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ABSTRACT

A new mathematical-analytical equation is derived for fitting purposes in

the determination of mobile phase rate constants of enantiomerization

from liquid chromatographic reactor experiments with a recycling of the

internal chromatogram via an empty capillary. The equation was success-

fully tested with results from numerical calculations, as well as results

from the on-column enantiomerization of oxazepam.
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SYMBOLS

c concentration

di
mjRk . . . ith differential peak area, from the jth generation converted in the

Rth (Roman number) part of the recycling setup into the kth

generation

hx experimental recorder signal

h theoretical recorder signal

ka dead-time related apparent rate constant

ke rate constant (mobile phase)

m0 concentration-time area of reactant at the column inlet

t time

tE residence time in the capillary

tR maximum retention time of the reactant in a recycling setup

tP maximum retention time of the product in a recycling setup

t0 dead time

k retention-time related apparent rate constants

l reduced spatial coordinate

li reduced spatial coordinate of the capillary inlet

lo reduced spatial coordinate of the capillary outlet

mR maximum retention time of reactant (column)

mP maximum retention time of product (column)

s standard deviation of differential product pulse

sR standard deviation of reactant peak

sP standard deviation of product peak

t retention ratio product vs. reactant (recycling setup)

tc retention ratio product vs. reactant (column), selectivity

INTRODUCTION

Many papers have been published during the last decade on the determi-

nation of rate constants from the characteristic chromatograms due to

reversible on-column-reactions, especially enantiomerizations (for a compre-

hensive review, see Ref.[1]). Often, methods are used, in which computer

simulated chromatograms are fitted to experimental chromatograms, and

normally, the authors start with the assumption of corresponding rate constants

in the mobile and in the stationary phase. However, because of the principle of

microkinetic reversibility[2] two different (however similar) on-column rate

constants are estimated.
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In a previous paper,[4] the usefulness of a so-called simulated recycling

setup was shown for the separate determination of on-column and eluent rate

constants from irreversible first order reactions. This setup, which was in the first

place suggested by the Langer group,[3] consists of a separation column with the

reduced length coordinates from 0 to li, an empty HPLC capillary of at least

15 m with the reduced length coordinates from li to lo, and another separation

column like the first one with the reduced length coordinates from lo to 1.

Let us now consider a racemate, which is injected onto this setup

(cf. Fig. 1), then the enantiomers are separated within the first column, and

at the same time enantiomerization takes places producing a plateau of

racemate between the pure enantiomers. No separation occurs within the

capillary, and therefore the enantiomerization proceeds primarily under the

peaks of the pure enantiomers. When passed into the final column, the same

process as in the first column takes places except the fact that the product

formed within the capillary is now separated from the pure enantiomers

forming a so-called extra peak on the plateau between the pure enantiomers.

Therefore, the extra peak contains the information about the reaction in the

pure mobile phase, and the present paper reports on the derivation and

application of an approximated analytical peak shape equation for the

estimation of rate constants from such types of reaction chromatograms.

Figure 1. Development of a reaction chromatogram in a simulated recycling setup

(Schematic). (1) Injection of racemate; (2) Chromatogram at the end of colum I; (3)

Chromatogram at the end of the capillary; (4) Chromatogram at the end of the second

column or the second run through the same column exhibiting the extra peak (Black:

D-form, White: L-Form, Gray: racemate, Dark Gray: extra peak).
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MATHEMATICAL MODELLING

The mathematic modelling is based on the assumptions from the model of

linear, isothermal chromatography. The reversible reaction is approximated by

consecutive reactions with alternate rate constants:

R !P � R! P! R! P! R

Then, starting from the reactant R, differential pulses of a first generation P

are produced at any cross section of the apparatus. Each one of these produces

second order differential pulses of a first generation R, etc. Any of the differential

pulses copies the shape of its parent at the point of conversion, but then moves

with the speed and the peak spreading due to its own chromatographic

parameters. However, one has to consider the segments of the recycling setup.

Taking into account four generations, the following interconversions take place.

In the leading column (segment I):

m0 ! dm0I1 ! d2m0I1I2 ! d3m0I1I2I3 ! d4m0I1I2I3I4

In the capillary (segment II):

m0 ! dm0II1 ! d2m0II1II2 ! d3m0II1II2II3 ! d4m0II1II2II3II4

dm0I1 ! d2m0I1II2 ! d3m0I1II2II3 ! d4m0I1II2II3II4

d2m0I1I2 ! d3m0I1I2II3 ! d4m0I1I2II3II4

d3m0I1I2I3 ! d4m0I1I2I3II4

After recycling or simulated recycling (segment III):

m0 ! dm0III1 ! d2m0III1III2 ! d3m0III1III2III4 ! d4m0III1III2III3III4

dm0I1 ! d2m0I1III2 ! d3m0I1III2III3 ! d4m0I1III2III3III4

d2m0I1I2 ! d3m0I1I2III3 ! d4m0I1I2III3III4

d3m0I1I2I3 ! d4m0I1I2I3III4

dm0II1 ! d2m0II1III2 ! d3m0II1III2III3 ! d4
0II1III2III3III4

d2m0I1III2 ! d3m0II1II2III3 ! d4m0II1II2III3III4

d3m0II1II2II3 ! d4m0II1II2II3III4

d2m0I1II2 ! d3m0I1II2III3 ! d4m0I1II2III3III4

d3m0I1II2II3 ! d4m0I1I2II3III4
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In general (for details see Ref.[6]), the differential concentration of a

differential pulse is given by the relation:

dnc ¼
dnmQn

1 dli

Cðt; lÞ
Yn

1

dli ð1Þ

According to the reaction scheme given above, fourteen different peak

types had to be considered, i.e., even the developed differential equations from

Eq. (1) take several pages.

In the present paper, the peak shape function C is assumed to be a

Gaussian, but also an EMG function would be suitable. However, considerably

skewed peaks are an indication for nonlinear isotherms with consequences to

the precision of the rate constants determined. In a linear model, skew, excess,

and standard deviations of the reactant peaks cannot be altered independently,

and our simulations have shown that a difference between a Gaussian and a

peak shape function, considering skew and excess, does not appear until no

more separation is achieved.

The concentration from, i.e., the 4th generation of differential pulses is

obtained from an integration following the scheme:

c ¼

ðl1

lbeg

ðl2

l1

ðl3

l2

ðlend

l3

d4mQn
1 dli

Cðt; lÞ dl4 dl3 dl2 dl1 ð2Þ

Depending on the segment, lbeg can be either 0, l1or l0, and lend can be

either li, lo or 1. Analytical integrations can only take place assuming

standard deviations not depending on the spatial coordinate. In the present

case, we choose a squared average of the reactant standard deviations to

approximate the product pulse standard deviation, since the largest place

between the reactant peaks is occupied by the extra peak (i.e., a sum of

differential peaks having the same average standard deviation):

s2 �
s2

R þ s2
P

2
ð3Þ

The mathematical-analytical results were found by computer-assisted

integration using Derive (SoftWare House Inc.). The voluminous results

were translated into a Pascal-Source and are used in a homemade Borland

Delphi 6 (Borland Software Corporation) program, fitting the simulated

chromatogram to the experimental chromatogram by minimizing the square

error sum in a systematic search along the axes.
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At the best fit, the program writes the retention times of the reactants tR
and tP, respectively, as well as the dead-time related reduced rate constants

ka½1	 ðlo 	 liÞ
t0 and ket0ðlo 	 liÞ into an Excel (Microsoft Corp.) readable

text file.

Because of the principle of microkinetic reversibility, the retention-time

related rate constants are different from each other in the presence of an

enantiomeric environment, i.e., in the column:

kR ¼
kat0ð1	 ðlo 	 liÞÞ

tR 	 tE
kP ¼

kat0ð1	 ðlo 	 liÞÞ

tP 	 tE
ð4Þ

The holdup-time in the capillary tE cannot directly be determined from the

reaction chromatogram, but establishing the flow-rate independent on-column

retention ratio

tC ¼
mP

mR

ð5Þ

tE can be calculated from the retention time of the reactant:

tE ¼ tR
tP=tR 	 tc

1	 tc

ð6Þ

and the enantiomerization constant ke in the well-defined achiral environment

of the pure eluent is then:

ke ¼
ket0ðlo 	 liÞ

tE
ð7Þ

RESULTS FROM NUMERICAL EVALUATIONS

Numerical reaction chromatograms were evaluated using a finite differ-

ence scheme similar to the Czok and Guiochon[7] algorithm. Figures 2–4 show

that the evaluations from the finite difference method and the analytical

equation are practically congruent for small and large conversions and also

for considerable differences in the standard deviations.

As can be seen from Table 1, the good agreement between the given and

the recalculated rate constants demonstrates the validity of our calculations.

The small differences in the rate constants are, for some part, due to the

numerical error in the finite difference method. But especially, the increasing

difference in the apparent rate constants ka with increasing conversions is also
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due to the limited precision of modelling a reversible reaction with 4

interconversions. For quantitative use the conversion should not exceed 50%.

RESULTS

The enantiomerization of oxazepam, which was thoroughly investigated

by Cabrera and Schurig,[8] as well as Schoetz and Schurig[9] was used as a

reference reaction.

The experiments were carried out with a modular HPLC from Knauer

(Berlin, Germany) consisting of HPLC pump K-501, Knauer column oven,

and DAD K-2700 WellChrom. Two ChiraDex 125� 4.6 mm columns were

connected by a 16 m (0.25 mm i.d.) capillary, and the whole setup was

brought into the column oven. The eluent methanol=water (40=60, v=v) with

0.1% TEAA was used at pH 4.5. Investigations were carried out at 22, 25,

and 28�C at 4 different flow rates. A typical result of the recalculations is

shown in Fig. 5.

Figure 2. Recalculation of a numerical chromatogram with a high conversion (line:

analytical approximation, circles: result of the finite difference calculation).

Determination of Mobile Phase Rate Constants 291

©2002 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

MARCEL DEKKER, INC. • 270 MADISON AVENUE • NEW YORK, NY 10016

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
2
5
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



The apparent (on-column) rate constants kR and kP, as given in Tables 2

and 3, respectively, are in good agreement with each other, as well as with the

data published by Cabrera[8] for the same column type and a similar eluent.

The rate constants in the pure eluent ke (cf. Table 3) are larger and placed

between data published by Aso[10] and by Yang.[11] The enantiomerization

barriers of 90.5 kJ=mol for the on-column-process and 89.0 kJ=mol for the

pure eluent are in good agreement with the data obtained by CE-investigations

from Schoetz.[9]

CONCLUSIONS

The possibility to apply the simulated recyclization setup to complex

reactions, especially to enantiomerizations, has been demonstrated. Rate

constants can be obtained for the pure eluents (i.e., a well defined and

homogeneous solvent) by a simple and rapid method. A disadvantage is that

the high pressure on the ‘‘leading’’ column causes problems in the endurance

Figure 3. Recalculation of a numerical chromatogram with a low conversion (line:

analytical approximation, circles: result of the finite difference calculation).
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of the column, as well as the constancy of flow rates and retention times.

However, these experimental problems might be overcome during further

investigations. Meanwhile, the procedure has also been applied to reversible

reactions with different rate constants, i.e., cis–trans-isomerizations.[12] The

same fitting procedure can be applied, but the equilibrium constant in the

eluent must be calculated from additional experiments without a capillary.

Figure 4. Recalculation of a numerical chromatogram with a moderate conversion

and different standard deviations of the reactants (line: analytical approximation,

circles: result of the finite difference calculation).

Table 1. Comparison of given and recalculated rate constants.

Chromatogram

rate constant I II III IV V

ke recalc 0.005 0.01 0.049 0.059 0.101

ke given 0.005 0.01 0.050 0.060 0.100

ka recalc 0.0150 0.0151 0.0154 0.0157 0.0746

ka given 0.0150 0.0150 0.0150 0.0150 0.0750
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Also, from a direct comparison of simulated recycling and real recycling, it

can be concluded that tolerances in columns lead to smaller errors than

discontinuities in the flow rate, i.e., simulated recycling works at present better

than real recycling. The method has a real potential in reaction kinetic

investigations, however, there are two serious restrictions: First, in order to

obtain unequivocal results, there must be some separation of the reactant

primary peaks, which is a restriction for the eluent composition. Second,

Figure 5. Typical result of the recalculation of an experimental chromatogram from

the enantiomerization of oxazepam.

Table 2. Rate constants from simple
on-column measurement.

T (K) kR (min	1) kP (min	1)

295.15 0.028 0.042

298.15 0.040 0.059

301.15 0.057 0.083

294 Lange, Haberland, and Thede

©2002 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

MARCEL DEKKER, INC. • 270 MADISON AVENUE • NEW YORK, NY 10016

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
2
5
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



although the equation can be applied to capillary electrophoresis without

problems, the method might not be.
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