We are currently investigating methods
for improving the precision, linearity and detec-
tion limit.

CONCLUSIONS

CE of alkali and alkaline earth metal ions
using indirect UV detection with imidazole as
background carrier buffer in conjunction with a
complexing agent can be performed efficiently.
When choosing a complexing agent, the pH of
the carrier buffer should be around the pK, of
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the complexing acid. If a diprotic acid is used,
the pH must be between pK, and pK, value of
the complexing acid. If sulphuric acid is used
instead of HCI to adjust the pH, it will compete
with the complexing agent and produce results
different to those in its absence.

Monoprotic HIBA and lactic acid, offering a
wider applicable pH range with good separation,
migration time span and plate number, are good
complexing agents for analyses for inorganic
metal cations. Use of acetic acid is more limited
(pH range 6.0-6.5) owing to its higher pK,
value, being closer to the operating range of
imidazole buffer. The separation in glycolic acid
is more sensitive to pH and the operating pH
range is narrower than in HIBA or lactic acid
(pH 3.5-5.5 vs. pH 3.5-6.0).

Diprotic oxalic, malonic and succinic acid,
which provide a wider migration time span with
a wider peak-to-peak separation time, are also
good choices if manipulation of the migration
times of divalent ions is desired. The migration
time and order of Ba, Ca and Mg ions in these
three acids are particularly sensitive to pH
changes. Hydroxy diprotic malic and tartaric acid
have a narrower operating pH range because the
difference in pK, and pK, values is smaller than
for the former two diprotic acids (1.3 vs. 3.0 pH
unit difference). They are suitable for analysis at
pH near 4.0.

Triprotic citric acid has a higher stability
constant toward Group ITA metal ions. It pro-
vides a unique way to manipulate the mobility of
divalent ions by varying the pH. Its drawbacks
are a poorer plate number, slower migration
time for the divalent ions and a limited pH
operating range.

The migration order of monovalent ions, K<
Na < Li, is always the same, independent of the
type of complexing agent present. The migration
order of divalent ions, Ba < Ca < Mg, is also the
same and independent of the complexing acid
used, but the migration times overlap with those
of Na and Li. Hence the overall migration order
and time span depend strongly on the running
pH and the kind of complexing acid used. They
are little affected by the monoprotic acids but
are affects substantially by the complexing agent
with the highest stability constant.
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For routine determinations of these metal ions
in real samples, we recommend CE running
conditions as specified under Experimental. In
addition, the following situations with regard to
the complexing agent employed should be con-
sidered. (a) When the concentrations of all ions
are comparable (and diluted to 0.1-1.0 mequiv.),
using malonic acid (pH 4.0) or succinic acid (pH
4.5) will give the best separation. Using glycolic
or lactic acid or HIBA at pH 4.0 will also
provide good separation. (b) When the concen-
tration of one ion species in the sample is
particularly high (e.g., in serum the Na concen-
tration is approximately 40-50 times higher than
those of K, Mg, or Ca), using oxalic acid (pH
4.0) or citric acid (pH 4.5) will avoid the prob-
lem of overlap of the large Na peak with the
small peaks of the other three ions. As the ion
concentration in real samples can vary greatly
from sample to sample, the above conditions can
only be regarded as a starting point and fine
tuning is required for each individual circum-
stance.
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ABSTRACT

We have verified the suitability of different sulphur-containing complexing reagents for the HPLC separation of ionic lead and
mercury compounds with subsequent photometric detection. For the optimization of the separations, different parameters, e.g.
the pH value of the mobile phase, were varied and their influence on the retention of the species determined. For the first time
on-column derivatization with mercaptoethanol was used for the separation of lead compounds. Based on the optimized
chromatographic conditions, an on-line enrichment system was developed with recoveries between 75 and 88%. The use of
methyl thioglycolate as the second complexing reagent made it possible to determine all analytes, organolead and organomercury
compounds, simultaneously. Finally, both methods are compared briefly.

INTRODUCTION

In recent years the importance of speciation
analysis in the field of trace element analysis has
grown enormously. Because of several disasters,
the organometal compounds of the elements lead
and mercury have become of particular interest
{1-4]. First, the ionic di- and trialkyllead and
monoalkylmercury compounds [dimethyllead
(DiML), diethyllead (DiEL), trimethyllead
(TriML), triethyllead (TriEL), methylmercury
(MMM) and ethylmercury (MEM)] are the
subjects of analytical research because of their
high toxicity and bioavailability compared with

* Corresponding author.

0021-9673/93/$06.00

the inorganic ions [2,5]. In addition to GC,
liquid chromatography has often been employed
for the determination and separation of the
analytes [6-8]. A disadvantage of separating
these compounds by GC is the need to perform a
derivatization step, such as propylation or
butylation, to form volatile compounds. It is not
necessary, though it may be easily accomplished,
to perform a derivatization step for the HPLC
separation. Table I summarizes the methods
using different sulphur compounds which are
often used for the derivatization and separation.

The possibility of separating mercury com-
pounds using on-column derivatization with mer-
captoethanol led us to apply a similar system for
the determination of organolead compounds.
Separation was carried out on an RP-18 column

© 1993 Elsevier Science Publishers B.V. All rights reserved
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TABLE I
METHODS USING SULPHUR COMPOUNDS FOR THE SEPARATION OF LEAD AND MERCURY COMPOUNDS
WITH HPLC
Analytes Sulphur compound Detector’ References
Pb>*, DIML, DIiEL, Dithizone QTAAS 7,9
TriML, TriEL
Hg>", MMM, MEM Dithizone UV-VIS 10, 11
Pb>", DIML, DIiEL, Alkyldithiocarbamate QTAAS 7,9
TriML, TrEL
Hg“, MMM, MEM Alkyldithiocarbamate UV-VIS 12
Hg**, MMM, MEM Mercaptoethanol ED 13
Hg>*, MMM, MEM Mercaptoethanol GFAAS 14
Hg>*, MMM, MEM Mercaptoethanol UV-VIS 15, 16
Hg’*, MMM, MEM Mercaptoethanol MIP-AES 16
Hg’*, MMM, MEM Mercaptoethanol ICP-MS 17
Hg>*, MMM, MEM Cysteine CVAAS 18

“QTAAS = quartz tube atomic absorption spectrometry; UV-VIS = ultraviolet/visible; ED = electrochemical detector;
GFAAS = graphite furnace atomic absorption spectrometry; MIP-AES = microwave-induced plasma atomic emission spec-
trometry; ICP-MS = inductively coupled plasma mass spectrometry; CVAAS = cold vapour atomic absorption spectrometry.

and with a methanolic citric acid buffer as mobile
phase; for detection at UV-VIS detector at 235
nm was used. Chromatographic separation of
dialkyllead compounds and trimethyllead was
achieved by systematically varying mobile phase
parameters; for the elution of triethyllead a
gradient had to be established. Furthermore, the
separation was completed by developing an on-
line enrichment method involving the preconcen-
tration of mercaptoethanol complexes of the lead
compounds on an RP-18 precolumn.

Methy! thioglycolate was employed as a sec-
ond sulphur compound for the complexation of
the ionic lead and mercury species and allowed
us to determine simultaneously all the organo-
metal compounds mentioned above in a 40-min
isocratic run.

EXPERIMENTAL

Reagents

For the preparation of the mobile phases
methanol AR, trisodium citrate dihydrate AR
(both obtained from Merck, Darmstadt, Ger-
many) and twice-distilled water were used. The
pH was adjusted with hydrochloric acid AR
(Baker, Deventer, Netherlands) and sodium
hydroxide AR (Merck). For the derivatization

mercaptoethanol AR (Merck) and methyl
thioglycolate 98% (Riedel de Haén, Seelze,
Germany) were used. Trialkyllead and organo-
mercury compounds were obtained from Alfa
Products (Karlsruhe, Germany) as their chlo-
rides. Dialkyllead species were self-prepared
[19]. All analytes were stored at 4°C and dried in
the desiccator (CaCl,) prior to use.

HPLC equipment

The HPLC system consisted of the following
set-up: a consta Metric 4100 gradient pumping
system (LDC Analytical, Gelnhausen, Ger-
many), an HPLC pump 64 and a UV-VIS
detector variable-wavelength monitor (both ob-
tained from Knauer, Bad Homburg, Germany),
a six-way injection valve with 20-u1 sample loop
and the same injection valve (Knauer) with a
precolumn (Nucleosil C,; 120-5, 30 mm X 4 mm
I.D.). The analytical columns were RP-18 col-
umns (Hypersil ODS, 100-5, 250 mm X 4 mm
1.D., and Nucleosil C;; 120-5, 250 mm X 4 mm
I.D.), and for their protection precolumns (5
mm) with the same filling were used. The chro-
matograms were evaluated by a C-R6A inte-
grator (Shimadzu, Duisburg, Germany). The
mobile phases and the sample solutions were
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degassed in a Sonorex TK 52 ultrasonic bath
(Bandelin, Berlin, Germany).

Sample preparation

The concentrations of the prepared stock
solutions (analytes in methanol/twice-distilled
water; 50/50, v/v) were about 1 mg/ml. This
solutions were diluted daily with twice-distilled
water to concentrations from 0.5-100 wpg/ml.
For the injections methanolic solutions of the
derivatization reagent (0.08%, v/v) were added
because of the need for pre-column complexa-
tion. The concentrations were about 0.02%
(v/v).

RESULTS AND DISCUSSION

Mercaptoethanol as complexing reagent
Mercaptoethanol is widely used in the com-
plexation and chromatographic separation of
mercury compounds, as shown in Table I. Lead
and its organo compounds also show a high
affinity for sulphur compounds, and mercapto-
ethanol was tested for its usefulness in the
separation of ionic lead compounds. The primary
reactions during the pre- and on-column de-
rivatization are summarized in eqn. 1.

R,_,PbCl, + nHSCH,CH,OH
=—R,_,Pb(SCH,CH,OH), + nH" + nCl~
n=1,2 (1)

The UV spectra of the resulting complexes
showed characteristic peaks of absorption be-
tween 225 and 240 nm [20]. Further measure-
ments were carried out at a wavelength of 235
nm.
The first parameter varied for the optimization
of the chromatographic separation was the con-
centration of mercaptoethanol. High concentra-
tions of mercaptoethanol displace the formation
equilibrium (eqn. 1) to the right with the effect
of increasing the capacity factors. For all sub-
sequent investigations the concentration of mer-
captoethanol was held constant at 0.02% (v/v).

The influence of the concentration of citric
acid in the range 0.05-0.15 mol/l is negligible,
but at 0.2 mol/] citric acid a decrease in the
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capacity factors could be observed. Owing to the
limited solubility of citric acid in the methanol-
water mixture used, it was not possible to in-
vestigate higher concentrations. A concentration
of 0.2 mol/l was chosen for the separations. The
next parameter to be varied in order to optimize
the separation conditions was pH value (Fig. 1).
Particularly in the pH range 6.7-7.0, the capaci-
ty factors increase enormously with pH. This
phenomenon is based on two effects: (1) with
increasing pH the formation equilibrium (eqn. 1)
is displaced to the right and (2) the deprotona-
tion of mercaptoethanol is favoured by decreas-
ing concentration of protons.

For separation a pH value of 6.7 was suitable.
If the composition of the mobile phase was held
constant, it was possible to separate the three
organolead compounds (DiML, DiEL and
TriML) on the reversed-phase column. For the
elution of triethyllead it was necessary to in-
crease the concentration of methanol up to 55%
(v/v). The gradient conditions are given in Table
II. A chromatogram recorded at the conditions
described is shown in Fig. 2.

Calibrations, detection limits

During the calibration experiments we found
that the standard solutions were light sensitive.
Further examinations were carried out to explain
this phenomenon by storing the solutions in
daylight for a defined period. The influence on
the stability of the complexes is shown in Fig. 3.

(=) -]
1 i
»

Capacity factor k'
>

Fig. 1. Influence of the pH value on the capacity factors.
0O =DiML; O=TriML; A = DiEL.
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TABLE 11

GRADIENT FOR THE ELUTION OF THE LEAD COM-
POUNDS

Stationary phase, Nucleosil C,; 120-5, 250 mm x4 mm;
Mobile phase A, methanol-0.2 mol/l citric acid (20/80, v/v),
adjusted to pH 6.7, 0.02% (v/v) mercaptoethanol; mobile
phase B, methanol-0.2 mol/l citric acid (55/45, v/v); ad-
justed to pH 6.7, 0.02% (v/v) mercaptoethanol; flow, 1.0
ml/min.

Time (min)  Mobile phase A (%) Mobile phase B (%)
0 100 0
10 100 0
12 0 100
22 0 100
24 100 0
: 0.
2
2
3
8
4
S
113
UL
T T T T P
0 5 0 B 20 25

Time (min)

Fig. 2. Chromatogram of the lead compounds. For chro-
matographic conditions see Table II. UV detection: 235 nm;
0.04 a.u.fs. Peak 1=620 ng of Pb>"; peak 2= mercapto-
ethanol; peak 3 = impurity from mercaptoethanol; peak 4 =
321 ng of DiML; peak 5 =493 ng of TriML; peak 6 =982 ng
of DiEL; peak 7 = system peak; peak 8 =756 ng of TriEL.
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Fig. 3. Influence of daylight on the stability of mercapto-
ethanol complexes. @ = DiML; © = TriML; & = DiEL; V=
TriEL.

Only the complexes of the dialkyllead com-
pounds and not those of the trialkyllead species
decomposed in daylight. Additional investiga-
tions proved that it was the mercaptoethanol
complexes and not the metal ions themselves
that were sensitive to light. Consequently, the
samples were stored in the dark before injection.

The chromatographic conditions used for the
calibrations are summarized in Table II.

Linearity with correlation coefficients between
0.997 and 0.999 was obtained for each analyte in
the range between approximately 50 and 1500 ng
(the specifications refer to the organometallic
compounds and not to the elements). The detec-
tion limits (S/N =3:1; n = 10) were from 18 ng
for DIML to 61 ng for TriEL (see also Table
I1I).

For the determination of trace amounts an
enrichment system had to be tested, and is
described below.

Enrichment from water samples

For enrichment the HPLC system used was
enlarged by installing a second injection valve
with an RP-18 precolumn (30 mm). An HPLC
pump delivered the solutions onto the precolumn
and then the analytes were loaded into the
chromatographic system by switching the injec-
tion valve. The chromatographic conditions for
the enrichment from water samples are summa-
rized as follows: flow, 5.0 ml/min; pH, 7.0; citric
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acid concentration, 0.1 mol/l; mercaptoethanol,
0.02% (v/v).

The recoveries were 75.2 +7.9% for DiML,
87.4+£4.2% for TriML, 77.9 +9.9% for DIiEL
and 88.2 = 5.1% for TriEL. The results obtained
were not satisfactory, so further investigations
should improve the recoveries and their repro-
ducibility.

Methyl thioglycolate as complexing reagent

Mercaptoethanol was used to obtain a simulta-
neous determination of the organolead and or-
ganomercury species. Because of peak overlaps
and co-elutions methyl thioglycolate, another
sulphur compound, was preferred to solve this
analytical problem. Its reactions with the ana-
lytes were similar to those shown in eqn. 1. The
complexes could be determined photometrically
at 235 nm [21]. For the separation a methanolic
citric acid buffer was again used. The concen-
tration of methanol was kept at 40% (v/v) and
the concentration of citric acid buffer at 0.1
mol/l. The effects of pH and concentration of
methyl thioglycolate were similar to the effects
on mercaptoethanol. With increasing proton con-
centration and decreasing concentration of the
complexing reagent in the mobile phase, the
capacity factors decreased for the lead com-
pounds. On the other hand, mercury compounds
were not affected. For the separation, a pH of
5.8 and 0.02% (v/v) methyl thioglycolate proved
to be suitable. A chromatogram recorded under
these conditions is shown in Fig. 4.

To prevent the decomposition of the com-
plexed analytes the solutions were stored in the
dark before the injections. Calibration graphs
were linear in the range between approximately
50 and 600 ng for each analyte with correlation
coefficients between 0.993 and 0.998. A com-
parison of the detection limits with both com-
plexing reagents is demonstrated in Table III.
However, the complexation with methyl thio-
glycolate resulted in lower detection limits for
the trialkyllead compounds.

Following the enrichment procedure described
above, the lead and mercury compounds could
be preconcentrated in the same way. The re-
coveries for all the analytes were between 70 and
80%, thus there was no improvement compared
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Fig. 4. Chromatogram of the lead and mercury compounds.
Stationary phase: Hypersit ODS 100-5, 250 mm X4 mm.
Mobile phase; methanol-0.1 mol/l citric acid (40/60, v/v),
adjusted to pH 5.8, 0.02% (v/v) methyl thioglycolate. UV
detection: 235 nm; 0.04 a.u.f.s. Peak 1= methanol; peak
2 = methyl thioglycolate; peak 3 =181 ng of TriML; peak
4=226 ng of MMM, peak 5=impurity from methyl
thioglycolate; peak 6 =129 ng of DiML; peak 7 =208 ng of
MEM; peak 8 =238 ng of DIiEL; peak 9 =246 ng of TriEL.

with the recoveries obtained with mercapto-
ethanol.

CONCLUSIONS

Two methods for the enrichment and determi-
nation of lead compounds are presented. New
methods of complexation of the analytes using
sulphur compounds were considered, and proved
to be alternative methods of separation and
determination. The use of methyl thioglycolate
made it possible to determine simuitaneously
organolead and organomercury compounds in a
40-min isocratic run. For the enrichment an on-
line method was tested but the recoveries ob-
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TABLE 111

DETECTION LIMITS OF THE ANALYTES, COM-
PLEXED WITH METHYL THIOGLYCOLATE AND
MERCAPTOETHANOL

S/N=3/1; n=10.

Analytes Detection limits in ng absolute
Methyl thioglycolate Mercaptoethanol
DiML 12 18
TriML 17 35
DiEL 31 30
TriEL 32 61
MMM 25 -
MEM 19 -

tained for both complexing reagents were un-
satisfactory.

ACKNOWLEDGEMENTS

The authors kindly acknowledge the financial
support of the Deutsche Forschungsgemein-
schaft.

REFERENCES

1 G. To6lg and 1. Lorenz, Chemie in unserer Zeit, 5 (1977)
150.

2 E. Merian, Metals and Their Compounds in the Environ-
ment, VCH Verlagsgesellschaft, Weinheim, 1991.

J. Bettmer et al. /| J. Chromatogr. A 654 (1993) 177182

3 W. Wirth and C.H. Gloxhuber, Toxikologie, Thieme,
Stuttgart, 1985.

4 World Health Organization, Environmental Health
Criteria I, Mercury, Geneva, 1976.

5 W.R.A. De Jonghe and F.C. Adams, Talanta, 29 (1982)
1057.

6 R.-D. Wilken and H. Hintelmann, in J.A.C. Brockaert,
S. Guger and F.C. Adams (Editors), Metal Speciation in
the Environment, Springer, Berlin, 1990.

7 J.S. Blais, W.D. Marshall and F.C. Adams, in J.A.C.
Brockaert, S. Guger and F.C. Adams (Editors), Metal
Speciation in the Environment, Springer, Berlin, 1990.

8 B. Neidhart, M. Blaskewicz, U. Backes and G. Dieck-
mann, in J.A.C. Brockaert, S. Guger and F.C. Adams
(Editors), Metal Speciation in the Environment, Springer,
Berlin, 1990.

9 J.S. Blais and W.D. Marshall, J. Anal. Atom. Spectrom.,
4 (1989) 271.

10 K. Cammann and M. Robecke, Chem. Industrie, 6 (1990)
32.

11 W. Langseth, Anal. Chim. Acta, 185 (1986) 249.

12 W. Langseth, Fresenius’ Z. Anal. Chem., 325 (1986) 267.

13 W.A. MacCrehan, Anal. Chem., 53 (1981) 74.

14 F.E. Brinckman, W.R. Blair, K.L. Jewett and W.P.
Iverson, J. Chromatogr. Sci., 15 (1977) 393.

15 R.-D. Wilken, Fresenius’ Z. Anal. Chem., 342 (1992)
795.

16 D. Kollotzek, D. Oechsle, G. Kaiser, P. Tschopel and G.
Tolg, Fresenius’ Z. Anal. Chem., 318 (1984) 485.

17 D.S. Bushee, Analyst, 113 (1988) 1167.

18 M. Fujita and E. Takabatake, Anal. Chem., 55 (1983)
454,

19 R. Heap, B.C. Saunders and G.J. Stacey, J. Chem. Soc.,
I (1951) 658.

20 M. Robecke, Doctoral dissertation, Miunster, 1992.

21 J. Bettmer, Diploma Thesis, Munster, 1992.



Journal of Chromatography A, 654 (1993) 183-189
Elsevier Science Publishers BV., Amsterdam

CHROM. 25 482

Short Communication

Correlation between gas chromatographic retention
indices of linear alkylbenzene isomers and molecular

connectivity indices

Vilma E.F. Heinzen and Rosendo A. Yunes*

Departamento de Quimica, Universidade Federal de Santa Catarina, 88040-900, Floriandpolis, Santa Catarina (Brazil)

(First received April 20th, 1993; revised manuscript received July 13th, 1993)

ABSTRACT

The gas chromatographic retention indices of linear alkylbenzene isomers (LABs), with C,o—-C,, linear alkyl chains were
correlated using different molecular connectivity indices. The single linear correlations showed that these do not explain the
chromatographic retention of the isomeric structures. Corrected molecular connectivity indices, searching to consider the steric
effects produced by the phenyl group on the alkyl chain, showed a good correlation with the retention indices of LABs and a
correct elution sequence. Multiple linear correlation with connectivity indices that encode complementary information gives good
correlation coefficients and the correct elution sequence of most of the compounds.

INTRODUCTION

The existence of a quantitative structure—re-
tention index relationship (QSRR) makes pos-
sible the prediction of retention indices of com-
pounds through their chemical structures, or
permits the prediction of structures from re-
tention indices [1-3]. Structural information
based on the use of topological (graph-theoret-
ical) indices characterizes the molecule by a
simple number. In spite of the molecule being
described by a one-dimensional parameter (topo-
logical index), it is surprising how much relevant
structural information is retained in a given
topological number index. Many topological
indices have been proposed [4-6]. One of the

* Corresponding author.

0021-9673/93/$06.00

most useful is the molecular connectivity index
introduced by Randic [7} and developed exten-
sively by Kier [8] because of its important
applications [9,10]. According to Mihalic and
Trinajstic [11], one of the weakest points of
these kinds of indices is the lack of discrimina-
tion of positional isomers.

The aim of this study was to evaluate the
ability of molecular connectivity indices to pre-
dict the retention indices of linear alkylbenzene
isomers (LABs). The importance of LABs with
alkyl carbon numbers of 10-14 is that they are
found as residues from incomplete sulphonation
and are carried with linear alkylbenzenesulpho-
nates (LAS) in detergents. Recent reviews
[12,13] on the presence of LABs in river waters
and estuarine sediment cores show that LAB
pollution starts from the depth corresponding to
the time when LAS detergents began being used

© 1993 Elsevier Science Publishers B.V. All rights reserved
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in the catchment area [13]. LABs consist of
isomers that differ in the position of the phenyl
group on the alkyl side-chain. For detergents and
untreated domestic .wastes the relative abun-
dances of isomers with a given alkyl chain length
are nearly equal. For river and coastal sedi-
ments, however, internal isomers (those having
the phenyl attachment toward the middle of the
alkyl chain, e.g., 6-C10) dominate over external
isomers (those having the phenyl attachment
near the end of the alkyl chain, e.g., 2-C10;
n-Cm, where n indicates the position of the
benzene ring in the alkyl chain and m indicates
the number of carbon atoms of the alkyl chain).
This difference in isomeric composition has been
considered to be caused by selective biodegrada-
tion of external isomers relative to internal
isomers [13]. In this form, the composition of
LABs may provide information on the extent of
its biodegradation and it can be used as a
molecular tracer of domestic wastes in the en-
vironment.

EXPERIMENTAL

The chromatographic retention indices (I) of
linear alkylbenzene isomers with C,,—C,, alkyl
chains (LABs) were reported by Takad and
Ishiwatari [12] and Peng er al. [3].

The molecular connectivity index path (X))
and cluster (X, X,.) of different orders were
calculated by the method of Kier [8] utilizing the
Molconn-X computer program for molecular
topology analysis [14].

The connectivity .indices ('X, °X,...,"X)
were calculated according to the Kier’s [8] equa-
tion:

=§1<6i-<sj---a,.+1) (1)

where s refers to a single path or subgraph of
length A, ¢ is the total number of paths 4 in a
graph, 8, §,...,8,,; represent values attribu-
ted to the adjacent atoms i/ and j in the hydro-
gen-supressed molecular graph and the super-
script & on X denotes the so-called order of
connectivity index. The path connectivity index
(X,) with one order conveys more information

about the number of atoms in a molecule and
with higher order (2-7) encodes also information
about branching.

X* values are obtained, for example, by
taking the difference between the x intercept
values of the straight lines corresponding to the
homologous series (2C10-2C14, 3C10-3Ci4,
4C10-4C14, 5C10-5C14 and 6C11-6C14) and
the x intercept values of homologous serles
(1C10-1C14), decreasing these values of the X
index.

All calculations of single and multiple linear
regression analyses were carried out on an IBM
AT/486 computer. To test the quality of the
regression equation, the correlation coefficient
(r), the coefficient of determination (r°) and the
test of null hypothesis (F-test) were utilized as
statistical parameters.

/

RESULTS AND DISCUSSION

The values of chromatographic retention in-
dices (1) of isomers of LABs with C,,—C,, linear
alkyl chains [3 12] and their connect1v1ty indices
'X,’X, 3X X, X 6Xp and Xp are given in
Table 1.

The connectivity indices of lower orders, 'X,
’X and 3X do not dlStlngUISh the posmonal
isomers of the aromatic ring; the distinction only
occurs from X Considering the unsaturation in
the aromatic rlng, the valence connectivity in-
dices were applied, but did not improve the
distinction of the same isomers.

Although the cluster connectivity indices (° X,
and X .) encode more information about
branchlng, they do not distinguish the positional
isomers 3C, 4C, 5C and 6C of the aromatic ring;
the dlstlnctlon only occurs when the aromatic
ring is in the position 1C and 2C of the alkyl
chain. It is important to note that the I . 5, and
I, values decrease when the position of the
aromatic ring go from C1 to Cn n=2,3,4,5
and 6) in the same isomeric series. When the
position of the aromatic ring is more internal in
the molecule, it interposes between the alkyl
chain and the stationary phase and the molecule
becomes more symmetrical and more compact,
decreasing the interaction surface, and so its
chromatographic retention index decreases
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TABLE I

MOLECULAR CONNECTIVITY INDICES AND OBSERVED RETENTION INDICES OF LINEAR ALKYLBENZENES
WITH C,,-C,, LINEAR ALKYL CHAINS ON SE-54 AND DB-1 STATIONARY PHASES

Compound J Iog, ' 'X, ’X, ’X, ‘X, °X, °X, X,

1C10 100.00 1664 7.9319 5.7676 4.1907 3.0427 2.2077 1.1840 0.7747
2C10 92.84 1588 7.8425 5.9318 4.4676 3.1855 2.2710 1.2025 0.7878
3C10 89.37 1553 7.8805 5.7693 4.5193 3.3888 2.4150 1.3041 0.8549
4C10 87.54 1534 7.8805 5.7962 4.4044 3.4254 2.5587 1.3990 0.9555
5C10 86.70 1526 7.8805 5.7962 4.4233 3.3442 2.5751 1.5413 1.0144
icn 110.00 1771 8.4319 6.1211 4.4407 3.2195 2.3327 1.2724 0.8372
2C11 102.71 1692 8.3425 6.2854 4.7176 3.3623 2.3963 1.2909 0.8503
3C11 99.15 1656 8.3805 6.1229 4.7693 3.5656 2.5400 1.3925 0.9221
4ci1 97.15 1636 8.3805 6.1497 4.6544 3.6022 2.6837 1.4941 0.9893
5C11 96.20 1626 8.3805 6.1497 4.6734 3.5209 2.7096 1.5890 1.0898
6C11 95.92 1620 8.3805 6.1497 4.6734 3.5344 2.6426 1.6480 1.1488
1C12 120.00 1870 8.9319 6.4747 4.6907 3.3963 2.4577 1.3608 0.8997
2C12 112.63 1791 8.8425 6.6389 4.9676 3.5391 2.5213 1.3792 0.9128
3C12 108.95 1755 8.8805 6.4764 5.0193 3.7424 2.6650 1.4809 0.9846
4C12 106.09 1735 8.8805 6.5033 4.9044 3.7790 2.8087 1.5825 1.0565
5C12 105.76 1723 8.8805 6.5033 4.9234 3.6977 2.8346 1.6841 1.1236
6C12 105.31 1719 8.8805 6.5033 4.9234 3.7111 2.71M 1.6957 1.2242
IC13 130.00 1978 9.4319 6.8282 4.9407 3.5730 2.5827 1.4492 0.9622
2C13 122.52 1894 9.3425 6.9925 5.2176 3.7159 2.6463 1.4676 0.9753
3C13 118.81 1854 9.3805 6.8300 5.2693 3.9191 2.7900 1.5693 1.0471
4C13 116.59 1833 9.3805 6.8568 5.1544 3.9557 2.9337 1.6709 1.1190
5C13 115.42 1821 9.3805 6.8568 5.1734 3.8745 2.9596 1.7725 1.1909
6C13 114.75 1814 9.3805 6.8568 5.1734 3.8879 2.9021 1.7908 1.2580
1C14 140.00 9.9319 7.1818 5.1907 3.7498 2.7077 1.5376 1.0247
2C14 132.46 9.8425 7.3460 5.4676 3.8927 2.7713 1.5560 1.0378
3C14 128.67 9.8805 7.1835 5.5193 4.0959 2.9150 1.6577 1.1096
4Cl14 126.37 9.8805 7.2104 5.4044 4.1325 3.0587 1.7593 1.1815
5C14 125.01 9.8805 7.2104 5.4234 4.0513 3.0846 1.8609 1.2534
6C14 124.20 9.8805 7.2104 5.4234 4.0647 3.0271 1.8792 1.3252

“From ref. 12.
® From ref. 3.

owing to the steric and conformational effects. It
has been indicated that steric and polar rather
than hydrophobic interactions take place in GLC
separations [15].

The behaviour of the values of the connectivi-
ty indices differs. The 6Xp and 7Xp indices
increase when the phenyl group changes from C1
to C6 because the number of subgraphs for their
calculation also increases. A possible interpreta-
tion is that not all the subgraphs must be consid-
ered to contribute to the retention, taking into
account the steric and conformational effects.
For this reason, 4Xp, 5Xp, GXP and 7Xp do not
give good information about these isomers and a

simple linear correlation with 7 is not acceptable.
Nevertheless, this linear correlation for SE-54
and DB-1 shows a good correlation between the
retention indices and connectivity indices for
each homologous series (1C10-1C14, . . .). Fig. 1
shows the correlation with 7Xp. The same results
were obtained with 'X, >X, 3Xp with the number
of carbon atoms and molecular mass.

However, the difference in the x intercept
values (when I =112 for SE-54 and I =1740 for
DB-1) may be considered as a measure of the
steric or conformational effects on the connec-
tivity indices corresponding to the distinct posi-
tion of the aromatic ring in the alkyl chains. This
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Fig. 1. Correlation between experimental retention indices
and molecular connectivity index, 7XP, for homologous series
of linear alkylbenzene isomers: SE-54: @ = 1C10-1C14; O =
2C10-2C14; A =3C10-3C14; A =4C10-4C14; O=5C10-
5C14; O=6C11-6C14. DB-1: Q@ =1C10-1C13; O =2C10-
2C13; A =3Cl10-3C13; A =4C10-4C13; 0O =5C10-5C13;
0= 6C11-6C13.

consideration does not have any sense with
respect to the number of carbon atoms, the
molecular mass, etc.

With the purpose of correcting for these ef-
fects and to obtain an equation that is able to
predict the retention and the elution sequence of
LABs, a method is proposed. The values of the
slopes of the straight lines, for each homologous
series, are slightly different. As the steric and
conformational effects much be the same, the
median slope is utilized, and new x intercept
values can be obtained for each straight line.
Taking the difference between the x intercept
values corresponding to the different straight
lines and the x intercept value of 1C10-1C14, on

decreasing these values of the 7Xp index new
corrected values, 'X 5, are obtained. These new
values “X* correlate in an excellent way with
Ig sy (r=0.9975) and with Ig, (r=0.9954)
and give the correct elution sequence for most of
the compounds (Fig. 2). The same results are
obtained with the other indices that distinguish
the positional isomers such as 4Xp, 5Xp and 6Xp
(Table II).

This method was also applied to the retention
indices [16] on a squalane stationary phase for 24
methylalkane isomers with C,,~C,, alkyl chains.
The results were almost the same as those for
alkylbenzene isomers. The correlation of /a0
with "X?* is excellent (r=0.9999). Hence it
seems that this method can be used in a general
way.

1504

100

RETENTION INDEX SE-54

50+ 4 v T T T v Y
05 06 07 08 09 10 t3 12
‘ CONNECTIVITY INDEX 7Xp*

20004

15004

RETENTION INDEX DB-!

1000 y T v y )
05 06 0.7 08 09 1.0

CONNECTIVITY INDEX 7Xp*
Fig. 2. Correlation between experimental retention indices
(SE-54 and DB-1) and corrected molecular connectivity
index "X % of linear alkylbenzene isomers.
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TABLE 1I

187

CORRECTED VALUES OF MOLECULAR CONNECTIVITY INDICES OF LINEAR ALKYLBENZENES WITH C,-C,,

LINEAR ALKYL CHAINS

Compound 4X1|;n SX:a GX:a 7X:a 4X:b SX:b 6X:b 7xzb
1C10 3.0427 2.2077 1.1840 0.7747 3.0427 2.2077 1.1840 0.7747
2C10 2.9090 2.1115 1.1189 0.7268 2.9023 2.1073 1.1168 0.72711
3C10 2.8429 2.0656 1.0865 0.7026 2.8375 2.0612 1.0861 0.7015
4C10 2.8052 2.0387 1.0627 0.7131 2.8022 2.0359 1.0637 0.7123
5C10 2.7854 2.0170 1.0869 0.6916 2.7837 2.0156 1.0870 0.6903
1C11 3.2195 2.3327 1.2724 0.8372 3.2195 2.3327 1.2724 0.8372
2C11 3.0858 2.2368 1.2072 0.7893 3.0791 2.2326 1.2052 0.7896
3C11 3.0197 2.1906 1.1749 0.7698 3.0143 2.1862 1.1745 0.7687
4Cl11 2.9820 2.1637 1.1578 0.7469 2.9790 2.1609 1.1580 0.7461
SC11 2.9621 2.1515 1.1346 0.7670 2.9604 2.1501 1.1347 0.7657
6C11 2.9505 2.1346 1.1672 0.7476 2.9492 2.1339 1.1659 0.7452
1C12 3.3963 2.45771 1.3608 0.8997 3.3963 2.4577 1.3608 0.8997
2C12 3.2626 2.3618 1.2955 0.8518 3.2559 2.3576 1.2935 0.8521
3C12 3.1965 2.3156 1.2633 0.8323 3.1911 2.3112 1.2629 0.8312
4C12 3.1588 2.2887 1.2462 0.8141 3.1558 2.2859 1.2472 0.8133
5C12 3.1389 2.2765 1.2297 0.8008 3.1372 2.2751 1.2298 0.7995
6C12 3.1272 2.2691 1.2149 0.8230 3.1259 2.2684 1.2136 0.8206
1C13 3.5730 2.5827 1.4492 0.9622 3.5730 2.5827 1.4492 0.9622
2C13 3.4394 2.4868 1.3839 0.9143 3.4327 2.4826 1.3819 0.9146
3C13 3.3732 2.4406 1.3517 0.8948 3.3678 2.4362 1.3513 0.8937
4C13 3.3355 2.4137 1.3346 0.8766 3.3325 2.4109 1.3356 0.8758
5C13 3.3157 2.4015 1.3181 0.8681 3.3140 2.4001 1.3182 0.8668
6C13 3.3040 2.3941 1.3100 0.8568 3.3027 2.3934 1.3087 0.8544
1C14 3.7498 2.7077 1.5376 1.0247

2C14 3.6162 2.6118 1.4723 0.9768

3C14 3.5500 2.5656 1.4401 0.9573

4C14 3.5123 2.5387 1.4230 0.9391

5C14 3.4925 2.5265 1.4065 0.9306

6C14 3.4808 2.5191 1.3984 0.9240

“Isg s, from ref. 12,

®I,p., from ref. 3.

Multiple linear correlation

The analysis by the single linear regression
method demonstrates that the correlation with
only one connectivity index without correction is
not sufficient to give a good correlation or a
correct elution sequence. This led us to test
multi-variable regression equations with indices
that were able to give a better representation of
the molecules. To select the connectivity indices,
a correlation matrix between them was applied,
and to define the type of function that relates the
retention indices with each connectivity index
the scatter plot method was used.

The best correlation with two connectivity

indices was obtained with 'X and 5Xp (eqns. 2
and 3):

Igp.ss = 27.5536' X — 32.1700° X, — 48.6688  (2)
n=29; r=0.9955; F('X)=2110.96

(P >0.0001);

r* =0.9911; F(°X,) = 317.00 (P >0.0001)
=283.0253'X — 329.4509° X, + 133.9781

(3)

IDB-I

n=23; r=0.9923; F('X)=1133.88
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(P >0.0001);
r’ =0.9847; F(°X,) =212.88 (P >0.0001)

The 'X index conveys more information about
the number of atoms in a molecule and the 5Xp
index encodes more information about branch-
ing. The 'X index decreases with displacement
of the phenyl group from the end to the middle
of the alkyl chain of an isomeric series according
to the I values, but it does not distinguish the
isomers 3C, 4C, 5C and 6C. The 5Xp index
increases with displacement of the phenyl group
from the end to the middle of the alkyl chain and
distinguishes all the compounds.

In spite of the good correlation coefficient that
eqn. 2 shows, the elution sequence is not correct
for eight compounds and eqn. 3 for six com-
pounds. A better correlation is obtained with
three connectivity indices 'X, 3Xp and 5Xp (eqns.
4 and 5):

g5, =31.8111'X — 10.5633° X, — 28.3486° X,
—4.9117 (4)
n=29; r=0.9985; F('X) = 1996.83
(P >0.0001);
r*=0.9969; F(°X,) = 47.89 (P >0.0001);
F(°X,)=546.91 (P >0.0001)

Ipp, =331.3419'X — 121.1496°X,,

—285.4131°X + 180.7905 (5)
n=23; r=0.9979; F('X)=1622.25
(P> 0.0001);

r’ =0.9958; F(°X,) =49.59 (P >0.0001);
F(°X,) = 433.82 (P>0.0001)

Surprisingly, the 3Xp index, which gives more
information about branching in simpler mole-
cules, permits the elution sequence of more
compounds to be determined (the sequence
given by eqn. 4 is wrong for only four com-
pounds, 6C11-6C14, and that given by eqn. 5 for
three compounds, 6C11-6C13).

These correlations show that the combination
of different connectivity indices that encode
complementary information permits the struc-
tures of the positional isomers to be distin-
guished and the correct elution sequence of most
of them to be determined.

CONCLUSIONS

LAB isomers with the phenyl group attached
at the extremity of the alkyl chains, have a larger
surface for interaction with the stationary phase,
thus showing larger I values than when the
phenyl group is attached in a more internal
position because the molecule becomes more
compact and symmetrical. While the retention
index decreases with displacement of the phenyl
group from the end to the middle of the alkyl
chain, the connectivity indices 4Xp, 5Xp, 6Xp and
7Xp, which distinguish the isomers, in general
increase owing to the increase in the number of
subgraphs.

Thus, a single connectivity index does not
show a good correlation with the retention index
of positional isomers for both sets of retention
indices determined with different standards, dif-
ferent constants assigned for each carbon atom
increment and different stationary phases. Steric
and conformational effects are not considered by
these indices. However, compounds with a
phenyl group attached in the same position of
the alkyl chain of the homologous series (C10-
C14) give a good correlation.

Considering the difference between the values
of the intercepts on the abscissa for different
homologous series, as a measure of steric effects
that are not considered by the subgraphs used to
calculate the connectivity indices, and assuming
that all the straight lines should have the same
slope, it is possible to correct the connectivity
indices. Taking the difference between the x
intercept of each straight line and the x intercept
of the straight line for 1C10-1C14, and decreas-
ing the values of the respective 7Xp, new values
are obtained, ' X b

The new corrected molecular connectivity
index was also applied to isomers of methylal-
kanes (with C,,—C,, alkyl chains) and correlated
in an excellent way with the retention index
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having a correct elution sequence, showing that
this method could be extended to all the posi-
tional isomers of alkanes.

Multiple regression eguations with different
connectivity indices (X, X, and 5Xp) gave very
good results, showing that also using indices that
encode complementary information it is possible
to distinguish the structures of positional isomers
and to determine the elution sequence of most of
them.
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ABSTRACT

The rapid separation of sodium dodecyl sulphate—protein complexes according to their molecular masses (M,) by capillary gel
electrophoresis is described. Using commercial equipment, standard proteins with M, in the range 29 000-97 400 were resolved to
the baseline in less than 2 min by utilizing a separation distance of 7 cm. A linear relationship between migration time and log M,
was found and rapid determination of the molecular mass of light and heavy chains of human immunoglobulin G is reported. The
results are compared with applications using longer separation distances, showing that rapid and efficient analysis and adequate

resolution can be obtained by using short separation distances.

INTRODUCTION

Capillary gel electrophoresis of proteins has
made tremendous advance in recent years. The
first separations were performed in cross-linked
polyacrylamide matrices which were covalently
attached to the capillary inner wall [1]. Excellent
resolution was achieved owing to the anticonvec-
tive effect of the gel and the method was applied
to protein standards and to complex natural
mixtures of proteins [2,3]. However, the pro-
duction of these gel-filled capillaries turned out
to be time consuming and the lifetime was
limited to a few experiments owing to bubble

* Corresponding author.

0021-9673/93/$06.00

formation and deterioration of the gel structure.
While improvements in production and in in-
creasing the lifetime of gel-filled columns [4-7]
were made, the application of columns, filled
with linear, non-cross-linked polyacrylamide,
was examined. These columns were easier to
produce and they had a longer lifetime. Success-
ful approaches were made with both gels formed
in the capillary [4,8] and gels that were intro-
duced into the capillary after polymerization
[9,10]. The advantage of introducing the gels
after formation is that the capillary can easily be
emptied and refilled, leading to flexible, easy-to-
use systems. However, the UV absorption of
polyacrylamide at 200 and 214 nm is significant,
causing relatively high detection limits [10]. -
Thus, UV-transparent liquid polymers such as

© 1993 Elsevier Science Publishers B.V. All rights reserved
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dextran, poly(ethylene glycol) (PEG) or poly-
(ethylene oxide) (PEO) were used for the sepa-
rations of proteins based on molecular mass
(M,). Further, they have the advantage of low
viscosity, which made introduction and removal
of these gels easier to perform [9,11].
However, one of the main advantages of
capillary electrophoresis, the speed of analysis,
has not yet been fully employed in the capillary
gel electrophoresis of proteins, although ap-
proaches have been made with oligonucleotides
[12]. This paper describes high-speed separations
of proteins according to their molecular mass.

EXPERIMENTAL

Chemicals

With two exceptions all reagents were bought
from Sigma (St. Louis, MO, USA) and were of
the following qualities.

Proteins. Carbonic anhydrase (M, 29 000),
ovalbumin (M, 45000), bovine serum albumin
(M, 69 000) and phosphorylase b (rabbit muscle;
subunit M_ 97 400) were of electrophoresis re-
agent grade and human immunoglobulin G
(IgG), purified, was of reagent grade.

Buffers.  Tris(hydroxymethyl)aminomethane
(Tris), crystalline 99%, and 2-(N-cyclohexyl-
amino)ethanesulphonic acid (CHES) were of
analytical-reagent grade, 2-mercaptoethanol,
98%, of electrophoresis reagent grade and sodi-
um dodecyl sulphate (SDS), crystalline (Serva,
Heidelberg, Germany) of research grade.

Coatings.  v-(Glycidoxypropyl)trimethoxysil-
ane was of analytical-reagent grade and N,N,N,-
N-tetraethylmethylethylendiamine ~ (TEMED),
99%, acrylamide, 99%, and ammonium peroxo-
disulphate (APS) (Biometra, Gottingen, Ger-
many) were of electrophoresis reagent grade.

Gel. Dextran (M, 2000 000) was of analytical-
reagent grade.

Instrumentation

In all experiments a P/ACE 2000 system
{Beckman, Palo Alto, CA, USA) was used with
P/ACE system software controlled by an IBM
PS/2 computer. Fused-silica capillaries were
obtained from CS-Chromatographie Service
(Langerwehe, Germany) with 27 cm total length
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and 50 or 100 um I.D. The distance from the
detector was either 7 or 20 cm. The capillary was
thermostated at 25°C and the samples were
injected on the cathodic side by electromigration
for 10 s at 10 kV. Detection was performed by
measuring UV absorption at 200 nm.

Procedures

Columns. The capillaries were coated as de-
scribed by Hjerten [13] using vy-(glycidoxy-
propyl)trimethoxysilane and 4% linear poly-
acrylamide. Prior to this coating procedure a
detection window 2 mm long was made by
removing the outer polyimide coating at a dis-
tance of 7 cm from one end of the capillary.

Buffer. Tris (0.1 M) containing 0.1% SDS was
titrated to pH 8.6 with 0.1 M CHES which also
contained 0.1% SDS. All buffer solutions were
filtered through a 0.45-pm filter (Sartorius,
Goéttingen, Germany).

Gel. A 1-g amount of dextran was mixed with
10 ml of the buffer solution described above and
stirred for about 10 min. The clear liquid poly-
mer solution was degassed prior to use. The gel
was then filled in one of the buffer vials and
introduced into the capillary by pressure.

Samples. The proteins were dissolved in 0.05
M Tris—CHES buffer (pH 8.6) containing 1%
SDS and 5% 2-mercaptoethanol and then heated
for 15 min at 95°C.

RESULTS AND DISCUSSION

Fig. 1 shows the separation of the SDS—pro-
tein complexes of carbonic anhydrase (M,
29 000), ovalbumin (M, 45000), bovine serum
albumin (M, 69 000) and phosphorylase b (M,
97 400) in the 20-cm long part of the capillary.
Baseline resolution of the four standard proteins
was achieved and the migration time obviously
depends on the molecular mass. For phosphor-
ylase b two peaks can clearly be distinguished,
indicating a degradation product of the protein
with M_=87000. Using a field of 370 V/cm in
the capillary of 100 um [.D. the analysis was
completed within 12 min.

In order to reduce the migration time of the
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Fig. 1. Electropherogram of the SDS complexes of four standard proteins using the 20-cm long part of a 27 cm X 100 um L.D.
capillary. The proteins are separated according to their molecular masses. Other conditions: buffer, 0.1 M Tris—CHES containing
0.1% SDS and 10% (w/v) dextran (pH 8.6); applied field, 370 V/cm; UV detection at 200 nm, 0.025 a.u.f.s.; injection,
electromigration, 10 s, 10 kV. Time in min.
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Fig. 2. Rapid separation of SDS complexes of four standard proteins according to their molecular masses using the 7-cm long part
of a 27 cm X 50 wm L.D. capillary. Other conditions as in Fig. 1 except applied field, 740 V/cm. Time in min.
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Fig. 3. Linear dependence of the migration time of the
SDS—protein complexes on log M, with r = 0.998. Data from
Fig. 2.

proteins, higher field strengths of 740 V/cm were
applied to the capillary. Baseline separation was
achieved within 6 min, but the resolution was
7% lower than that obtained with the lower
field. For a further decrease in migration time,
the short, 7-cm long end of the capillary was
used for the separation. Further, a field of 740
V/em was applied to the column, which of

0.017

igG
(light chain)

ABSORBANCE

-0.003

1gG

(heavy chain)
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course led to enhanced generation of Joule heat
in the capillaries. For better heat dissipation
capillaries of 50 um 1.D. were used, which have
the additional advantage that the electrical resist-
ance increases with decreasing inner diameter
and thus less heat is generated in the electro-
phoresis process. However, the decrease in opti-
cal path length leads to poorer detection limits.

In Fig. 2 the rapid separation of the four
standard SDS—protein complexes is demonstra-
ted. All four proteins are resolved to the
baseline in less than 2 min, although the res-
olution decreases under these conditions to 72%
of that achieved with a 20-cm separation distance
and 370 V/cm field strength. This decrease in
resolution might be a drawback when dealing
with very complex mixtures, which might contain
several hundred proteins. In such cases longer
separation distances will certainly be advantage-
ous. However, the impurity in the phosphorylase
b can still be distinguished from the protein,
which means that proteins with differences of
11% in molecular mass can be resolved. More-
over, the correlation between migration time and

TIME
0.0

ol

Fig. 4. Rapid separation of the SDS complexes of light and heavy chains of human IgG in the short, 7-cm end of the 27 cm X 50

pm LD. capillary. Other conditions as in Fig. 2. Time in min.
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log M, is excellent (r=0.998), as can be seen
from Fig. 3. Hence this method can be used for
high-speed molecular mass determinations of
proteins.

In Fig. 4, the analysis of a commercial human
IgG using rapid capillary gel electrophoresis is
shown. Owing to the use of the reducing agent,
the immunoglobulin is fractionated into its light
and heavy chains, which are clearly separated
according to their molecular masses. From the
linear calibration graph of migration time versus
log M., molecular masses of 25 600 for the light
chain and 55 100 for the heavy chain of IgG were
calculated. As a control experiment, the same
determination was carried out, using the.long
end of the capillary. The differences in the
molecular masses were less than 1%. In repeti-
tive analysis the migration times proved to be
highly reproducible, as can be seen in Table L.

TABLE I
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For twenty consecutive runs the SDS complexes
of the standard proteins and the IgG were
analysed by capillary gel electrophoresis. Be-
tween the runs the column was emptied and
refilled with the dextran gel. The reproducibility
of the migration times was excellent, with a
relative standard deviation of 0.77%. Hence this
method can be routinely used for rapid determi-
nations of molecular masses of proteins.

CONCLUSIONS

Rapid separations of proteins according to
their molecular mass can be performed by using
a short separation distance of 7 cm and high
electric field strengths. Baseline resolution of
protein standards can be achieved in less than 2
min with a relative standard deviation of 0.77%
in repetitive analyses. The capillary gel system

MIGRATION TIMES OF THE SDS COMPLEXES OF FOUR STANDARD PROTEINS MEASURED IN ALTERNATING

ORDER WITH HUMAN IgG FOR 20 SUBSEQUENT RUNS

Run Migration time (s)
no.
Carbonic Ovalbumin Bovine Phosphorylase b IgG IgG
anhydrase serum (light chain) (heavy chain)
albumin
1 85.7 94.5 104.8 111.4
2 84.2 99.6
3 86.5 94.3 105.2 111.8
4 83.9 100.9
5 85.3 92.3 103.4 109.7
6 83.0 99.4
7 85.1 92.9 104.4 110.6
8 84.6 99.7
9 86.5 93.6 104.4 111.4
10 83.8 100.1
1 86.1 92.3 103.3 109.5
12 82.8 98.6
13 85.7 92.9 103.4 109.5
14 83.2 98.6
15 86.4 92.9 104.0 110.8
16 84.0 98.6
17 85.7 92.9 104.0 110.7
18 85.7 100.1
19 85.7 92.0 102.9 109.5
20 83.8 98.6
R.S.D. (%) 0.60 0.85 0.67 0.76 0.95 0.77
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using the UV-transparent dextran gel as a matrix
is easy to handle and offers the possibility of
high-speed molecular mass determinations.
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