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Abstract

The perturbation peak theory was recently developed for acquiring binary isotherm data using the perturbation method
(PM) and it was applied for some chiral systems. However, the binary plateaus of these systems were only weakly to
moderately nonlinear. In this article the perturbation theory for LC, is developed for both retention times and peak areas and
is verified by systematic experiments over the whole range of non-linearity. Attention is focused on non-linear effects that
complicate the proper use of the PM method under moderately to strongly non-linear conditions. A serious complication was
that the second perturbation peak vanished already at moderate plateau concentrations. A solution to this problem based on «
firm theoretical basis and verified experimentally is presented. We also investigated a peculiar retention dependence on the
binary plateau concentration, as the retentions of the two perturbation peaks of the binary plateau was compared with the
single plateau peak of the more retained enantiomer.
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1. Introduction tant optimisation tool today. However, the proper use
of computer simulations requires a priori determi-

The current trend in preparative chiral liquid nation of the fundamental thermodynamics [4,5]. In
chromatography (LC) is towards more complex and chiral separations at least two components are to be
continuous adsorption-based processes such as re- separated and their isotherms are not independen
cycling [1] and simulated moving bed [2,3]. This has but competitive. Thus, knowledge of the competitive
made computer simulations an increasingly impor- adsorption isotherms is the main prerequisite for

proper modelling of chiral LC.
- _ _ _ The traditional frontal analysis (FA) invented by
Presented at the 15th Internatlongl Symposium on Preparative Tiselius [6] is today considered to be the most
and Process Chromatography, Washington, DC, 16—19 June 2002. t thod f . ingl ¢
*Corresponding author. Fax:46-18-555-016. f'iccurae method Tor measuring a sing e-compon_en
E-mail address: torgny.fornstedt@ytbioteknik.uu.se isotherm [5]. Jacobson et al. presented a practical

(T. Fornstedt). approach, firmly supported by theory, to acquire
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competitive isotherms in two-component high-per-
formance liquid chromatography (HPLC) systems
[7]. However, the method is time-consuming and
tedious, especially for the competitive case requiring
fractionations for proper quantification of the inter-
mediate plateau levels.

Although the perturbation peak (PM) method was
introduced 40 years ago [8,9] to measure single

(1) To present a complete theory for binary
perturbation peaks in (chiral) LC including both
retention times and peak areas.

(2) To investigate, both theoretically and ex-
perimentally, a solution to the problem of vanishing

perturbation peaks on a racemic plateau.

(3) To investigate, both theoretically and ex-
perimentally, a “peculiar” retention behaviour, as

component isotherms it has seldom been used in LC.
A disadvantage compared to the FA method is that
the relative areas of the perturbation peaks must be
measured in order to determine an experimental
isotherm [10], and this has not been done for LC yet. 2, Theory
Recently, Seidel-Morgenstern and co-workers
[11,12] and Jandera et al. [13] have used the PM > 7 Retention time and area of perturbation peaks
method for the first time in the competitive mode.
The PM method utilizes the principle that the | this section expressions both for the retention
retention time of a perturbation peak depends on the time and for the areas of perturbation peaks in liquid
partial derivatives of the isotherm at the plateau cnromatography will be derived. The case of gas
concentration. The perturbation peaks are created by chromatography has been covered elsewhere [10],
disturbing the established equilibrium in the system Lt differs from the case of LC because of the
with an injection of either small excesses or de- compressibility of gases, a different injection tech-
ficiencies of the components. The perturbation theory pjgue and work with mole fractions rather than
for peak retention times, but not for peak areas, has concentrations. General expressions for the situation
been summarised for LC by Blumel et al. [12]. It yjth any number of components can be derived,
should also be mentioned that the PM method in the however here a two-component situation as assumed,
binary mode was used only for weakly to moderately je  at most two components dissolved in an inert
non-linear systems and not for heterogeneous ad-carrier fluid, both in the mobile phase and in the
sorption models [11-13]. _ _ _ sample. Experimentally it is assumed that a small
The aim of this study was to investigate important sample is injected into the mobile phase and that this
non-linear effects when applying the PM method for | give rise to two small peaks, known as system
racemic mixtures in LC under moderately and peaks or perturbation peaks.
strongly non-linear conditions. Under these condi-  First the basic assumption is made that the mo-
tions the use of the PM method was hindered ment of order zero (peak area) and the normalised
because of a recently reported phenomenon; namely,moment of order one (mean peak retention time) of
that the second perturbation peak on a racemic the column response are independent of kinetics and
plateau vanished during moderate to strong non- gispersion. The chromatographic process in the case
linearity [14]. This is an especial serious problem of perturbation peaks can then be described by a

when using immobilised proteins [15] as chiral system of two coupled partial differential equations,
stationary phases showing heterogeneous adsorptioryne for each component:

characteristics and which require concentration
ranges where at least one of the sites is overloaded [%5®) o WLGGD.COD] 96K _ 000 ) 2o =12
[16,17]. If an adequate concentration range is not ’ " ™

used the wrong adsorption model might fit better,
which was recently demonstrated [18]. The theory of
vanishing perturbation peaks has recently been ex-
plained in a “not easy way” for gas chromatography
(GC) [19], but not for chiral LC. The aim of the
actual study is threefold:

the binary peaks are compared with the single
plateau peaks of respective component.

C(x0)=Co;
G (OH=a-5t-0)
1)
whgris distance along the columhjs time, ¢, is

the concentration in the mobile phgsds the
concentration in the stationary phase given as func-
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tions of the concentrations,, ¢, in the mobile phase
(the isotherm function),c,; is the initial mobile
phase concentration (platead)t — 0) is a unit Dirac
distribution centred at time zero and, is the
amplitude of the injection. There are also the follow-
ing constantsf is the phase ratid, is the column
length andu is the linear velocity of the mobile

33
pl,l pl,i)
P=
<p2,1 pz,
(m,-m,)+D (m;;—m,}—D
= 2m2,1 2mz,l (5)
1 1

phase. It is reasonable to assume that the linearwhere D=\/(m1v1—m22)2+4mlygn 21 and its in-

velocity u is constant, because we consider liquid
chromatography with incompressible fluids under
nearly isothermal conditions.

Assuming small perturbations (injections) the so-
lution to Eq. (1) can be derived. We will not go
through all the steps in the solution; they are similar
to those in Ref. [10], but only write down the
resulting expressions. Let the mattix be:

M :<m1,l ml,i)
m2,l m2,
90 90,
1+F-—+ F.—2
_ ac, ac,
% L %% )
Jac, ac, €1=C0.1,C2=Cq2

where the partial derivativesq,/dc,,dq,/adc,, dq./
dc,, a0,/ ac,of the isotherm functionsq, q, are
evaluated at the initial mobile phase concentrations
Co1 Co» The partial derivatives can be estimated
numerically or, if one have closed expressions for
the isotherm functions, by symbolic differentiation.
E.g., for a competitive Langmuir type isotherm, then:

3 ac

9=71r b,c, + b.c, )
wherei=1, 2 anda,, b,=0, and:

a9, ay(l+ b.c)

9C,  (1+b,c, +b,cy)?

& _ _ a;b.cy

dCy (1+b,c, +b,c)?

% _ _ ash,c;

o (1+b,c, +b,c)?

99,  ay(l+ b)) (@)
9, (1+b,c, +b,c)?

In order to determine the peak areas we also need

the matrixP:

verseP %

. (pl’,i
Pos

pIE)
Sy

m, _ (ml,l_ mz,ﬁ -D
D 2D
= 6
B m, , (m,—m,)+D (6)
D 2D
Finally, definea, as:
- \/inj
3 =(Csj — Co )tinj =(Csi — Coj) =
wherei =1, 2 @

where c,; is the sample concentratior,; is the
injected volume,F, is the mobile phase flow and
ti =Vini /Ry is the injection time.

The individual response of compondntvill now
be two peaks located at the mean retention titags
andt, , where:

(m,+m,)+D

R,1 o’ 2 )
(m,+m,)—D
=1 2 ) (8)

wheret, is the column hold-up time. Here it is worth
noticing that the perturbation peaks will have the
same mean retention time for both components, this
is also known as the “coherence condition”. This
expression is actually misleading in this case; it is
not a condition that is needed to solve Eq. (1) but
rather a result one gets after solving it. That is, we
have that Eq. (1)) Eq. (8)J “coherence”, not, as is
stated in, e.g., Ref. [12], that Eq. (&)
“coherence Eqg. (8). The corresponding aref

of the jth perturbation peak in componentvill be:

;= pij(pj1151 + pj;laz) (9)

where thejamean be positive or negative.
In practice, it is not possible, in general, to detect
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the individual peaks of the separate components, but 2.3. Vanishing peaks and optimal injections
only the sum of all peaks of all components.
Assuming linear detector response, with detector
response factof for component, we have that the
mean retention time ; of peak numbej is as in
Eqg. (8) and that the total aref is:

It has been noted that under some conditions, a
perturbation peaks can vanish, i.e., the totaljarea
becomes zero, which is a drawback of the perturba-
tion peak method for determining of isotherms. In

this section it will be described how to calculate
under what conditions this may happen, i.e., de-
termine what injections at the column inlet causes
Although the number of perturbation peaks will be one or more perturbation peaks to vanish at the
the same as the number of components in the column outlet. As will be demonstrated, there is
sample, it is not possible to attribute a peak to an ajways possible to get clearly detectable perturbation
individual component. This is because a peak repre- peaks. Nevertheless, the conditions where perturba-
sents the response to a perturbation of the con-tion peaks vanish is also very useful, e.g., they can

% =(f,py +f,py) (P2, + Py ay) (10)

centrations of all sample components.
2.2. Numerical verification of the theory

In order to verify the expressions in Egs. (8) and
(10), we approximate the boundary conditions (in-
jection profile) in Eq. (1) by:

{Cs,i for t=t,,
0 otherwise

Now the solution of Eq. (1) can be approximated
numerically by using a finite difference method [4]
where we also take into account the dispersion
described by the number of theoretical plakésThe
solution for a two-component case is shown in Table
1, were it is also compared with the results of Eqs.
(8) and (10) and an excellent agreement was ob-
served. All simulated chromatograms in the figures
were calculated using the finite difference method.

c(0,t) (11)

Table 1
Comparison between mean retention timigsand peak areag
calculated in two different ways

Theoretical Numerical

te v tr &

(min) (min)
Fast peak 4.0086 —1.120610 7 4.0171 —1.120610 '
Slow peak 5.1914 5.0210°% 5.1939 5.02110°°

The theoretical calculations uses Egs. (8) and (10) and the
numerical calculations uses a finite difference approximation of
Egs. (1) and (11). The injection was {5l of a sample with
concentrations, ,=0.03M, ¢, ,=0.06M on a binary plateau with
concentrations, ,=0.05 M, ¢, ,=0.05 M. All other parameters
are the same as for system IlI, Table 2.

be used to determine isotherm parameters [19], or
verify the correctness of isotherm parameters de-
termined in another way.

Assuming that rank K)=2 in Eqg. (5) and
2 f p; 70, it is easy to show that any injection
concentrationc; can be written as:

Csi =Co; T B1Pi1 T BaPiz (12)
where B, is a constant. It is also possible to show
that if 8, is O this will result in the vanishing of the
perturbation peak with mean retention ting,.
Geometrically this means that for a fixed mobile
phase concentration there are two lines, one for
B, =0 and one foiB, =0, in the sample composition
space that indicate the sample compositions for
which one of the two perturbation peaks will vanish,
see Fig. 4a.

Though a vanishing perturbation peaks may yield
useful information, it is very often desirable to have
clearly detectable perturbation peaks, e.g., to mea-
sure retention times in order to determine isotherm
parameters. Therefore, in this study we describe how
to calculate “optimal” injections, i.e., sample com-
positions that will give two perturbation peaks with
the same area, and under all degrees of non-linear
conditions. Assuming equal response factor it is
possible to show that any injection with the follow-
ing concentrations:

Cs1=Co1— M Co,=Costpu (13)

for some numbejp (positive or negative), chosen so
that ¢, ,=0 and c, =0, will always yield two
perturbation peaks with the same area but opposite
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signs, i.e., one positive and the other one negative.
Notice that this optimal injection does not depend on
the isotherm. The optimal injection in the case where
both peaks have the same sign can be written:

a’—b’+a
Cs1=Co 1t u a+1l )
m,—m,, D
where a= m,, b= 2m,

Cs2=Coot i (14)
for some numbej (positive or negative), chosen so
thatc, ;=0 andc, ,=0. These expressions are less
useful in practice because they depend on the
isotherm. Geometrically Eqgs. (13) and (14) mean
that for a fixed mobile phase concentration there are
two lines in the sample composition space that
indicate the sample compositions where one will get
optimal injections. Along one line we will get two
perturbation peaks with the opposite sign and along
the other line we will get two perturbation peaks
with the same sign, see Fig. 4a.

2.3.1. Proof of Egs. (13)and (14)

The condition that the perturbation peaks have the
same area ig),| =|i,| (remember that the peak area
might be negative) this can also be written:

Y, —sy,=0, where

_{ 1, ifthe peaks have the same sign 15

ST - 1, ifthe peaks have opposite sign (15)
According to Eq. (10):

%= %(pj_llal + pj_zlaz) (16)

wherey, =22 f p,.

The condition Eq. (15) can be written in matrix—
vector notation as:

1 oy (A s
(1py" —svp,) (7 J=Na=0 (17)
wherep, " is row numbeii of P~*. From this we see
that an optimal injection must hawe=N (N), i.e.,a
belonging to the nullspace, or kernel, Mffor which

a basis matrixN, can be calculated. If rafiR)=2
then the dimension dil (N) is 1, i.e., a line, andN,,
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is a vector. Using Eqg. (7) an optimal injection can be

written:

a=(c,—Cot

|njEN(N) < Cs:CO+lu’NO (18)

wherec,=(Cs, €.}, C=(C (4 C o) andu is any
number chosen so that ;=0 andc =0.

According to Egs. (5) and (6) the matrixand its
inverseP™* can be written:

a+b a-b x5 =
11 ~%

wherea andb are as in Eq. (14). Using Eqg. (16) we
have that:

nw=Ff@+b+f,

a—b
2) a9

2b
y,=f{a-b)+f, (20)

Inserting Egs. (19) and (20) into Eq. (17) with
1, i.e., peaks with opposite sign, one gets that:

fa+b+f, f@a-b)+f,

A

S

2b 2b '
[f@+b)+f,]@@a—b)

B 2b
f(a—b)+f,]J@+b

+[ (a )2b JIE:] ))=(f1, 6 (21)

and thenN, =(—f,/f;,1)T. Assuming thaf, = f, and
insertingN,, into Eq. (18) one gets Eqg. (13).

In the same way one can prove that for 1, i.e.,
peaks with the same sign:

<f1(a2 —-b%) +f,a >T
NO= —l

fa+f,
Assuming thatf, =f, and insertingN, into Eqg.
(18) one gets Eq. (14).

(22)

3. Experimental
3.1. Apparatus

All HPLC experiments were performed with a
Hewlett-Packard HP 1100 Chemstation with an

autoinjector, equipped with a valve-switching unit
with total 10-port valves, a built in diode-array UV
detector, two pumps and a working station personal
computer (Agilent Technologies, Palo Alto, CA,
USA). The mixer, Agilent 1100 (684.6 mm 1.D.)
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were bypassed by a short 0.17 mm polyether ether using the Henderson—Hasselbach equation. The
ketone (PEEK) capillary. All connections from the exact pH value was measured and no further adjust-
system were short sections of 0.17 mm PEEK ments were made. The 2-propanol was added to the
capillaries. The columns were placed in a water buffer by first lifting out exactly 12.50 ml buffer
jacket and its temperature was kept constant using a from a filled 5000-ml glass volumetric flask and then
MNG6 Lauda circulating water-bath (Lauda,”Koning- adding exactly 12.50 ml 2-propanol. All mobile
shofen, Germany). The pH was measured with a phases were degassed in an ultrasonic bath before
Metrohm 632 pH meter (Metrohm, Herisau, Switzer- use.
land).

3.5. Procedures
3.2. Chemicals

3.5.1. Measuring isotherms

4-Androsten-3,17-dione (AD) and dihydroxy- Adsorption isotherm of the two steroidsotOH-

progesterone (kd-OH-PS) of minimum 98% purity PS and AD were determined using the frontal
were obtained from Sigma (Stockholm, Sweden). analysis method in the staircase mode [20]. The
(+)-Methyl-.-mandelate (LM) and -{)-methylo- adsorption data for LM and DM on Chiral-AGP,
mandelate (DM) (purity>99%) were obtained from used as input data for the simulations in this study,
Fluka (Buchs, Switzerland). The acetate buffers were was measured by Gotmar et al. [16] using the FA

prepared from acetic acid (purity99.8%) from method.
Riedel-de Haen (Seelze, Germany) and anhydrous
sodium acetate (purity99%) and 2-propanol Li-  3.5.2. Diode array detection (DAD)

Chrosolv from Merck (Darmstadt, Germany). The DAD made it possible to use five different wave-
methanol used was of HPLC gradient grade from lengths for UV detection, The UV signal was re-
J.T. Baker (Deventer, The Netherlands) and the corded at 245 nm, 320, 330, 350 and 360 nm for the
water used was from Millipore, Milli-Q grade. The Kromasil KR100 column system and 224 nm, 230,
buffer solutions were filtered through 0.45n filters 254, 260 and 280 nm for the Chiral-AGP column
(Kebo, Spanga, Sweden). system.
3.3. Columns 3.5.3. Column parameters
System 1: All chromatographic and thermody-
The achiral and high capacity column Kromasil namic parameters for system |, are presented in
KR100-3.5G, (15 4.6 mm; 3.5um) was obtained Table 2. For other experimental conditions and
from Eka Chemicals (Bohus, Sweden). The Chiral- procedures, see Ref. [20].
AGP column (10x4.0 mm; 5um), was obtained System 1I: All chromatographic and thermody-
from ChromTech (Hagersten, Sweden). namic parameters for system I, are presented in
Table 2. For other experimental conditions and
3.4. Preparation of mobile phases procedures, see Ref. [16]. However, another column

was used in this study and that is why the phase ratio
The mobile phase used for the Kromasil column F in Table 2 is different from that of Ref. [16].
was methanol-water (70:30), it was prepared by
mixing 3500 ml methanol and 1500 ml water. The 3.5.4. Non-linear regression

mobile phase used for the Chiral-AGP column was The best parameters of the Langmuir isotherm
an acetate buffer of pH 6.0 with ionic strength of were calculated using a non-linear regression meth-
I=0.050 M and 0.25% 2-propanol. The buffer od, the Gauss—Newton algorithm with the Levenberg
solutions were prepared by mixing 1.00 sodium modification, as implemented in the software
acetate and concentrated acetic acid (149 The PCNONLIN 4.2 from Scientific Consulting (Apex,
volume of acetic acid and sodium acetate solutions NC, USA). System | was best fitted by a Langmuir

required to achieve the desired pH were calculated adsorption model, see Table 2 and Ref. [20]. System
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Table 2 coverage #%<10 is considered as weakly non-
Chromatographic parameters for system | respective system Il |inear 10=9%=<50 as moderately non-linear and
Solute Type of a b g,=alb 0%>50 as strongly non-linear conditions

site (M) (mM)
System | i
110-OH-PS 258 000543 475 4.1. Chromatographic systems
AD 3.29 0.00506 650

Two different chromatographic systems were used

System i in order to cover the whole range of non-linear
LM/DM | 1.58 0.107 14.8 dit f1h ic plat
LM I 9.62 303 317 conditions of the racemic plateaus.
DM I 13.6 4.69 2.89

System |: The steroids #OH-PS and AD on Kromasil 4.1.1. System |

KR100-3.5G, (particle size: 3.am; 150 mmix 4.6 mm 1.D.) with : . P . .
methanol-water (70:30) as mobile phase. The parameters in the This system is a hlgh capacity system showmg

simple Langmuir model below were determined by the frontal homernou_s adsorption and .high eﬁiCienCy (Se.‘e
analysis method [20]g=ac/(1+bc), with, F,,=0.60 ml/min; Table 2). It is based on the achiral column Kromasil
t,=2.37 min; F=0.753;N=3000; UV=350 nm;T=25.0°C. KR100-3.5G; (154.6 mm; 3.5 um) using as
System II: The enantiomers LM and D"\r/: on Ch"ag'AffGP (particle  mobile phase methanol-water (70:30) and as solutes
size: 5.0um; 100 mmx 4.0 mm I.D.) with acetate buffer, pH 6.0 the steroids AD and -OH-PS. The best thermo-

(1=0.050 M) and 0.25% 2-propanol as mobile phase. The . . . .
parameters in the bi-Langmuir model below were determined by dynamic coefficients of the Langmuir model were

the frontal analysis method [164=a,c/(1+b,c)+a, c/(1+b, c), determined in another work [20] and are presented in
with, F,=0.80 ml/min;t,=1.17 min;F =0.343;N=1500; UV= Table 2. This system is perfect to serve as a model
224 or 254 nmT=23.0°C. for a chiral high capacity system such as those

recently studied with the PM method [11-13,21]
since a homogenous adsorption model (Langmuir) is
used and since the compounds AD ana-TIH-PS
has identical spectra.

Il was best fitted by a bi-Langmuir model, see Table
2 and Ref. [16].

4. Results and discussion 4.1.2. Yystem |1
This system is a low-capacity system showing

In this study, two phenomena are studied, which heterogeneous adsorption and low efficiency, see
are taking place for perturbation peaks at moderate to Table 2, based on the chiral column Chiral-AGP
strong non-linearity of binary and racemic plateaus; (k@ mm; 5 pm) consisting of «,-acid
(i) peculiar retention behaviour and (ii) peak vanish- glycoprotein immobilised on porous silica. This is
ing. the most popular protein column today because of its

Recently, the PM method was suggested for unigue ability to separate enantiomers of many
measuring competitive data in chiral LC and the different classes of chiral compounds [15]. The
theory for the binary case was developed [11-13]; solutes used were LM and DM. The adsorption of
however high-capacity preparative systems was used the solutes on this protein is heterogeneous; the
in the experimental verification and thus only moder- bi-Langmuir model fitted best to the adsorption and
ately degrees of non-linearity was reached. The the parameters was presented in another work [16]
degree of non-linearity can be estimated from the and is listed in Table 2. The bi-Langmuir model
value of the fractional surface coverageas calcu- consists of two sets of Langmuir terms at the right
lated from the equatios = bc/(1 + bc) [16] where6d hand side of the equality sign. One of the Langmuir
is the fraction of a monolayer built on the surface terms represents a high-density of the non-enan-
when it is in equilibrium with a certain plateau tioselective interactions, so-called type | sites. The
concentrationc. The coefficientb is the energy of other term represents a fewer number of enan-

interaction. We suggest that the fractional surface tioselective interactions, so-called type Il sites.
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8t — Soap~0 8 — 1100
. COAD=O'014 M, first peak N €y 14a=0-014 M, first peak
75~ — - € 4p=0-014 M, second peak | 75 N . — - 64114=0-014 M, second peak
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X 6F
55t
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Fig.2b  |Fig.2c
4.5
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M] C M]

CO,I la 0.AD

Fig. 1. Calculated retention times of single and binary perturbation peaks versus plateau concentrations as calculated from Eq. (8) for the
parameters of Table 2, system I. (a) Retention times versus the plateau concentratjonf the less-retained componentdOH-PS with

and without a constant plateay ., of AD. (b) Retention times versus the plateau concentratjoy, of the more-retained component AD

with and without a constant plateay ,,, of 11a-OH-PS.

4.2. Peculiar retention behaviour the single plateau peak of the more retained AD is
eluting after both binary perturbation peaks at low

Fig. 1a and b show calculated retention times of plateau levels and in between them at high levels
single and binary perturbation peaks, as a result of (see Fig. 1b) with an intersection point at around
analytical size perturbations, versus plateau concen-c, ., 0.037 (at #%=15.8). This latter retention
trations as calculated from the parameters for system behaviour which is in accordance with the Langmuir
I, Table 2. In Fig. 1a the retention times are plotted theory might be difficult to accept for the general
versus an increasing single plateau concentration of chromatographer. A wrong conclusion of this “pecu-
the less retained compound d-DH-PS (solid line). liar” retention behaviour would be that a retention
In the same figure there is also the retention times of reversal has been taking place. This is wrong be-
the two perturbation peaks resulting from perturba- cause the two binary perturbation peaks can not be
tion of the binary plateau consisting of an increasing identified (see Section 2).
plateau concentration of #3OH-PS and a constant In Fig. 2a—c the conditions marked with lines in
concentration of ADc, o, 0.014M. In Fig. 1b the Fig. 1la and b is verified experimentally. Fig. 2a (i)
retention times of the perturbation peak is plotted shows the resulting chromatogram after perturbation
versus an increasing single plateau concentration of of the single plateau of the less retak@d-PS

the more-retained compound AD as well as versus an  cat, 0.050 M (0%=21.4) and its peak has
increasing AD plateau concentration containing tg=5.22 min. In Fig. 2a (ii) the plateac, ,, 0.014
0.014 M 11a-OH-PS. The retention time of the M is added on top of the H+OH-PS plateau and the

perturbation peaks decreases in all cases with in- first perturbation peak; #&02 min. and the
creasing plateau concentration of the compound second tgre6.67 min. These retention times
according to what is expected from the theory based shows excellent agreement with the calculated results
on the Langmuir model. It must be noted that the in Fig. 1a (vertical line denoted Fig. 2a). The
perturbation peak on the single plateau (solid line in chromatograms in Fig. 2b and c provide the ex-
Fig. 1a) of the less retained d40H-PS is always perimental verification of the situation when we have
eluted between the two perturbation peaks of the an increasing single and binary plateau concentration

corresponding binary plateau (see Fig. 1a) whereas of the more-retained AD, cf. the two corresponding
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Fig. 2. Experimental chromatograms resulting from perturbation of selected (i) single and (ii) binary plateaus as predicted from Fig. 1a—b.
The plateau concentrations are as follows: (a)dj),,=0.050 M, (ii) ¢,,,,=0.050M, ¢, ,,=0.014 M. (b) (i) €, .p=0.020 M, (ii)
Co.ap=0.020M, ¢, ;;,,=0.014M. (¢) (i) C, op=0.050M, (ii) ¢, ., =0.050M, ¢, ,,, =0.014M. The injection is 5ul of pure mobile phase

lacking both AD and 14-OH-PS, i.e..c, ,,, =C, .o =0. Experimental conditions: see Table 2, system I.

vertical lines in Fig. 1b. Fig. 2b (i) shows the nation of binary adsorption isotherm data, analytical-
resulting chromatogram after the perturbation of the size injections of eluent lacking the plateau com-
single plateauc, ,, 0.020 M (6%=9.2) and this pounds are recommended at successively increasing
perturbation peak has;=7.21 min. Whenc, ,,, or decreasing plateaus [11,21] resulting in two
0.014 M is added on top of this plateau the first negative perturbation peaks for each plateau con-
perturbation peak hag,=6.03 min and the second centration [12]. However, this approach (i.e., ana-
one t;=7.10 min, cf. Fig. 2b (ii). This situation lytical-size blank injections) works only as long as
corresponds to the first vertical line in Fig. 1b where the racemic plateau is only in the wéédkiy10)
the retention time of the single perturbation peak is to near-moderate non-linear regions and not at
higher than the retention times of both perturbation stronger surface coverages.
peaks in the binary plateau. Fig. 2c (i) shows the The experiments below will demonstrate this
resulting chromatogram after perturbation of the problem using system Il, showing a heterogeneous
single AD plateau at, 5, 0.050M (6%=20.2). The adsorption with two types of sites (see Table 2). We
single perturbation peak of AD has the retention time begin with a low racemic plateau level; the con-
t,=6.17 min which is in between the first and centration of each enantiomer, DM and LM, is
second perturbation peak at the corresponding binary 0.0125 A this plateau the9% values for the
plateau wheret;=5.44 min andt;=6.24 min, type | sites were 0.1 and for the typg,l and type
respectively. This experimental situation corresponds Il  sites 3.6 and 5.5, respectively. Thus, the type |
to the second vertical line in Fig. 1b, showing sites were operated in the linear region and the type
excellent agreement with the calculated data. Il sites in the weakly non-linear region. A perturba-
tion was made on this binary plateau by injection a
4.3. Vanishing perturbation peaks in chiral LC sample of 5pl eluent lacking the plateau com-

ponents, i.e.,C, 5y=Co v=0. The resulting ex-
When performing the PM method for determi- perimental chromatogram has two negative perturba-
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Fig. 3. Vanishing perturbation peaks in chiral LC at racemic plateaus at (a) weak and (b) moderate non-linear levels; (i) experimental
chromatograms and (ii) simulated showing the sum and the individual concentration of the LM and DM isomers, respectively. (a) The
plateau concentration i, ,, =€, =0.0125 nM and the injection is qul of pure mobile phase lacking both LM and DM isomers, i.e.,
Coom=Cs, m=0. (b) The plateau concentrationdg ,,,=¢,,,=0.15 "M and the injection is ful of pure mobile phase lacking both LM

and DM isomer, i.e.c, ,y=C,,yw=0. Experimental conditions: see Table 2, system Il &R24 nm).

tion peaks, see Fig. 3a (i). Interestingly, the relative
areas of the first and second peak are 63.9 and
36.1%, i.e., the area of the second peak is somewhat
smaller than the area of the first. The explanation is
given in the corresponding calculated chromatogram
where the individual concentrations of the enantio-
mers are calculated together with their sum, see Fig.
3a (ii). The concentration of the less-retained LM
isomer (dotted line) is deeply negative in the first
perturbation peak and the more-retained DM isomer
(dashed line) is deeply negative in the second
perturbation peak. However, in the first perturbation
peak there is also a slight negative deviation of the
more-retainec isomer and in the second perturba-
tion peak there is a slight positive deviation of the
less-retained. isomer. Thus, the simulated sum of
the LM and DM isomer concentrations (solid line)
gives a larger relative area for the first perturbation
peak than for the second one. The experimental
chromatograms show an excellent agreement with
the simulated ones, cf. Fig. 3a (i) and (ii).

However, as the racemic plateau concentration
was increased the relative area of the second per-
turbation peak decreased continuously in the re-

sulting experimental chromatograms. At the racemic
plateau concentration of .15 each enantio-
meR%healue of the type | site was 1.6 while
that of type Il sites were 31.3 for LM and 41.3 for
DM. Thus, the degree of non-linearity of the type I
sites were moderate and in the similar magnitude as
the maximum plateaus as calculated from the
homogenous surfaces studied previously [11,13].
After injection of gulbblank injection on this
racemic plateau the experimental chromatogram
showed only one perturbation; the second one had
vanished completely, see Fig. 3b (i). The corre-
sponding simulation revealed that the individual
isomer deviate in opposite directionsomer
negative ilaisbmer positive, at the position of the
second retention time and that they have almost
equal magnitudes, see Fig. 3b (ii). Therefore, the
sum-signal at the second retention time is more or
less cancelled.

4.4. Prediction of optimal injection technique

The problem of recognising the second perturba-
tion peak in a racemic plateau is the main difficulty
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for the use of the PM method in chiral LC. One
empirical solution was found by systematic computer
simulations; a sample was injected composed of only
the plateau concentration of the less-retained enantio-
mer. This resulted in a chromatogram with two
peaks; however, at further increased racemic plateau
concentrations the second peak vanished again, in
the general baseline noise. moderately non-linear platealhealues are 0.53
However, an optimal approach was found on a of type | sites, 13.2 of type Il sites and 19 of type
firm theoretical basis, see Section 2.3. The situation ,, Il sites. More particularly, Fig. 4a shows the

ically; thus we call it the “Lindholm-technique”.

The optimal injection in the case where both peaks
have the same sign is expressed in Eq. (14), but this
sample composition depends on the isotherm. Fig. 4a

shows geometrically Egs. (13) and (14) and based on
the parameters of system Il, Table 2 and the plateau
concentratjgp, =¢, v =0.050 nM. At this

when one perturbation peak vanishes, i.e., when the
total peak area in the chromatogram becomes zero,
was expressed in mathematical terms. It was con-
cluded that any injection with the sample concen-
tration c,,=c,,—u and c ;=c,;tu for some
number u chosen so that, ;=0 andc, =0, will

s, 17—

sample compositions for inducing vanishing (solid
lines) or optimal (dotted lines) perturbation peaks on
this plateau. Notice that this plot is only valid for the
racemic plateau given by the centre coordinates,

C 0.0 C 0.0~ 0.050 nM. Fig. 4b shows the situa-
tion where the plateau concentration is increased to

always yield two perturbation peaks with the same c,,,=¢, ,,=1.0 mM. This is a strongly nonlinear

area but opposite signs, i.e., one positive and the
other one negative, cf. Eq. (13). This optimal

injection does not depend on the isotherm. One
variant of the technique was actually predicted by
one of the authors (J.L.) before predicted theoret-

racemic plateau and the relative surface coverages

0%) are 9.7 (type 1), 75.2 (type [, ) and 82.4

(typg Il ). In this case, the optimal injections and

the injection which causes the less retained perturba-

tion peak to vanish are very close, i.e., only small

0.1

0.08 |

0.02¢ )
. “ooptl
lopt,2 ’
0 N . N . s . ° N :
0 0.02 0.04 0.06 0.08 0.1 0 0.5 1 15 2
cx’ M [mM]} cs,LM {mM]

Fig. 4. (a) Figure showing calculated sample compositions for inducing vanishing (solid lines) or optimal (dashed lines) perturbation peaks
on a moderately non-linear and racemic plateau of system Il (see Table 2)oyhgr-c,,,, =0.05 mM. Abovel, , is a line inducing the

second peak to vanish, , is a line inducing the first peak to vanidh,, , is a line inducing two peaks with the same area but different sign
andl,, , is a line inducing two peaks with the same area and sign. Notice that the lines inducing vanishing and optimal peaks are only valid
for the specified plateau concentration. The three dots indicate the sample compositions injected in Fig. 6. (b) The same as (a) but the
racemic plateau was strongly non-lineay,,,,=c, =1 mM. The three dots indicate the sample compositions injected in Fig. 7.
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changes in the sample compositions are required to
go from an optimal injection to an injection which
causes one peak to disappear (cf. Fig. 4b). Notice
that the slope of the line which gives sample
compositions for the optimal injections, resulting in
peaks with opposite sign, are the same in Fig. 4a and M, ne.,c, ,,=C,  =0.4 mMM. However, by using
b, this is exactly in accordance with Eqg. (13), i.e., the
slope of this line does not depend on the plateau
concentration. In addition, notice that the slope of all
other lines changes, i.e., their slope depend on the
plateau concentration as well as the isotherm.

4.5. Verification of optimal injection techniques

non-linear (avetgéat the type Il sites is 43.1).

Using the “empirical approach” it is possible to

reach a somewhat higher racemic plateau level
before the relative areas flattens out, in this case

approximately at the racemic plateau level of 0.8

the optimal injection technique as predicted by Eg.
(13), the relative area will constantly be 50% for
both perturbation peaks independent of the racemic
plateau concentration.

Fig. 6a—c show (i) experimental chromatograms

and (ii) calculated ones at the moderately non-linear

plateau ¢, ,y=C,,y=0.050 nM (same binary

plateau as in Fig. 4a) after the use of the various

Fig. 5a and b shows the relative areas of the
less-retained and more-retained enantiomer peak,
respectively, using different injection techniques on
racemic plateaus of increasing concentrations as
calculated for system II, Table 2. Using the blank

injection

technique, as suggested

traditionally

[11,13], the relative area of the first peak increases
and are close to 100% at 0.4Mnof racemic plateau,

i.e., Co pm=Co, v =0.2 MM, of course, the relative
area of the second peak decreases towards 0% at the
same rate. At this plateau when the second peak is
completely vanished using the blank injection as
perturbation method the plateau is only moderately
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resulting experimental

injection techniques suggested above on system lI,
Table 2. In Fig. 6a the perturbation was made by a
blank injectiop] 6f eluent lacking both LM and

DM. The

chromatogram

shows a deep negative first peak and a small negative

second one; the relative areas of the peaks are 87.7%
and 12.3%, respectively. The individual concentra-

tions for the enantiomers LM and DM as well as
their sum are shown in the corresponding calculated
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— Optimal injection
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chromatogram in Fig. 6a (ii). The calculated chro-
matogram revealed that the indiethaatiomer
concentration has a somewhat deeper deviation at the
second retention time as compared to the positive

Fig. 5. Calculated relative area of perturbation peaks induced in three ways for system Il, Table 2 on different binary plateaus were

Co.om =Co.Lm =Co/2. The blank injection technique & ,,=¢

«.m=0, the empirical isc, ,,,=0, ¢, ,,,=C,/2 and the optimal iz

som=0:

C..m=Co. (@) Relative area of the less retained perturbation peak. (b) Relative area of the more retained perturbation peak.
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Fig. 6. Visualisation of both perturbation peaks with experimental verified (i) and calculated (ii) chromatograms after perturbation of a
moderately nonlinear racemic plateau using the (a) blank (b) empirical and (c) optimal injection techniques, respectively. Dotted lines
indicate the concentration of LM, dashed lines the concentration of DM and solid lines the total concentration or total response. The plateau
concentrations of LM and DM are,, ,,,=C,,=0.05 mM and: (a) injection is 5ul of eluent lacking both LM and DM, i.e.,
C..om=Cs, .m=0. (D) Injection is 5ul of eluent lacking only DM, i.e.¢, ;,,,=0, ¢, ;,,=0.05 MM. (c) Injection is 5wl of eluent lacking DM

and with 0.1 M LM, i.e., ¢, 5,=0, c,,,=0.1 mM. Experimental conditions: see Table 2, system Il (224 nm).

deviation of theL enantiomer at the same retention
time. The relative calculated area of the first and
second peak of the total sum-signal in this situation
agrees very well with the experiment ones and can
be read from Fig. 5a and b to 87.7% and 12.3%. In
Fig. 6b the empirical injection technique was used by
injecting a 5pl of eluent lacking only DM. The
resulting experimental chromatogram shows that the
second peak is a negative peak and clearly discrimi-
nated from the baseline, see Fig. 6b (i). The relative
areas of the first and second peak were 59.6 and
40.4%, respectively. The individual concentrations
for the enantiomers LM and DM as well as their sum
for this injection technique was calculated and
presented in Fig. 6b (ii). The relative areas of the
first and second peaks as read from Fig. 5a and b and
was 56.5 and 43.4%, respectively, which agrees very
well with the experimental situation. Even if the
second perturbation peaks is more easily recognised
by the empirical injection technique as compared to
the blank injection there are two drawbacks. First,
when the plateau level is close to linear the first
perturbation peak will not be recognised since its

sample concentration is its plateau level. This can be
recognised in Fig. 5a where the relative area of the
empirical approach (dashed line) goes towards zero
at low plateau concentrations. The second drawback
is that the second peak disappears again at a further
increased racemic plateau, cf. Fig. 5b. The optimal

injection technique according to Eq. (13) results in

perturbation peaks that will always be of the same
size but have opposite signs, the required sample
composition is also illustrated by thk, linen

Fig. 4a. Practically this is a sample that, compared to
the plateau concentration, is composed of a certain
excess of one of the enantiomers and the same
deficiency of the other enantiomer. In Fig. 6¢c we
have (i) an experimental and (ii) a simulated chro-
matogram after the application of the optimal ap-
proach; in this gesaf 8luent containing 0.1 M

LM and lacking DM was injected. It can be seen that

the relative areas are close to 50% in both the
experimental and calculated chromatograms. The
injection made above is just one possibility and any
sample composition along thé,Jinein Fig. 4a
will do. The three sample compositions used in the
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Fig. 6a—c is denoted by points at tlkeaxis of Fig.
4a.

4.6. Use of the optimal injection technique at
strongly non-linear conditions

In system Il, Table 2, and in similar heterogeneous

systems using protein chiral stationary phases (CSPs)

for the separation of enantiomeric drugs, it is abso-

lutely necessary to be able to reach plateau con-

centrations of 1 to 5 M [16,18] corresponding to
type Il coverages, i.e§% values, close to 100. If

these concentrations are not reached the high capaci-
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Fig. 7. Experimental chromatograms after perturbation of a
strongly non-linear racemic plateau using the (a) blank and
empirical and (c) the injection techniques in order to visualise both
peaks. The plateau concentrationcis;,,,=c, ,=1.00 mM and:

(@) blank injection is 2Qul of eluent lacking both LM and DM,
i.e., C,pw=Cs, v=0 and empirical injection is 2@l of eluent
lacking only DM, i.e., c,,,=0, c,,,=1.00 mM. (b) Optimal
injection is 20ul of eluent lacking DM and with 2 i LM, i.e.,
C.om=0, c. ,=2.00 mM. Experimental conditions: see Table 2,

s,DM s,LM

system Il (UV=254 nm).
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ty type | sites will not reach moderately non-linear

conditions, and the error will be too large for the

parameters of these type of sites [18]. We compared

the different injection techniques on system IlI, Table

2 for the racemic plateau concentration of #i.e.,

Co.om=Com=1.0 mM; this is the same strongly
non-linear plateau as in Fig. 4b. Fig. 7a shows the
resulting chromatogram with the blank injection
(dotted line) and the empirical approach (dashed
line), and none of the techniques made it possible to

detect a second peak. This is in accordance with Fig.

5b predicting that the relative area of the second

peak for also the empirical approach has reached 0%

already at the racemic plateau concentration OM3, m

i.e., Copm=Co.m=0.4 MM. Using the optimal in-

jection technique, as suggested by Eq. (13), the

second peak was visible also at this very high degree

of non-linear racemic plateau, see Fig. 7b. The three

sample compositions used in Fig. 7a and b is denoted

by points at thex-axis of Fig. 4b.

5. Conclusions

The theory for binary perturbation peaks in LC
(e.g., racemic plateaus) was developed for both
retention times and areas with focus on effects taking
place during moderate (¥0%=50) and strongly
(6%>50) degrees of non-linearity.

A peculiar retention behaviour was recognised and
investigated; the single plateau peak of the more
retained enantiomer is eluting after both binary
perturbation peaks at low plateau levels and in
between these peaks at high plateau levels. This
phenomenon is not a retention reversal, since this
interpenetration assumes that the two binary per-
turbation peaks can be identified, which is impos-
sible from a theoretical standpoint.

A serious disadvantage with the ordinary perturba-
tion approach is that the second perturbation peak
vanishes already at moderate plateau concentrations.
The strategy to solve the problem presented in this
work is firmly supported by theory and has been
verified experimentally during strongly non-linear
conditions. Other strategies found empirically did not
work out well, especially not under extremely non-
linear conditions.
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