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 Zusammenfassung  
 

Die vorliegende Arbeit befasst sich mit der Vorhersage des Verteilungskoeffizienten 

verschiedener Eluenten innerhalb flüssig-chromatographischer Trennsysteme. Ziel ist es, 

einen Ansatz zur Modellierung solch eines Trennsystems zu entwickeln, welcher also im 

Stande ist das Molekülverteilungsverhalten zwischen einer flüssigen mobilen und einer 

komplexen stationären Phase vorherzusagen. Bisherige Vorhersagemethoden wie die 

„Quantitative Structure Retention Relationships” (QSRR) basieren auf einer Vielzahl 

anpassbarer Parameter welche die physikalisch chemischen Eigenschaften der mobilen sowie 

der stationären Phase des betrachteten Trennsystems beschreiben. Auf Grund der dadurch 

notwendigen empirischen Parameteranpassung haben QSRR Methoden einen nur begrenzt 

prädiktiven Charakter. Das „Conductor-like Screening Model for Real Solvents” (COSMO-

RS) ersetzt diese anpassbaren Parameter durch eine auf Quantenchemie und statistische 

Thermodynamik beruhende Herangehensweise und birgt somit die Möglichkeit einer rein 

molekülstrukturbasierten Vorhersage der thermodynamischen Eigenschaften sämtlicher 

Systemkomponenten.  

Zuerst wurde der Einfluss verschiedener Molekülkonformere auf COSMO-RS-

Rechenergebnisse untersucht. Hierbei wurden experimentelle Daten des Oktanol-Wasser 

Systems herangezogen und es zeigte sich, dass einzelne Molekülkonformere signifikanten 

Einfluss auf das Rechenresultat und somit auch auf die Vorhersagequalität haben. 

In einem weiteren Schritt wurde die Leistungsfähigkeit der COSMO-RS Vorhersage im 

Hinblick auf die Anwendung bezüglich flüssigchromatographischer Trennsysteme mit 

Umkehrphasen untersucht. Zu diesem Zweck wurde die komplexe stationäre Phase als 

pseudo-flüssig angenommen und somit die Möglichkeit eröffnet, diese mit Hilfe von so 

genannten pseudo-flüssigen Molekülen zu beschreiben. Die Betrachtung der stationären Phase 

als ein „Pseudofluid“ birgt somit den Kerngedanken des Projektes. Der auf Molekülstruktur 

basierende Ausgangspunkt aller COSMO-RS Rechnungen machte es grundsätzlich möglich, 

alle denkbaren pseudo-flüssigen Molekühlstrukturen zu entwerfen. 

Verschiedene Screening-Versuche zeigten: Um die Wechselwirkungscharakteristika einer 

Umkehrphase nachzuempfinden ist es ein sinnvoller Ansatz, wenn man ein pseudo-flüssiges 

Molekül generiert, welches verschiedenen Fragmenten der realen stationären Phase 

nachempfunden ist.  

Neben dem Vorhersageansatz mittels pseudo-flüssiger Moleküle wurde untersucht, in wieweit 

es mit dem COSMO Modell möglich ist, eine QSRR Methode zu entwickeln. Hierzu können 

von COSMO generierte Deskriptoren, so genannte σ-Momente, für jede berechnete 



Molekülstruktur abgeleitet werden. Vergleiche mit experimentellen Daten zeigen, dass σ -

Moment basierte QSRR ähnliche Vorhersagequalität erreichen, wie der Ansatz mit pseudo-

flüssigen Molekülen. Beide im Rahmen dieser Arbeit beschriebenen Methoden, die 

Vorhersage des Verteilungskoeffizienten mittels pseudo-flüssiger Moleküle sowie die σ-

Momente basierte QSRR wurden in dieser Art zum ersten mal auf die Vorhersage des 

Trennverhaltens flüssigchromatographischer Systeme angewandt. 



Summary 

 
This thesis examines the prediction of partition coefficients of different elutes within liquid 

chromatographic separation systems. The main goal is the development of a phase modelling 

approach that is capable to predict molecule distribution between a bulk mobile and a 

complex reversed stationary phase. Previous prediction methods such as “Quantitative 

Structure Retention Relationships” (QSRR) are based on several adjustable parameters used 

to describe physico-chemical properties of the mobile and the stationary phase in the 

separation system examined.  

Due to the empirical parameter fitting, QSRR methods have limited qualities in terms of true 

predictivity. The „Conductor-like Screening Model for Real Solvents” (COSMO-RS) 

approach replaces adjustable parameters by a quantum chemistry and statistical 

thermodynamics based approach and allows for a merely molecule structure based 

thermodynamic property prediction of all components within the separation system under 

investigation. 

For a start, the influence of molecule conformations onto COSMO-RS calculation results was 

investigated. Therefore, experimental data of the octanol-water system was used and it has 

become obvious that single molecule conformations have significant influence on calculation 

outcomes and hence on quality of prediction.  

As a next step, the ability of the COSMO-RS prediction approach for modelling a two phase 

reversed phase liquid chromatographic system was investigated. For this purpose, the 

complex reversed stationary phase was assumed as pseudo liquid and therefore modeled by 

so-called "pseudo-liquid" molecules. The consideration of the stationary phase to be a pseudo-

liquid, bears the central idea of this thesis. The inherent advantages of COSMO-RS led to the 

possibility of creating any pseudo-liquid molecule structure imaginable. 

Different screening experiments have revealed that depiction of real stationary phase surface 

fragments (bound ligand plus part of silica surface) is a good approach to simulate the 

characteristics of stationary phase interaction.  

Additional to the pseudo-liquid molecule based prediction approach, it was investigated to 

which extend COSMO is capable of developing a QSRR method. For this purpose, COSMO 

generated descriptors, so-called σ-moments can be deduced from any generated molecule 

structure. Comparison to experimental data shows that σ-moment based QSRR will reach 

prediction qualities that are comparable to that of the pseudo-liquid molecule approach. Both 

methods described within the work at hand, the pseudo-liquid molecule approach as well as 



the σ-moments base approach were, for the first time, applied onto the separation behaviour 

prediction of liquid chromatographic systems. 
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1                                                                                                                              Introduction 

0 Einleitung 

Die Chromatographie wurde bezeichnet als eine „gleichmäßige Perkolation einer Flüssigkeit 

durch eine Säule bestehend aus mehr oder weniger fein gegliederter Substanz die, mit 

welchen Mitteln auch immer, bestimmte Flüssigkeitskomponenten retardiert.“ [Martin 1950a] 

(sinngemäß übersetzt). Diese frühe Definition beschreibt ein Verfahren, welches mittels eines 

Trennprozesses zwischen zwei Hilfsphasen in der Lage ist, zwei oder mehrere Komponenten 

aus einer homogenen Mischung aufzutrennen.  Die eine Hilfsphase wird als stationäre Phase 

bezeichnet und besteht aus ortsgebundenen, festen oder flüssigen Komponenten, während die 

so genannte flüssige Phase dazu dient, die zu trennenden Komponenten mit Hilfe eines 

gasförmigen, flüssigen oder überkritischen Fluidstroms zu transportieren. Die stationäre Phase 

ist nicht unbedingt mit dem in der chromatographischen Säule gepackten Feststoff 

gleichzusetzen. Oft tragen die in der Säule befindlichen Partikel die eigentliche stationäre 

Phase auf ihrer Oberfläche; z.B. in Form eines Flüssigkeitsfilms oder kovalent gebundener 

Alkylketten. In der Umkehrphasen Hochdruck-Flüssigchromatographie (RP-HPLC) setzten 

sich die Hilfsphasen aus einer flüssigen (mobilen) Phase und einer aus 

oberflächengebundenen Alkylketten bestehenden Festphase (stationäre Phase) zusammen. Die 

Substanzen (Eluenten) welche es aufzutrennen gilt, werden in der mobilen Phase gelöst und 

so durch eine dichte Partikelpackung transportiert. Ungeachtet der zugrunde liegenden 

molekularen Mechanismen basiert jeder Trenneffekt auf Thermodynamik, was sich in diesem 

Fall als Unterschied im Verteilungsverhalten zwischen den Eluenten manifestiert. Aufgrund 

verschieden starker Wechselwirkungen verweilen Eluenten verschieden lang in der 

stationären Phase, was wiederum zu unterschiedlichen Elutionszeiten und somit zur 

Auftrennung einer Mischung führt.  

Umkehrphasen-HPLC Systeme finden zunehmende Bedeutung in vielfältigen Anwendungen 

zur Analyse und Aufreinigung verschiedenster Stoffgruppen. Hierzu zählen pharmazeutischer 

Wirkstoffe, Produkte der Lebensmittelindustrie, industrielle Polymere und Fette, sowie 

Proteine für Life-Science Anwendungen. Schätzungen zufolge werden bis zu 70 % aller 

analytischen Trennungen niedermolekularer Proben mit Hilfe dieser Technik durchgeführt 

[Neue 1997]. 

Aufgrund dieser Anwendungsvielfalt und aus dem Bedürfnis heraus eine Trennaufgabe mit 

überschaubarem Einsatz von Aufwand und Zeit zu bewältigen wurde die Idee geboren, 

verschiedene Herausforderungen mit computergestützter Systemsimulation anzugehen. 



2                                                                                                                              Introduction 

Zu diesen Herausforderungen gehören: (i) die Identifikation eines auf das Eluentengemisch 

optimierten Trennsystems, (ii) die Vorhersage eines trennsystemabhängigen Eluenten-

verhaltens und (iii) die Identifizierung von Eluentenpeaks im Chromatogramm. 

Trotz der Vielseitigkeit und der breiten Palette an Einsatzmöglichkeiten basiert der 

chromatographische Trennprozess auf komplexen und in vielen Teilen noch unverstandenen 

Mechanismen. Aus diesem Grund kann man die Modellierung eines solchen Mechanismus als 

durchaus komplexe Herausforderung bezeichnen. Nach Guiochon et al. [Guiochon 2002] ist 

die genaue Vorhersage des Adsorptionsgleichgewichtes eine der ungelösten Aufgaben im 

Gebiet der chromatographischen Forschung. 

Das COSMO-RS Model sowie die QSRR Methoden bezeichnen zwei unterschiedliche 

Herangehensweisen um chromatographische Trennprozesse zu modellieren. Die eine 

Möglichkeit beruht auf theoretischem dem Verständnis physiko-chemischer Prozesse und 

führt so zu fundamentalen thermodynamischen Beziehungen. Die andere Herangehensweise 

basiert auf der Anpassung systemspezifischer, empirischer Parameter und findet bereits weite 

Anwendung im Hinblick auf die Vorhersage chromatographischen Trennverhaltens. 

In der vorliegenden Arbeit sollen beide Herangehensweisen untersucht werden, wobei hierbei 

das Hauptaugenmerk auf der COSMO-RS basierten Methode liegen wird. Dieser auf 

statistischer Thermodynamik fußende Vorhersageweg wird grundsätzlich erst durch die 

Annahme einer „pseudo-flüssigen“ stationären Phase gangbar. Diese Annahme kann als 

zentrale Hypothese der vorliegenden Arbeit verstanden werden und soll den Weg frei machen 

in Richtung einer a-priori Vorhersage von chromatographischem Retentionsverhalten. 



3                                                                                                                              Introduction 

Introduction  

Chromatography is “the uniform percolation of a fluid through a column of more or less 

finely divided substance, which selectively retards, by whatever means, certain components of 

the fluid” [Martin 1950a]. This definition of chromatography pictures a technique that uses a 

separation process between two auxiliary phases to separate compounds from a homogenous 

mixture; one phase is called stationary being solid or liquid and the other phase is denoted as 

mobile because it is meant to transport the compounds to be separated in a gaseous, liquid or 

supercritical state. The stationary phase is not inevitably identical with the solid packing of 

the chromatographic column. In an increasing number of applications, tightly packed porous 

particles (support) hold on their surface the actual stationary phase e.g. in form of a liquid 

film or a layer of covalently bound alkyl chains. In Reversed Phase High Pressure Liquid 

Chromatography (RP-HPLC), the stationary phase is made up of alkyl chains covalently 

bound to solid particles while the mobile phase consists of a liquid. The substances that are 

meant to be separated (elutes) are dissolved within the mobile phase which then conveys them 

through a column of tightly packed particles. Regardless of the underlying molecular 

mechanism, any separation effect bases on thermodynamics. In the present case, this effect 

can be reduced to the difference in elute partitioning between the two phases. Due to different 

interaction strengths, some elutes are retained less strongly and therefore elute sooner that 

others.  

RP-HPLC finds its essential and versatile application in the analysis and purification of a very 

diverse set of substances, such as pharmaceuticals, products of the food industry, industrial 

polymers, peptides and proteins for life-science applications. It is believed that up to 70 % of 

all analytical separations of low molecular samples are carried out using this method [Neue 

1997].  

Because of such a broad application spectrum and the necessity to solve separation tasks with 

reasonable experimental effort and time expense, system modelling is used as a method to 

tackle divers objectives in the context of elute separation as there are (i) the identification of 

ideal separation conditions relative to a given elute mixture, (ii) the prediction of system 

specific elute behaviour and (iii) the identification of resulting chromatographic peaks 

[Reithinger 2011]. 

Despite its great variety and options of application, the chromatographic separation process is 

complex and underlying mechanisms are not yet fully resolved. Therefore, modelling of such 

a process can be considered as a rather difficult task. Accurate prediction of the adsorption 

equilibrium is one of the unsolved questions in the area of chromatographic research 

[Guiochon 2002]. 
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The COSMO-RS model and the “Quantitative Structure Retention Relationships” QSRR 

represent two different groups of approaches that can be used to model chromatography:  

(i) one is based on the theoretical understanding of physico-chemical processes, leading to the 

establishment of fundamental thermodynamic relationships.  (ii) The so far most popular way 

to predict retention is based on large empiric coefficient databases obtained primarily from 

experimental measurements that are then used to extrapolate towards unknown systems. 

Within the work at hand, both ways, (i) and (ii) will be investigated while the main focus will 

lie on the former approach. The thermodynamic prediction path can be taken due to the 

assumption of a “pseudo-liquid” stationary phase which also represents the central hypothesis 

of this work. This pseudo-liquid approach shall open the door towards a-priori prediction of 

the chromatographic partition coefficient and increased prediction quality. 

 



5                                                                                                                             Goal of work 

1 Goal of work 

Goal of the work at hand is, to apply the quantum chemistry and statistical thermodynamics 

based COSMO-RS model for the first time onto the prediction of chromatographic system 

separation behaviour. Prediction of liquid-liquid equlibria (LLE) [Maassen 1996]; [Clausen 

2000] as well as of vapor-liquid equlibria (VLE) [Spuhl 2006] using COSMO-RS has already 

become a standard of technology and shall now be expanded towards prediction of the 

chromatographic partition coefficient K. The existing COSMO-RS calculation methodology 

must therefore be expanded in a way that enables equilibrium partitioning calculation of an 

elute between a liquid mobile and a complex stationary phase.  

Due to fact that most analytical separations of low molecular samples are carried out using 

RP-HPLC systems, the main focus of experimental investigation within this work is laid on 

reversed stationary phases.   

To facilitate application of COSMO-RS onto complex RP-HPLC systems, a rather basic 

approach has been chosen. Within this approach, the stationary phase is regarded as pseudo-

liquid phase. This strategy was motivated from findings that chromatographic and liquid-

liquid partition coefficients will correlated over a wide range of values [Tsukahara 1993]. 

In a second step it will be investigated if this prediction approach can be applied onto so-

called normal phase (NP-HPLC).  

Besides the just mentioned approach, the COSMO model offers another possibility of 

predicting the behaviour of a separation system. Here, so-called molecule specific σ-moments 

(structural descriptors) are generated on the mere basis of molecular structure. σ-moments can 

path a way towards description of molecular interactions by using Quantitative Structure 

Property Relationships (QSPR) [Klamt 2001]. Within this work, it will be investigated if 

QSPR using σ-moments is an approach fit to picture partitioning behaviour within HPLC 

systems. 

Rounding off this work and based on extensive literature research, a schematic overview shall 

be given that aims to elaborate the variety and interrelations of prediction methods for the 

separation behaviour of chromatographic systems. 
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2 Basics 

The sections below are meant to give an overview on the current state of knowledge and 

technology. The following sections shall equip the reader with the basics of chromatography 

and its modeling. First, the basics of chromatographic separation will be explained and the 

reader will be acquainted to corresponding terminology. A second part will give an overview 

on chromatographic phases and methods of phase investigation, while part three explains 

basics of phase equilibrium. Part four will list and shortly explain approaches that have been 

used to model chromatography. The last part of Section 4 is meant to give insights into 

chemical and quantum chemical basics on which most calculations within this work are based 

on. 

2.1 Basics of chromatography 

In the following, basic parameters, equations and correlations, required to characterize a 

chromatographic separation systems are presented.  

2.1.1 Chromatographic separation principle 

Chromatography is a unit operation that uses a separation process between two auxiliary 

phases to separate two or more compounds from a homogenous mixture; one is called 

stationary phase being solid or liquid and the other mobile fluid phase transporting the 

compounds that may consist of gaseous, liquid or supercritical state.  

The stationary phase is not necessarily identical with the solid packing of the chromatographic 

column. In many cases, tightly packed porous particles can act as support and hold on their 

surface the actual stationary phase, e.g. in form of a liquid film or a layer of covalently bound 

alkyl chains. To undergo interactions with the percolating compounds, the stationary phase 

has to exhibit the proper functional groups. Depending on the individual interaction strength, 

a compound will preferably reside in mobile or stationary phase. Compound elution speed is 

therefore directly depending on its residence probability between the two phases. From here, 

compounds that percolate through a chromatographic system will be termed as elutes. 

Fig. 2.1 pictures elute separation behaviour inside a chromatographic column by illustrating 

snapshots in time. 
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Figure 2.1: Separation principle in chromatography 

 

First, a sample consisting of three different elutes is ejected into the mobile phase stream. 

Then, depending on differences in their interaction strength with the stationary phase, 

individual partition equilibria will lead to a continuous gap increase between the elutes. At the 

end of the column, due to their displacement in space, the elutes will leave the system 

consecutively. 

2.1.2 Volume and porosity in a chromatographic column 

The total volume inside a chromatographic column can be broken up into four different parts: 

(i) the volume between the porous stationary phase particles extV , (ii) the pore volume of the 

stationary phase particles intV , (iii) the solid particle volume without pores solV  and (iv) the 

sum of particle and pore volumes PV . 

 

 
Figure 2.2: Fractional volumes inside a chromatographic column 

 

From these volumes, different porosities can then be defined [Seidel-Morgenstern 1995]. 

The ratio of mobile phase volume and total column volume is called total porositytotε  and is 

given by the following equation: 
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C

ext
tot V

VV int+
=ε  (2.1) 

Whereas external or interstitial bed porosity extε  is defined as the ratio of the interparticle 

volume extV  and the column volumeCV . 

C

ext
ext V

V
=ε  (2.2) 

The ratio of intraparticle pore volume intV  and particle volume PV  is in turn defined as the 

internal porosity intε . 

PV

Vint
int =ε  (2.3) 

The total and external porosity are linked via the internal porosity by the following equation: 

( ) int1 εεεε ⋅−+= extexttot  (2.4) 

Total as well as external bed porosity can be determined from experiments using different 

tracer molecules. To assess total porosity, a tracer must be small enough to enter the pore of 

the stationary phase particles without interacting with surface groups. A non-interacting 

molecule structure, large enough and therefore sterically hindered to enter the pores can be 

used as tracer to determine the external porosity. 

If intV  is considered to be part of the mobile phase volume, the fractional mobile phase 

volume ε  equals the total porositytotε . If considered to be part of the sorbent phase, ε will 

depict the external porosity. 

The volume ratio of stationary and mobile phase is commonly referred to as phase ratio F, 

while the molar phase ratio will in this context be referred to as Φ. F can be expressed in 

terms of the fractional volumeε .  

ε
ε−= 1

F  (2.5) 

2.1.3 Retention time and related quantities 

Elution time or retention time tR,i is defined as the time span between the time of injection and 

the point in time, when half the mass of the injected elute i has eluted from the column. In the 
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following, solute molecules that elute from a chromatographic system will be referred to as 

elute. To record elution times and separation quality, the mobile phase will pass a detector 

after having eluted through the column. The concentration of mobile phase dissolved 

components will be detected over time, leading to a signal-over-time recording, the so-called 

chromatogram. The deflections corresponding to the detected components are referred to as 

peaks. 

 

 
 

Figure 2.3: Chromatogram for the pulse injection of a four component mixture 
containing three retained and one unretained elute 

 

tR1, tR2 and tR3 depict the corresponding retention times of elutes 1,2 and 3, while t0 stands for 

the column dead time. Basically, column dead time t0 is defined in accordance to tR,i. But an 

elute, fit to measure t0 is required to not have any interactions with the stationary phase.  

Depending on individual size, the accessible column volume can vary for different elutes. To 

determine the external dead time t0,ext a tracer substance can be used which is sterically 

hindered to penetrate the stationary phase pore volume, while pore penetrating molecules like 

the pyrimidine derivative uracil can be used to determine the internal dead time t0,int [Schulte 

2005]. 
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In case of a symmetrical peak on the chromatogram, tR,i  is the time span between elute 

injection and peak maximum of the corresponding detector signal. 

For asymmetrical peaks, the apex of the peak will not coincide with the point in time, where 

half of the component mass has eluted thought the column. Therefore retention time tR,i will 

be determined by the first moment of the peak µ1,i. 

( )

( )∫

∫
∞

∞

⋅

⋅⋅
=

0

0
,1

dttc

dtttc

i

i

iµ  (2.6) 

ci stands for the detected concentration of elute i. 

The use of retention time to describe a certain chromatographic system suffers from the 

disadvantage of depending on mobile phase flow velocity [Schulte 2005]. To overcome this 

dependence, retention data is mostly given in terms of a dimensionless ratio between net 

retention time (tR,i – t0) and column dead time t0, the so-called capacity factor ki’, retention 

factor or k-factor. 

0

0,'

t

tt
k iR

i

−
=  (2.7) 

Depending only on the elute distribution between the two auxiliary phases, k’i is defined as a 

purely thermodynamic parameter. 

 

As a dimensionless ratio of the net retention times of two elutes i and j, the selectivity or 

separation factor αij is introduced. αij can be expressed as a ratio of the partition coefficients 

K i (Eq. 2.8). The separation factor gives information on whether a separation is possible (for 

αij ≠ 1) from a purely thermodynamic point of view. 

0,

0,

tt

tt

K

K

jR

iR

j

i
ij −

−
== αβ

αβ

α  (2.8) 

A high separation factor means that the chromatographic peaks can be distinguished, but they 

might still overlap due to their broadness. Therefore a satisfactory separation result is not 

guaranteed with this thermodynamic parameter. 
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2.1.4 Peak width and related quantities 

Peak width ωi expresses the peak broadening witch will take place during the elute elution 

through a column.  

 

 
 

Figure 2.4: Mechanism leading to chromatographic peak broadening 

 

Allowing for conclusions on separation system efficiency, peak width is another important 

parameter in peak description. Different positions relative to the peak height can be used to 

determine the peak width. Most commonly, peak width is being measured at 10% and at 50% 

peak height, which will then be given in terms of ωi,0.1 and ωi,0.5 respectively. 

Another method to describe peak spreading is to use the second central moment, which is 

identical to the variance σi² of the peak. In analogy to the first moment, σi² is calculated 

independent from a priorly chosen position. 

∫

∫
∞

∞

−
=

0

0

2
,1

2

)(

dtc

dttc

i

ii

i

µ
σ  (2.9) 

The tailing factor Ti is meant to describe the degree of asymmetry of a peak. It is calculated 

by the ratio of the corresponding widths of the two peak halves a and b at 10 % peak height, 

with the peak being divided at its apex position. 

1.0,

1.0,

i

i
i a

b
T =  (2.10) 

 

Regarding the effectiveness of the entire chromatographic separation system, the resolution 

RS can be considered as a well fitted measure. Being calculated from difference in retention 

time and peak widths, it combines thermodynamic as well as efficiency related elements. 
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( )
ji

iRjR
S

tt
R

ωω −
−

= ,,2
 (2.11) 

With ωi and ωj being the component base line peak widths. 

 

Another parameter that is used to evaluate chromatographic systems is the plate number N. In 

1941, Martin and Synge [Martin 1941] modelled a chromatographic column as a cascade of N 

ideally stirred plates or tanks. These days Ni is also referred to as column efficiency. For 

different elutes i, Ni varies for a constant system. With symmetrical peaks, the efficiency Ni 

can be calculated by the following equation: 

( )2
, iiRi tN ω=  (2.12) 

In general, Ni can be calculated as a ratio of the first absolute and second central peak 

moment. 

2

2
,1

i

i
iN

σ
µ

=  (2.13) 

 

2.1.5 The mobile phase 

The choice of the mobile phase can be viewed as a first step in the development of a 

separation system. The mobile phase conveys the elutes past or through the porous stationary 

bed of a chromatographic column. Most commonly a mixture of different solvents will be 

used to obtain an optimum in separation result.  

If a mobile phase is to be chosen, according to [Schulte 2005], particularly four system 

qualities have [Lottes 2009] to be taken into account: (i) throughput, (ii) stability, (iii) safety 

concerns and (iv) operating conditions. 
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2.1.6 The stationary Phase 

Stationary phase interactions with elute and mobile phase play a defining role in elute 

retention. Since the development of first LC applications, different materials have been found 

to be applicable as stationary phases. These differences in stationary phase material have led 

to a variety in separation methods (Tab. 2.1). 

 

Table 2.1: Separation method classification based on differences in stationary phase 
material 

 

Due to its beneficial characteristics, silica gel is the most commonly used material in 

chromatography. This fact can be traced back to its application as carrier material, where it 

serves as basis for many chemically modified stationary phases. In pure state it is used in NP-

HPLC or size exclusion chromatographic applications (Tab. 2.1).  

 

Separation Method Phase material Annotation 

Normal phase 
chromatography 

(NP-HPLC) 

Silica gels, 
Aluminum 

oxides 

Usually associated with adsorption 
chromatography (see Section 2.2.7) 

Partition 
chromatography 

Liquid film on a 
solid carrier 

material 

Retention is based on differences  
in elute solubility 

Reversed phase 
chromatography 

(RP-HPLC) 

Chemically 
modified silica 

gels 

Functional surface groups bound to the particle 
surface (see Section 2.1.7). Due to bonded phase 
inhomogeneity, bound active groups and other 
effects, the retention mechanism is not yet fully 

understood. 

Size exclusion 
chromatography 

(SEC) 

Cross linked 
polystyrene, 

silica 

Using homogenous particle size- and pore-width 
distribution to facilitate non interactive elute size 

separation. 

Ion exchange 
chromatography 

Ion exchange 
resin, carrying  

charged 
functional 

groups 

A charged stationary phase will  
retain oppositely charged elutes 

Affinity 
chromatography 

Gel matrix 
(e.g. agarose) 

A highly specific biological interaction (i.e. 
antigen / antibody interaction) will retain  

target elute molecules 
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Figure 2.5: Silica spheres before (a) and after (b) size classification [Unger 1990] 

 

Silicagel (Fig. 2.5) consists of silica atoms being three-dimensionally linked via oxygen 

atoms. On its surface, the gel is saturated with so-called silanol groups. In normal phase 

HPLC applications, these groups serve as adsorptive centres. For altered silica gel versions, 

silanol groups act as link for chemical modification. Due to an amorphous character and its 

heterogeneous surface, it is a challenge for the numerous manufacturers on the market to 

produce well-defined silica gel particles. 

 

In chromatography, the stationary phase is always packed into a column. This design is 

considered as the core item of chromatography and can be characterized by a number of 

parameters (Tab. 2.2). 

 

Table 2.2: Stationary phase parameters 

Stationary phase parameter Annotation 

Specific surface (m²/g) With decreasing surface, the k’-factor will also decrease 

Particle shape 
Spherical or non-spherical. 

In general spherical particles will show  
better separation performance [Lottes 2009] 

Particle size (µm) 

Most common particle diameters in analytical 
chromatography: 3µm, 5 µm, 7 µm, 10 µm 
Column efficiency approximately doubles  
with each step towards smaller diameter 

Particle material 
Most commonly solid gels (e.g. silicagel). 

Others: glass beads, cross-linked polystyrols,  
ion exchange resins or porous graphite 

Pore width Exact pore width is important for steric separation 

Pore width distribution 
Narrow pore width distribution  

will lead to more symmetric peaks 

Column length and inner 
diameter 

Column efficiency will change  
disproportionate to column length 
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The choice of chromatographic columns on the market is almost unmanageable. Every 

company will use their own brand names and stationary phase or column parameters.  

An aid in finding a proper column is given by the United States Pharmacopeia (USP). USP 

listings are sorted by stationary phase material and not by company name. It provides a 

cumulative listing of columns referenced in gas- and liquid-chromatographic methods. 

2.1.7 The reversed stationary phase 

Originally, covalently bonded reversed phase packing materials were introduced to combine 

two characteristics: (i) stability of a liquid-solid chromatographic system while (ii) exhibiting 

the absorption (partitioning) behaviour of a liquid-liquid system [Snyder 1979]. Since that 

time, a discussion of how to represent elute distribution between mobile and stationary phases 

has been going on (Section 2.2.6) [Snyder 1968]; [Melander 1980]; [Jaroniec 1982]; [Jaroniec 

1985]; [Sander 1987]; [Dorsey 1989]; [Unger 1990]. The great majority (more than 70%) of 

all applications used in the vast field of liquid chromatography (LC) employ stationary phase 

particles covered with covalently bonded ligands. Primarily due to its ability for chemical 

modification, silica is particularly useful as base material for the design of modified 

separation media in chromatography. To modify silica towards a reversed phase particle, 

predominantly organosilanization is applied. Hereby, a surface reaction will covalently bind 

organosilane molecules to the silica surface [Unger 1990]. Most stable are silica gels with 

functional groups bound to the surface via Si-O-Si-C-R bonds, while using mono- or 

dichlorsilanes for chemical conversion. Most reversed phases used within this work (e.g. C18) 

are produced by application of this type of chemical reaction. The surface reaction using 

organosilanes can be written as follows: 

-SiOH   +   X-SiR3    �    -Si-O-SiR3   +   HX 

The bonded phase resulting from chemical modification will provide the specific surface 

character. Surface binding can be accomplished by a monomeric or a polymeric approach. 

The latter will not only create one attachment point between silica surface and organosilane 

reagent but also cross-link the bonded phase by siloxane linkage [Cazes 2010]. Due to their 

cross-linked network, polymeric stationary phases are more stable and resistant to hydrolytic 

degradation when in contact with aqueous mobile phases, while monomeric stationary phases 

offer the higher separation efficiency. 
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A selection of alkyl groups, which have been used as reversed phase materials within this 

work are shown in the following table. 

 

Table2.3: Alkyl groups used as reversed phase ligands 
Abbreviation Name Structure 

C1 Methyl -Si-O-Si-CH3 

C8 Octyl -Si-O-Si-(CH2)7-CH3 

C18 (ODS) Octadecyl -Si-O-Si-(CH2)17-CH3 

Phenyl Phenyl -Si-O-Si -(CH2)3-C6H5 

CN Cyano -Si-O-Si-(CH2)3-CN 
 

In reversed phase separation systems, structural effects of the bonded phase have great impact 

on retention. As ligands can differ in their bonding density, length, conformations, orientation, 

dynamics and active groups, the nature of alkyl bonded phases is rather complex. Neither 

liquid phase nor solid phase models are capable to exactly represent these inhomogeneous 

phases [Unger 1990]. The following section is therefore meant to give an overview on 

methods and techniques that have been used to resolve the complexity and entangle the 

superposition of the many influencing parameters. 

2.1.8 The reversed stationary phase: Techniques of examination  

Although RP-HPLC separation techniques are popular and widely used in analytical just as in 

bigger scale preparative applications, flow structure, ligand behaviour and nature of molecular 

interactions on a microscopic level are still not resolved thoroughly. Because of its 

complexity, the link between macroscopic effects and its microscopic account has not yet 

been sufficiently established. To approach the physics of separation from a theoretical basis, 

reliable information about micro scale dynamics and structural conditions needs to be 

accessible.  

In the following, a brief review on a number of noninvasive experimental techniques, 

including NMR spectroscopy, FTIR spectroscopy, Differential Scanning Calorimetry (DSC) 

and Raman spectroscopy will be given. For more detailed information see the review paper of 

Sander et al. [Sander 2005]. These techniques are capable to provide more direct evidence of 

bonded phase character in terms of ligand motion, conformation, and cooperative 

associations. 
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2.1.8.1 NMR 

In 1938 Nuclear Magnetic Resonance (NMR) was first observed and 14 years later the Nobel 

Prize in physics was given to F. Bloch and E. M. Purcell for their pioneering work in NMR 

technique. In the presence of a static magnetic field and a second oscillating magnetic field, 

some atomic nuclei will exhibit specific quantum mechanical magnetic properties. This 

phenomenon is called NMR. Although all nuclei that posses a spin are subject to NMR, 

analysis of nuclei having a fractional spin state (e.g. spin = 1/2) is quite straightforward. 

Therefore the most preferred isotopes for NMR spectroscopic measurements are 1H, 13C, 19F 

and 31P.  NMR spectroscopy represents a powerful tool to obtain detailed physical, chemical, 

electronic and structural information about molecules in solution and in solid state. 

Due to this non-invasive analytical potential, NMR spectroscopy has become an essential tool 

for characterization of stationary phase materials under varying chromatographic system 

conditions. Particularly solid state NMR-Techniques, like 29Si NMR, 13C-NMR, 1H-NMR  

[Fatunmbi 1993]; [Scholten 1996], 19F NMR [Kamlet 1976b]; [Kamlet 1983], 13C CP/MAS 

NMR [Pines 1973] or  2H T1 NMR [Wysocki 1998] have proven capable to investigate 

structural properties and behaviour of bound alkyl ligands in RP-HPLC phases.  

The relationships between chromatographic properties and stationary phase surface properties 

like the influence of shielded and accessible residual surface silanols [Scholten 1997]; 

[Scholten 1994]; [Vansant 1995] or the structural configuration of the bonded alkyl phase 

[Buszewski 1997]; [Shah 1987]; [Haeberlen 1996; Scholten 1996]; [Kobayashi 2005]; 

[Maciel 1980]; [Sindorf 1983]; [Sander 1995]; [Buszewski 2003]; [Buszewski 2006]; [Bruch 

2003]; [Pursch 1996a] were investigated. So was ligand bonding density [Bereznitski 1998]; 

[Buszewski 2006]; [Gilpin 1984]; [Shah 1987]; [Bayer 1986]; [Srinivasan 2006b]. All 

structural parameters mentioned above are involved in determining the conformational order 

of the alkyl chain moieties and are therefore intimately linked with the selectivity during 

chromatographic separations. Apart from structural configuration, external parameters 

influence the conformational order. System temperature [Jinno 1989]; [Kelusky 1986]; 

[Gangoda 1983]; [Thompson 1994]; [Srinivasan 2006b] just as the influence of different 

mobile phases [Bliesner 1993]; [Zeigler 1991b]; [Zeigler 1991a]; [Kelusky 1986]; [Ducey, Jr. 

2002a]; [Orendorff 2003]; [Marshall 1984] have been subject to several NMR investigations. 

Other authors used NMR methods on questions of elute migration and transport inside 

stationary phases [Tallarek 1998]; [Veith 2004]; [Zeigler 1991b] or aimed to validate the 

assumption of liquid-like behaviour of bonded phase alkyl chains [Albert 1990]; [Albert 

1991]. NMR spectroscopy is found to be a very versatile tool to study the stationary phase in 
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terms of structure and dynamic behaviour and might lead to a better understanding of the 

chromatographic process. 

2.1.8.2 FTIR  

In the 1960s, Snyder showed the applicability of infrared spectroscopy (IR) to alkyl chain 

conformation investigation in pure alkanes and model membranes [Snyder 1967]. Some years 

later, FTIR (Fourier transform infrared spectroscopy) was developed from conventional IR 

providing a number of advantages as increased sensitivity, speed and improved data 

processing. Sander et al. were first to use this technique on a study of alkyl chain 

conformations. Using FTIR, qualitative data concerning changes in stationary phase 

conformational order can be gained from the symmetric and anti-symetric stretching band 

maxima positions of tethered CH2 groups. 

In the following, the influence of different parameters on alkyl chain conformations has been 

investigated by several authors: (i) Temperatur [Srinivasan 2004]; [Srinivasan 2005a]; 

[Srinivasan 2006b]. With reduced temperature and increasing alkyl chain density or length, 

Sigh et al.  [Singh 2002] found an increased conformational order of bonded chains. (ii) 

Pressure [Srinivasan 2005b]. (iii) Surface coverage [Singh 2002]; [Srinivasan 2006b]. (iv) 

Alkyl chain length and position [Singh 2002]. (iv) Solvent influence [Srinivasan 2006a].  

2.1.8.3 Raman spectroscopy  

In 1928, Chandrasekhara Venkata Raman found that irritated molecules additionally scatter 

light other than the originating monochromatic light source frequency. Deviations in emitted 

light spectra can be assigned so specific molecule structures. Therefore each material will 

give a unique spectral fingerprint. Based on this effect, Raman spectroscopy has been 

developed. After the potential of Raman spectroscopy to detect different states of order in 

lipid was found by Larsson in 1973 [Larsson 1973], the intensity ratio of the anti-symmetric 

and symmetric methylene bands as well as the frequency of associated Raman bands, were 

related to conformational order. In view of bonded ligand conformations in RP-HPLC, 

Thomson et al. showed the applicability to silica bonded alkylsilane layers [Thompson 1994] 

and soon Raman spectroscopy was applied to investigate  conformational order of bonded 

alkyl ligands under various conditions. Ho et al. [Ho 1998] was first to investigate the 

temperature effect on polymeric and monomeric C18 phases. Along with other authors, they 

observed significant temperature influence on stationary phase conformational order [Pursch 

1996b]; [Ducey, Jr. 2002b]. 
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In contrast to FTIR methods, Raman spectroscopy does not suffer from scattering, absorbed 

water or silica interferences. 

2.1.8.4 Neutron scattering 

Neutron scattering is another spectral characterization approach to obtain data on bonded 

phase thickness [Pursch 1999], volume fraction, chain conformation and motion [Beaufils 

1985]. To obtain nanometer scale refractive index information, a neutron beam is directed at a 

sample. By interacting with sample atom nuclei, the neutrons are elastically scattered leading 

to an elastic scattering peak broadening. E.g. Sander et al. [Sander 1990] used small angle 

neutron scattering experiments to obtain bonded phase thickness of about 17 A for monomeric 

C18. 

2.1.8.5 DSC 

Differential Scanning Calorimetry is an instrument for thermal analysis. It is used to estimate 

the amount of heat generated by or applied to a physical or chemical substance conversion. 

Therefore DSC is capable to resolve phase transitions that occur in system phases i.e. RP-

HPLC bonded phases [Claudy 1985]; [Morel 1987]. An early attempt using DSC to examine 

behaviour of bonded C18 and C22 alkyl ligands was done by Hansen et al. [Hansen 1983]. 

While for pure C18 an endothermic phase transition was found at 31°C, no distinct phase 

transitions were found for bonded C18 ligands of intermediate bonding densities (2.0 -

 2.5 µmol/m2). Other authors found weak transitions for polymeric C18 phases at 

temperatures above 35°C [Jinno 1988]. Although giving thermodynamic information about 

the bonded phase, DSC does not seem capable to deliver direct conformational state 

information.  

2.1.8.6 Macroscopic view on stationary phase 

As experimental techniques aim to resolve retention mechanisms on a molecular scale, with a 

view to advance HPLC simulation models, the neglect of non-uniform packing structures lead 

to discrepancies between the model forecast and the experimental findings while scaling up 

chromatographic columns [Heuer 1996]. The fact that from a macroscopic point of view, 

chromatographic columns possess heterogeneities is known to chromatographers since a long 

time [Baur 1988]; [Tallarek 1995].  Experimental evidence that the packing structure in 

chromatographic columns is not necessarily homogeneous was summarized in a review article 

by Guiochon et al. [Guiochon 1997].  
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Modern imaging techniques like MRI (Magnetic Resonance Imaging) [Laiblin 2007] or x-ray 

CT (X-ray computed tomography) [Astrath 2007b] were found to be suitable for 

characterizing these heterogeneities in more detail, e.g. axial and radial porosity distributions. 

Experimental work by Lottes et al. [Lottes 2009] showed that the shape of the stationary 

phase material can have strong influence on the flow profiles and therefore on the overall 

performance of the LC process. The reasons for heterogeneous regions in the packed bed are 

further to be studied but will be most likely a result of the friction between the packing 

material and the column wall during the packing process  [Yew 2003]. 

2.2 Basics of phase equilibria 

The first law of thermodynamics expresses that energy can be transformed from one form into 

another but it cannot be created or destroyed. Considering rigid body mechanics, the law of 

energy conservation can be written as follows: 

.constEEE potkin =+=  (2.14) 

In Eq. 2.14 the external state of a system is represented by Ekin and Epot depicting the kinetic 

energy and the potential energy, respectively. For thermodynamic treatment, also the internal 

state of a system needs to be considered.  The following equation shows the 1st law for a 

closed system and reversible processes states. 

WQdU δδ +=  (2.15) 

The letter δ denotes a differential operator for a non-state property. A closed system can 

exchange energy with its surroundings in form of heat Q and work W, leading to a change in 

internal energy U. 

Due to the second law of thermodynamics, the entropy S of a system will not decrease, except 

the entropy of some other system is being increased. For the idealized concept of an isolated 

system, without enery transfer across its boundaries, this would imply impossibility of an 

entropy decrease. 

0≥dS  (2.16) 

Entropy can be understood as a measure of the degree of a system organization or 

disorganization or as a measure of the amount of energy (heat) in a physical system that 

cannot be transformed into thermodynamic work. The latter formulation leads to the 

following expression for reversible processes: 
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T

dQ
dS=  (2.17) 

This extensive state variable was introduced by Rudolf Clausius in 1865 and confirmed with 

statistical mechanical means in 1880 by Ludwig Boltzmann. 

Josiah Willard Gibbs showed that a minimum system internal energy is equivalent with its 

isentropic equilibrium state according to Eq. 2.16. This correlation is referred to as extremum 

principle: 

( ) ( )
constii nVUconstnVS SU

=
=∧= = ,,,, maxmin  (2.18) 

To completely represent the thermodynamic state of a system, besides the internal energy U, 

other thermodynamic potentials or fundamental functions were defined. They all can be 

derived using Legendre transforms from an expression for U. Enthalpy H and Gibbs energy G 

(or free enthalpy) are two of these thermodynamic potentials. 

PVUH +≡  (2.19) 

TSHG −≡  (2.20) 

The variables T and P depict system temperature and pressure, respectively. 

 

According to the 1st law of thermodynamics, it is possible to describe an open system which 

allows exchange of matter as well as energy across its boundaries by the independent 

variables entropy S, volume V and molar amounts n1, n2, …nr, where r is the number of 

components. The internal energy U is considered to be a function of these variables. 

( )rnnnVSUU ...,,, 21=  (2.21) 

Building the total differential gives 
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with nj referring to all mole numbers other than the ith. 

For the first two derivatives of Eq. 2.22, following identities for a homogeneous closed 

system can be applied: 
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With the definition of the chemical potential µi, 
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Eq. 2.22 can be written as follows: 

∑+−=
i

ii dnPdVTdSdU µ  (2.26) 

The chemical potential µi depicts the amount of energy, which enters or leaves the system via 

component i. Eq. 2.26 is considered to be the fundamental equation for an open system or the 

so-called ‘fundamental equations of Gibbs’. 

Application of Eq. 2.26 on Eq. 2.19 and Eq. 2.20 leads to the fundamental equations of 

enthalpy and Gibbs energy, respectively:  

∑++=
i

ii dnVdPTdSdH µ  (2.27) 

∑++−=
i

ii dnVdPSdTdG µ  (2.28) 

Looking at the three fundamental equations above, Gibbs energy offers a practicable way to 

describe a thermodynamic system by using the variables temperature, pressure and system 

composition.  

Referring to Eq. 2.29, the chemical potential can also be expressed as a partial derivative of 

the Gibbs energy G. 
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The chemical potential in an ideal gas mixture can be quantify as: 
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The chemical potential of an ideal gas µi
id is fitted to a reference state at the system 

temperature and an arbitrary reference pressure P+. The first correction term within Eq. 2.30 is 

used to adjust P+ to system conditions, while the second one accounts for the partial pressure 

Pi
id by use of the molar compound concentration yi. 

 

In 1908, the concept of fugacity f was introduced by Gilbert N. Lewis [Lewis 1908]. This 

quantity was meant to better describe real systems by substituting the pressure P. Basically 

fugacity depicts fluid phase pressure but with an additional consideration of intermolecular 

forces. Hence, for an ideal system without molecular interactions, values for fugacity and 

pressure become equal. The mentioned interactions can be expressed by the fugacity 

coefficient ϕ. Considering the following expression, 

Pyf iii ϕ≡  (2.31) 

for a real system and a pure compound can then be written: 
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For description of real liquid mixtures, the activity ai was introduced. ai is defined as the ratio 

of fugacity fi of a mixture component and its standard fugacity f0i.  

i

i
i f

f
a

0

=  (2.33) 

The dimensionless activity coefficient γi depicts the ratio of ai and any measure of 

concentration. In liquid phase generally the mole fraction xi is being used. 

i

i
i x

a=γ  (2.34) 

Therefore, compared to Eq. 2.32, another option of chemical potential calculation within an 

non-ideal system unfolds. 
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The last term of the above equation depicts the so-called excess part, holding an entropic and 

an enthalpic contribution. For an ideal system, the activity coefficient will have a value of 

one, causing the last term to drop out.  

2.2.1 Thermodynamic equilibrium 

In a closed system, a pure substance or a mixture of several components are said to be in 

thermodynamic equilibrium, if the internal energy U of the system has reached a minimum in 

the frame of its fundamental variables. In that equilibrium state, the system can form a 

homogenous phase or exist in several coexisting phases. In case of coexisting phases, 

equilibrium state also leads to equilibrium concentrations of all components within all phases 

and no macroscopic matter exchange is measurable. Based on fixed temperature and pressure, 

equilibrium thermodynamics gives information on phase composition and number of 

coexisting phases. Equilibrium state is defined by equality of temperature T, pressure P and 

chemical potential µi of all components i within all phases [Prausnitz 1999]. In other words, 

this can be expressed as a thermal, mechanical and chemical equilibrium. 

In a system consisting of k components and π phases, the equilibrium relationship is 

expressed as follows, 

πϕ TTTT III ==== ...        thermal equilibrium (2.36) 

πϕ PPPP III ==== ...       mechanical equilibrium (2.37) 

πϕ µµµµ ii
II

i
I

i ==== ...     chemical equilibrium     ki ...1=  (2.38) 

while the rule of mixture of Gibbs will quantify k and π. 

kF +−= π2  (2.39) 

F depicts the degrees of freedom of the considered system. 

If referring all phases to the same standard state, Eq. 2.38 and Eq. 2.32 will lead to the 

isofugacity criterion.  

πϕ
ii

II
i

I
i ffff ==== ...      isofugacity criterion (2.40) 

By introducing fugacity or activity into the isofugacity criterion, phase equilibrium 

relationships can be established. Fluid and liquid phase equilibrium compositions can be 
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calculated using these relationships. For a system consisting of several phases, following 

equations can be derived: 

ππϕϕϕ ii
II
i

II
i

I
i

I
i yyy === ...      ϕ,ϕ-concept (2.41) 

ππ γγγ ii
II
i

II
i

I
i

I
i xxx === ...      γ,γ-concept (2.42) 

...0 == II
i

II
ii

I
i

I
i xfx ϕγ              γ,ϕ-concept (2.43) 

Depending on the type of phase equilibrium (vapour liquid equilibrium VLE or liquid liquid 

equilibrium LLE) and methods used to picture intermolecular forces, it is essential to choose 

the proper one of the concepts above. If applied on mixture phase equilibria with accessible 

excess enthalpies and entropies, it is suggestive to utilize an activity coefficient based 

description (e.g. the γ,γ-concept).  Calculation of partial free excess enthalpies gi
E is realizable 

by so-called gE-models (Section 2.3.2). By combining Eq. 2.29 and Eq. 2.35 it becomes 

obvious, that gi
E is representable by the activity coefficient γi. 
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2.2.2 Elute distribution equilibrium in a chromatographic  system 

Regardless of the underlying molecular mechanism, every chromatographic process consists 

of elute distribution between mobile and stationary phase and is therefore governed by 

thermodynamics.  

After having entered the column at a time t = 0, ideally at a time span of 0 (Dirac short pulse 

injection), and migrating through the column with a constant flow rate, elute molecules 

continuously commute between the mobile and stationary phase. Differences in the time span 

of which a specific elute will reside in the stationary phase will consequently lead to varying 

elution times between different elutes.  

Elute separation in chromatography is therefore facilitated by differences in phase 

distribution. In the following, the term “partitioning” will refer to compound distribution 

between two volumes, while “distribution” applies to compound allocation between two 

entities in general. Therefore, an adsorption mechanism will lead to compound distribution 

but not to compound partitioning. 
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Distribution of compound i between two phases can always be expressed in terms of its 

partition coefficient or equilibrium constant Ki. Assuming a system consisting of two phases, 

compound i will distribute according to the thermodynamic equilibrium. Therefore, the 

partition coefficient characterizes the distribution behaviour of compound i and it is defined as 

the ratio of its mole fractions xi in phase α and phase β, respectively. 

i
i

i

x
K

x

α
αβ

β=  (2.45) 

In some literature, the partition coefficient is defined as a ratio of concentrations ci. 

i
i
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c
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α
αβ

β=  (2.46) 

Considering the definitions of mole fraction xi, molar concentration ci and molar volume ν, 
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both definitions of the partition coefficient can be linked as follows: 
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ν
α und νβ depict the molar volumes of both phases. 

From standard thermodynamics, the partition coefficient at constant temperature T is related 

to the molar Gibbs energy change as: 

αβ
ii KRTg ln0 −=∆  (2.51) 

The temperature dependence of the partition coefficient is given by the general Gibbs-

Helmholtz equation expressed by K by the help of Eq. 2.51: 
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Kd ii ∆
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 (2.52) 

According to Eq. 2.7, ki’ relates the time span an elute is held by the stationary phase to its 

residence time in the mobile phase. In other words, while a given amount of a specific elute 

molecule passes through a column, it will spent a certain time in mobile phase and the 

remaining time in stationary phase. Considering this ratio of time intervals and integrating the 

amount of elute with respect to its habitation over the system elution time, the capacity factor 

can also be expressed as a mole ratio of elute i in the two auxiliary phases [Schulte 2005]. 

mob
i

stat
i

i n

n
k ='  (2.53) 

While here α stands for the stationary phase and β for the mobile phase, respectively. 

Hence, ki’ links the physical molecular properties of a compound to its column retention time, 

making it a major parameter in chromatography. 

As explained in Section 2.1.3, t0 can vary with the tracer molecule being used. Consequently 

t0 related values like net retention time (tR,i – t0) and should only be compared if using the 

same tracer molecule. k’-factor and partition coefficient Ki
αβ are linked via the column phase 

ratio φ. From Eq. 2.50 and the definition for υ follows: 
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With the so-called phase ratio φ being the ratio of the total number of moles of stationary 

phase to the total number of moles of mobile phase, 

β

α

φ
n

n=  (2.55) 

it can be written: 

φαβ
ii Kk ='  (2.56) 
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2.2.3 The adsorption equilibrium 

 

 
 

Figure 2.6: Nomenclature of the adsorption process 
 

Adsorption is a surface effect and can be defined as “an increase in the concentration of a 

dissolved compound at the interface of a condensed and a liquid phase due to the operation of 

surface forces” [IUPAC Gold Book 1997]. In general, this physical phenomenon can be seen 

as a compound concentration difference from bulk liquid to its phase boundaries [Hirsch 

2000]. 

Such an accumulation process will create a molecule film (adsorbate) on a surface material 

(adsorbent) as can be seen from Fig. 2.6. As adsorption is regarded as a surface effect, 

stationary phases in chromatography are required to exhibit a surface, to allow for adsorption 

as separation principle. Adsorption chromatography would be defined as “chromatography in 

which separation is based mainly on differences between the adsorption affinities of the 

sample components for the surface of an active solid” [IUPAC Gold Book 1997]. 

Looking at stationary phases where solid particles exhibit a distinct surface like silica particles 

do in NP-HPLC (Normal Phase High-Performance Liquid Chromatography), separation 

principle classification is a simple task.  

On the other hand, when RP-HPLC with its silica bonded alkyl chains is regarded, it becomes 

ambiguous if there is still a surface effect (Section 2.1.7). 
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Considering the fundamental equation of Gibbs (Eq. 2.26) and the total differential of the 

Euler equation for the Internal Energy, we obtain the Gibbs-Duhem relationship [Prausnitz 

1999]. 

∑ =+− 0ii dnVdPSdT µ  (2.57) 

Taking into account the potential field of an adsorbent surface with area A, this fundamental 

equation extends by the interfacial tension σ. The extended Gibbs-Duhem equation gives: 

0=++− ∑ ii dnAdVdPSdT µσ  (2.58) 

With constant P and T, Eq. 2.58 will give the Gibbs adsorption isotherm: 

0=+∑ ii dnAd µσ  (2.59) 

According to the extremum principle, the equilibrium state is characterized by a minimum of 

the Internal Energy U and a maximum of Entropy S in the fundamental variables. In 

equilibrium state, all state variables like U, S, V and ni are constant and the system can exist 

in form of a homogenous or several coexisting phases. Other equilibrium conditions are: 

constant temperature T, constant pressure P and equality of the chemical potential µi in the 

different phases of the system (see Section 2.2). 

µi can be expressed in terms of the chemical potential of the pure compound µi0 at system 

pressure and temperature, the mole fraction of the compound xi in the corresponding phase 

and its activity coefficient γi. 

0 ( , ) ln lni i i iµ µ T P RT x RT γ= + +  (2.60) 

Equation 2.60 describes the chemical potentials of the component i in the bulk solution while 

the following lines mean to derive the chemical potential in the adsorbed phase. 

The chemical potential of a compound i in the adsorbed phase µi
ads depends on four intensive 

parameters, the composition xi
ads, T, P and the interfacial tension σ. σ0i stands for the 

interfacial tension between the pure liquid compound i and the solid surface while σ depicts 

the interfacial tension between the solution and the adsorbent. 

Leaving P and T constant, the chemical potential of the pure compound i in the adsorbed layer 

can be derived by integration of the extended Gibbs-Duhem equation (Eq. 2.58) instead of Eq. 

2.57. 
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Where li is the average number of adsorbed monolayers of the pure (see index “0”) compound 

i and ai depicts its adsorbed molar surface area. With ai only depending on T it follows: 

( )iiii
ads
i

ads
i la 00000 )()( σσσµσµ −−=  (2.62) 

The term (σ-σ0i) depicts the free energy of immersion into the solution minus immersion into 

the pure liquid compound. 

The chemical potential of the adsorbed compound can be written as follows: 

( ) ( ) ( ) ( )ads
i
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iiiii
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i

ads
i

ads
i

ads
i

ads
i xRTmaxRT γσσσµγµµ lnln 00000 +−−=+=  (2.63) 

In analogy to the adsorbed phase and assuming constant T and P, the liquid phase chemical 

potential of compound i (µi
liqu) can be derived from Eq. 2.60: 

( )liqu
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i

liqu
i
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i xRT γµµ ln0 +=  (2.64) 

In thermodynamic equilibrium, equality of chemical potential can be assumed: 

),,,(),,( ads
i
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i

liqu
i xPTxPT σµµ =  (2.65) 

Combination of Eqs. 2.63, 2.64 and 2.65 will lead to the following fundamental expression for 

the adsorption equilibrium between the liquid and the adsorbed phase: 
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σσγγ  (2.66) 

2.2.4 Describing adsorption equilibrium using adsorption isotherms 

The affinity of a compound to accumulate at a phase boundary is often described in terms of 

adsorption isotherms, whereas the concentration ci of compound i in the bulk phase is 

correlated to the adsorbed concentration qi. Therefore, adsorption equilibria are determined by 

their isotherms. This approach leads to a different way in describing adsorption equilibria and 

associated experimental data than the one shown in the section before (see Eq. 2.66).   

In 1879, a general applied thermodynamic concept to describe adsorption equilibria for gas 

phase adsorption was developed by Gibbs [Gibbs 1928]. Later, Langmuir [Langmuir 1916] 

and Brunauer et al. [Brunauer 1938] provided further adsorption theories. These theories, 
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along with their mathematical equations represent theoretical guidelines to interpret 

experimental adsorption data.  

In the following, a brief overview on the field of adsorption isotherms is given. All adsorption 

isotherms discussed within this section are commonly referred to as “loading isotherm”. More 

detailed information on the topic can be found in literature [Guiochon 2002]; [Ruthven 1984]. 

 

In chromatography, an adsorption isotherm is defined as “Isotherm describing adsorption of 

the sample component on the surface of the stationary phase from the mobile phase” [IUPAC 

Gold Book 1997]. 

The simplest form of an adsorption isotherm is a linear type (type I). At very low solute 

concentrations ci, a constant slope will in most cases well depict the adsorption equilibrium. It 

can be expressed by the Henry equation, where kH is the so-called Henry constant. 

ckq H ⋅=  (2.67) 

At higher concentrations the concentration overload leads to non-linear adsorption behaviour 

as the number of adsorption sites becomes restricted. The most prevalent non-linear 

adsorption equilibrium relation is the Langmuir isotherm [Langmuir 1916], which accounts 

for the effects of solute interactions and sorbent saturation. 

cb

cb
qq sat

⋅+
⋅⋅=

1
 (2.68) 

With the Langmuir factor b defined as 

sat
H

q

k
b =  (2.69) 

Conformable to the Langmuir approach, the loadability qsat depicts the limiting concentration 

of solute molecules in the stationary phase. At this concentration, all possible adsorption sites 

are occupied. In Figure 2.7 schematically depicts the Langmuir and the type I isotherms, 

respectively. 
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Figure 2.7: The Langmuir isotherm [Astrath 2007a] 
 

Further relations describing single component adsorption equilibria are: 

(i) the Freundlich isotherm being an empirical two parameter equation without 

thermodynamic derivation. All potential functions can be gathered under this synonym. (ii) 

the BET Isotherm as an extension of the Langmuir equation to multi layer adsorption by the 

assumption of a composed adsorption enthalpy. 

nevaporatiobondingads hhh ∆+∆=∆  (2.70) 

For competitive adsorption equilibria of two or more components, models have been 

developed to calculate multi component isotherms from single component isotherms or on 

empirical basis. Extensions of the above mentioned isotherm models are e.g. the Multi-

Langmuir equation for n compounds and multi-Freundlich equations. 

In addition to these extensions, further models have been developed to describe competitive 

adsorption equilibria, such as the Ideal Adsorbed Solution Theory (IAST), Real Adsorbed 

Solution theory (RAST) or the Vacancy Solution Model (VSM). Detailed description of these 

models lies not in the focus of this work. A phenomenological classification of different forms 

of loading isotherms can be found in literature [Kast 1988]. 
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2.2.5 Liquid-liquid (absorption) equilibrium 

Due to its thermodynamic basis, the phase equilibrium approach (Section 2.2.3) also enables 

the description of a liquid-liquid phase equilibrium. Assuming a system of two liquid phases 

is in equilibrium and referring to the same reference state of the pure compounds, Eq. 2.60 

will lead to: 

ββαα γγ iiii xx =  (2.71) 

Referring to Eq. 2.45, partitioning between two liquid phases can therefore be expressed in 

terms of activity coefficients. 

i
i

i

K
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αβ
α

γ
γ

=  (2.72) 

To provide a constant Ki, concentration dependency of the activity coefficient has to be 

eliminated by assuming infinite dilution of compound i within both phases. That is, 

component i is exclusively interacting with surrounding solvent molecules. Therefore, no 

solute-solute interactions will occur.  If so, Ki
αβ can be expressed in terms of activity 

coefficients for infinite dilution. 
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2.2.6 Underlying distribution mechanism: adsorption or partition 

Although elute separation can be simply expressed in terms of differences in elute distribution 

between the two auxiliary phases, it is a complex thermodynamic imbalance that causes this 

phenomenon and much controversy has been going on about the molecular mechanism behind 

this imbalance.  

To describe retention and its underlying molecular mechanism in liquid-solid 

chromatography, two limiting models have been brought forward. 

In the 1960’s, Snyder [Snyder 1968] proposed the so-called displacement model. Within this 

model, the elute is assumed to be distributed between a solid surface (stationary phase) and a 

mobile phase as a result of a competitive solute and solvent adsorption.  

The other limiting model will not assume adsorption onto a surface but the transfer of a solute 

from one bulk solution to another immiscible solvent, quite analogous to the elute partitioning 

in a liquid-liquid chromatographic system [Dill 1987]; [Dorsey 1989]. 
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The question if, in liquid-solid chromatography, retention is governed by an adsorption or a 

partition (absorption) mechanism has not yet been resolved and is still object to ongoing 

research. This tedious process reflects the complexity of underlying microscopic mechanisms 

and the limitation of experimental means to gain insight. 

2.2.7 Absorption as underlying molecular separation principle 

Chromatographic retention can also be triggered by a partition like mechanism between two 

bulk phases, as being the case in the so-called liquid-liquid chromatography (LLC). 

Regarding a bonded phase with fur-like alkyl chains on solid particles, the interacting part of 

the stationary phase can be viewed as some kind of bulk phase, leading to absorption as 

underlying principle and therefore being conceived as partition mechanism. 

2.3 Modeling of chromatography 

The modeling of chromatographic processes aims to tackle divers objectives in the context of 

elute separation, as there are (i) the identification of ideal separation condition relative to a 

given elute mixture, (ii) the prediction of system specific elute behaviour and (iii) the 

identification of resulting chromatographic peaks. 

As can be seen from Section 2.1 and sections therein, the chromatographic separation process 

is complex and underlying mechanisms are not yet fully resolved. Therefore, modelling such 

a process is a rather difficult task.  

So far, basically two groups of approaches have been used to model chromatography: (i) one 

is based on theoretical understanding of physiochemical processes, leading to fundamental 

thermodynamic and mass-transfer relationships (see Sections 2.3.1 and 2.3.2). (ii) another 

popular way is based on large empiric coefficient databases obtained primarily from 

experimental measurements that are then used to extrapolate towards unknown systems (see 

Section 2.3.3). 

2.3.1 Mass balance based models of chromatography 

Mass balance approaches have been developed to link the mechanism of elute behaviour in a 

column to its band profiles. Basically, these methods aim for solving mass transfer kinetics 

and differential mass balance equations in a defined slice of a chromatographic column. In 

combination with proper input parameters from e.g. isotherms and kinetic measurements, 

these mathematical approaches have good predictive potential [Felinger 2004]; [Quinones 

2000]. 
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First mass balance equations dealing with chromatographic applications were derived in the 

first half of the last century [Bohart 1920]; [Wicke 1939a]; [Wicke 1939b]; [Weyde 1940]. 

Assuming a partition mechanism (Section 2.2.6), Wilson [Wilson 1940] was first to apply 

differential mass balance equation to a chromatographic process. Later, Wang et al.  [Wang 

1978] used it to describe retention in liquid chromatography.  

As the establishment of a mass balance model lies not within the aim on this work, the given 

information remarks shall satisfy the requirements. 

For further information on this subject see e.g. Golshan-Shirazi and Guiochon [Dondi 1992] 

who have extensively reviewed and categorized mass balance approaches. 

2.3.2 Activity coefficients models 

Regarding liquid-liquid chromatographic applications, knowledge about the system phase 

equilibrium (Section 2.2.5) is essential to predict retention. In literature evidence exists, that 

for some reversed stationary phase particles, the bonded phase can be regarded as liquid-like 

(see Section 2.1.8.1). In that case, the liquid-liquid equilibrium approach can be extended onto 

the vast field of RP-HPLC. 

To predict the elute ki’-factor, it is necessary to know the column phase ratio Φ (Eq. 2.55) and 

the partition coefficient Ki
αβ (Eq. 2.56). Ki

αβ in turn can be calculated from Eq. 2.72, which 

requires the elute activity coefficients in both liquid phases. In thermodynamics, the activity 

coefficient describes the deviation of a real mixture from a predefined ideal mixture, making 

both mixture properties comparable.  

In the following, a short overview will be given on activity coefficient models that have been 

used in context with equilibrium prediction in chromatographic applications. Relevant models 

are: (i) the NRTL equation [Chen 2005], (ii) the UNIFAC equation [Li 2003] and (iii) the 

COSMO-RS model which has been used to predict liquid-liquid equilibrium in counter 

current chromatography [Hopmann 2011]. 

2.3.2.1 The NRTL equation 

This equation called “Non-Random Two Liquids” was developed by Renon and Prausnitz 

[Renon 1968] with the assumption of an interaction between a centre molecule and its direct 

neighbours. A non-arbitrary arrangement around the centre molecule is assumed, making a 

third empirical parameter necessary. From binary mixture parameter data it is possible to 

calculate activity coefficients for multinary mixtures. Parameters of about 1000 LLE and over 

10000 VLE binary mixtures can be found in the Dechema Chemistry Data Series. 
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2.3.2.2 The UNIQUAC equation 

According to its definition, the activity coefficient can be divided into two contributions: An 

(i) entropic or combinatorial contribution and a (ii) residual term, holding the enthalpic 

contribution. 

res
i

comb
ii γγγ lnlnln +=  (2.74) 

In contrast to the NRTL equation, in which local volume fractions referring to the whole 

molecule are being used, Abrams and Prausnitz [Abrams 1975] break down the molecule 

description into segmental area and volume contributions. This results into the 

implementation of parameters that account for the numbers of segments per molecule i and 

the relative molecule surface and volume, which Abrams first found in the glas book of 

Bondi. Values for these parameters can be found in literature (Dechema Chemistry Data 

Series, Volume I). Another temperature dependent energy parameter has to be adopted by 

experimental data and can partly be found in literature. 

2.3.2.3 The UNIFAC equation 

In 1925 Langmuir was first to suggest the estimation of thermodynamic properties of liquid 

mixtures from group contributions. Based on this idea and the UNIQUAC model [Abrams 

1975], Fredenslund et al. [Fredenslund 1975]; [Fredenslund 1989] developed the “Universal 

Functional-Group Activity Coefficient” method in 1975. The basic idea behind the UNIFAC 

method is to use existing phase equilibrium data for predicting phase equilibria of other 

systems. It is an incremental method, dividing molecules into structural groups and therefore 

reducing the vast amount of chemical compounds to about 100 different structural groups. If 

parameters of all structural group interaction have been fitted to experiment, it becomes 

theoretically feasible to predict phase equilibria of any possible system. The UNIFAC 

equation (UNIFAC-Dortmund) for the temperature independent combinatorial contribution 

calculates as follows: 
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with θi and φi being the molar weighted segments and fractional components of compound i 

respectively. 
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The residual term writes: 
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with Γk
(i) being the segment activity resulting only from interactions with compound i. 
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Here, Θm is the summation of the surface area fraction of segment m over all other segments. 

The interaction parameter Ψmn is calculated as follows: 
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To calculate Θm, the segment mole fraction Xn has to be determined first. 
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In contrast to the UNIQUAC equation, ri will be expressed by the number vk
(i) of structural 

groups k in compound i, with Rk being a volume parameter for the structural group k. qi is 

calculated using the reduced surface area Qk of group k. Both parameters ri and qi are 

retrieved by fitting to experimental values and can be found in literature (e.g. Dechema 

Chemistry Data Series). Today, the parameter matrix of the 100*100 structural groups is 

already filled to a high percentage. 

2.3.2.4 The COSMO-RS model 

The “Conductor-like Screening Model for Real Solvents” (COSMO-RS) by Klamt [Klamt 

1995] permits an a-priori prediction of thermodynamic properties, based on molecular 

structure only. By calculating the chemical potential of a molecule in an arbitrary 

conglomerate of other substances, COSMO-RS is capable to compute e.g. the activity 

coefficient γi of a compound i in a mixture. This route of predicting data was introduced by 

one of the authors in 1995 [Maassen 1995]. For more detailed information see Section 2.4.4. 

2.3.3 Exothermodynamic models 

Another way to predict parameters in a chromatographic system are statistically derived 

relationships between molecule descriptors (empirical or theoretical parameters derived from 

physiochemical characteristics of a molecule) and measurable molecule properties. As these 

empirically derived correlations lack the rigor of thermodynamics, they are often referred to 

as exo- or extrathermodynamic relationships. In contrast to thermodynamic approaches that 

will merely lead to system bulk properties, exothermodynamic relationships can offer the 

chance to provide insight to underlying physiochemical phenomena. 

Chromatography offers a great field of application for divers PPAs (Property prediction 

approaches). They have been applied extensively in chromatography and a great number of 

publications addressing this topic can be found.  

Different model implementations exist with partially overlapping definitions. Therefore, a 

certain application might fit into several model definitions; e.g. a retention time prediction 

relationship using molecular elute descriptors could likewise be labeled QSRR, LFER or 

LSER model. Despite this ambiguity, the following sections aim to give short review on the 

topic. Furthermore, the author has undertaken an attempt to condense the written into a more 

lucid sketch (Fig. 4.27). 



39                                                                                                                                        Basics 

2.3.3.1 QSRR 

For a set of structurally diverse elutes, quantitative structure-retention relationships (QSRR) 

can be derived in terms of statistical relationships between parameters from chromatographic 

measurements (retention data) and numerical measures (descriptors) of elute-, mobile and 

stationary phase properties. Examples for commonly used chromatographic parameters are 

retention time tR, capacity factor k’ or kW (capacity factor with pure aqueous mobile phases).  

Molecular descriptors in turn can be obtained by standardized experiments (experimental 

descriptors) or molecular characteristica are used to compile theoretical descriptors. 

For the great spectrum of elute descriptors see extensive tabulations of the following review 

paper [Heberger 2007]. A great number of QSRR studies exist, dealing with different aspects 

of chromatography. Nevertheless, the fundamental objective of QSRR is to predict elute 

retention by means of molecular characteristics (descriptors) as independent parameter. For 

more detailed information on QSRR see recent reviews [Kaliszan 2007];  [Heberger 2007]; 

[Put 2007]. 

2.3.3.2 QSAR 

Hour of birth of modern QSAR (Quantitative Structure-Activity Relationship) methods was in 

1964 by work of Hansch et al. [Hansch 1964]. Later, the idea to statistically relate the 

biological activity of a compound to its structural characteristics was applied to the analysis of 

chromatographic data (see QSRR). Since then, quantitative structure-activity relationships 

have been employed to predict properties like bioavailability [Agrawal 2002]; [Yang 1996]; 

[Yoshida 2000], blood-brain partitioning [Wichmann 2007]; [Crivori 2000], toxicity [Clark 

2002]; [Cronin 2000] or skin permeability [Cronin 1999]; [Gute 1999]. 

2.3.3.3 QSPR 

The term “Quantitative structure-property relationship” is often used to name relationships 

between solute descriptors and physiochemical properties in general. QSPRs and QSARs 

have similar methodology; hence, in literature they are often used alike. Conceptually 

QSAR/QSPR also resemble the QSRR approach. While the latter aims for retention data 

prediction, QSAR/QSPR will use this data as an independent variable to estimate molecule 

properties [Heberger 2007].  For yet uncharacterized compounds, QSPR is frequently applied 

to predict ADME (absorption, distribution, metabolism, and excretion) properties 

[Ramamurthi 2004]; [Obrezanova 2008]. 
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2.3.3.4 LFER 

Hammet equation [Hammett 1937] and Brønsted relation are being regarded as famous 

examples for so-called “Linear Free-Energy Relations”. These early LFERs showed the 

possibility of correlating molecular structure parameters to measurable empirical properties 

(e.g. distribution coefficient, rate constant) by using parametric procedures.  

A change of name to “Linear Gibbs Energy Relation” was suggested by IUPAC allowing for 

the fact that LFERs express the proportionality of a molecular structure change to a standard 

Gibbs energy change. 

∑∆=∆
n

j
iGG 00  (2.85) 

with ∆Gi
0 being the elementary Gibbs energy change connected to a structural fragment i of a 

compound holding a number j of similar fragments. ∆G0 is in turn thermodynamically linked 

to measurable properties like the partition coefficient Ki (Eq. 2.51). 

In 1949, the LFER concept was introduces to chromatography by A. Martin [Martin 1949]. 

Regarding Gibbs energy related retention data, LFERs show the ability to independently grasp 

individual molecular interaction contributions to the retention process. For that purpose, 

descriptors that resemble Gibbs energy related quantities are necessary. Abraham and co-

workers introduced suitable parameters which were derived from molecule structure or 

equilibrium measurements [Abraham 1993] [Abraham 1994]. Retention data, such as the 

commonly used capacity factor k’ can be correlated to those descriptors using the LFER or 

solvation equation introduced by Abraham et al. [Abraham 1993]: 

∑ ∑ ⋅+⋅+⋅+⋅+⋅+= x
HHH VvbasRrcSP 2222log βαπ  (2.86) 

SP stands for any elute partitioning related measure (e.g. log k’), c is the intercept, R2 is an 

excess molar refraction, π2
H is the elute dipolarity/polarizability, Σα2

H and Σβ2
H are the elute 

overall or effective hydrogen-bond acidity and basicity, and Vx is the McGowan characteristic 

volume. In chromatographic applications, where elute partitioning between two phases is 

investigated, the LFER coefficients (r, s, a, b and v) will express the differences between the 

phases. LFER coefficients can be calculated by multivariate regression analysis. In this 

context, LFER provides a firm theoretical basis to predominantly empirical relationships as 

QSAR, QSRR or QSPR. During the last decades, various forms of LFERs have found wide 

currency in chromatography. One of the most widely known is the CLOGP method of Leo 

and Hansch [Hansch 1979] for octanol-water partition coefficient (Pi
OW) prediction, where 

CLOGP descriptors are usually calculated from molecular structure [Kaliszan 1999]; 



41                                                                                                                                        Basics 

[Kaliszan 1999]. In general, Pi
OW values can be calculated according to Leo and Hansch as 

follows: 

∑∑ += FfPOW
ilog  (2.87) 

Where f stands for the fragmental contributions and F is the so-called fragmental factor, 

accounting for the fragmental position within the molecule. 

The CLOGP parameter also finds application in several QSAR studies [Colmenarejo 2001]; 

[Gute 1999]; [Clark 1999] or in QSRRs, e.g. the simple model of Martin and Synge [Martin 

1941], relating elute partition coefficient to its retention. 

2.3.3.5 LSER 

Both models, LFERs as well as “Linear Solvation Energy Relationships” are based on the 

same methodology. Additionally, LSER input parameters and notation have not been static 

over the years, making differentiation of the two models not an easy task. An intersection of 

both models can be seen, where solubility related properties are being described using Gibbs 

energy related parameters (descriptors). As far as partitioning and therefore solubility related 

properties from chromatographic measurements are concerned, all LFERs can hence be 

viewed as LSERs.  

Over the last decades, LSER focus has changed from description of bulk solvent to elute 

behaviour but the basic principle behind the model has remained the same. Elute transfer is 

still regarded as a three step process: (i) cavity formation within bulk solvent, (ii) elute 

transfer into the cavity and (iii) closing of the cavity left behind.  

Pioneering work towards LSER development in chromatography was done by Kamlet, Taft 

and coworkers [Kamlet 1976a]; [Kamlet 1983]; [Kamlet 1988], who used e.g. descriptors 

from UV-visible shift experiments to elucidate molecule characteristics involved in retention 

and other elute partitioning related properties. Due to the descriptors derived from 

spectroscopic measurements, this approach has often been referred to as solvatochromic 

comparison method. More detailed information concerning LSERs can be found in the 

following review paper [Vitha 2006]. 

2.4 Chemical and quantum-chemical basics 

The term “quantum chemistry” outlines the application of quantum mechanics and quantum 

field theory to problems in chemistry. It aims for a description of matter on a molecular scale. 

Quantum mechanics bases on a series of postulations. The most important one implies that the 
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complete state information of a physical system is held by a wavefunction ),r,...,r,(r 21 tnΨ , 

where ri depicts the position vectors of n system particles while t stands for the time. The 

squared wavefunction 
2Ψ  depicts the probability of atom presence in space [Preuß 1990]; 

[Preuss 1972]. 

Using quantum chemistry applications, molecule geometries and conformations can be 

described by interactions of electrons and atomic nuclei. This approach bases upon the 

Schrödinger equation which delivers a mathematical description of the different states of 

electrons that move around the atomic nucleus. Since the Schrödinger equation is not to be 

solved on analytical basis, methods exist that aim to approximate a solution as can be seen in 

the next Section.  

2.4.1 Ab-initio and semi empirical methods 

Depending on the type of approximate solution to the time-independent Schrödinger equation, 

distinction can be made between ab-initio and semiempirical methods. While semi empirical 

methods imply experimental information to the solvation procedure, ab-initio methods merely 

use values of the fundamental physical constants and nuclear charges of the atoms concerned. 

The so-called Hartree-Fock (HF) approximation (1930) can be considered as an example of an 

ab-initio method. Here, the Schrödinger equation is solved iteratively with the aid of 

approximated wavefunctions. Looking at an arbitrary electron, only interactions between the 

single electron and the surrounding space-charge cloud will be considered. The charge cloud 

in turn is formed by time averaged positive core and negative electron charges. Therefore,  

surrounding charge motion will have no influence on the movement of the regarded electron. 

Hence, a multi electron wavefunction can be split into single electron wave functions, also 

called spin orbitals. These single linear independent functions are denoted as basis set. To 

correctly represent the integrity of molecule orbitals, an infinite number of such functions is 

necessary. To stay within the realms of possibility, an approximate wavefunction can already 

be realized by a limited number of functions. Despite of the described simplifications, 

application of HF approximation still means a lot of computing time. 

Based on the same conceptual framework as ab-initio methods, semi empirical methods are 

capable to drastically reduce computing time by introducing additional model simplifications. 

One important approach is to reduce the amount of electrons regarded to the exclusive 

consideration of valence electrons. Another key approach will lead to negligence of 

differential overlapping. On the other hand, errors will be caused by additional 

approximations. Therefore, remaining integrals will be replenished with empirical parameters 
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calibrated against experimental or theoretical reference data, such as molecule geometries and 

enthalpy of formation. Semi empirical methods prove to be effective computational tools, 

yielding fast quantitative estimates for a number of properties. MNDO [Dewar 1977], AM1 

[Dewar 1985] and PM3 [Dymek, Jr. 1989] are the most widely known representative for this 

group of methods. For more detailed information see the following literature [Scholz 1981]; 

[Clark 1985] or reviews [Stewart 1990]; [Thiel 1996] on the subject. 

2.4.2 Density functional theory 

Density functional theory (DFT) describes the energy of an atom or molecule by using the 

energy functional E(ρe(r)), which only depends on its electron density ρe(r). Compared to 3n 

dimensional wavefunction-based ab-initio or semi empirical methods, DFT provides the clear 

advantage of the electron density only being a function in 3 dimensional space.  

Using an idealised model of a uniform electron gas, Thomas und Fermi (1927) were first to 

employ electron density for description of atoms and molecules. Using idealized assumptions, 

an expression for the electron kinetic energy TTF can be deduced. Combining electrostatic 

active core-electron ENe
ueg and repulsive electron-electron Eee

ueg interactions with the 

expression for the electron kinetic energy will yield the so-called Thomas-Fermi Energy 

Functional ETF [Koch 2002]. 

( )( ) ( )( ) ( )( ) ( )( )rErErTrE e
ueg
eee

ueg
NeeTFeTF ρρρρ ++=  (2.88) 

Totally neglecting replacement and correlation interactions, the Thomas-Fermi Energy 

Functional can only be considered as a very rough approximation of the exact theory. 

Nevertheless it only depends on the electron density as the single variable. 

Basis of the DFT in current application are the so-called Hohenberg-Kohn Theorems (1964) 

[Koch 2001]. The first theorem justifies the application of the electron density as the 

fundamental DFT variable. The fact that the energy of a quantum chemical system can be 

expressed through the energy density functional has been proven by Hohenberg and Kohn. 

System energy can hence be calculated from atom or molecule ground state electron density 

ρ0, which is characterized by a minimum in total energy E0. The electron density ρ in turn 

determines the kinetic electron energy T, the electron-electron interactions Eee and the 

external potential Vext. Furthermore, the electron density defines the ground state, the ground 

state wavefunction and all atom or molecule characteristics. The first Hohenberg-Kohn 

Theorem states, that if an external potential Vext describes a system ground state, there can be 

only one Vext as a function of a single electron density ρe(r) [Koch 2001]; [Parr 1989].  
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Due to the work of Hohenberg and Kohn, the total energy of a system ground state can be 

split into a system dependent and a universal part.  

( ) ( ) ( ) ( ) ( ) ( )0000000 ρρρρρρ eeNeHKNe ETEFEE ++=+=  (2.89) 

The expression ( ) ( )00 ρρ eeET +  depicts the system independent Hohenberg-Kohn energy 

functional for those both terms, the kinetic energy T and the electron-electron interaction Eee, 

no explicit expression exists [Koch 2001].  

Corresponding to the second Hohenberg and Kohn Theorem, the ground state energy E0 can 

be calculated exactly using variational calculus. But this only holds true, if ground state 

electron density ρ0 is used, as it becomes obvious in following equation. 

( )( ) ( )( ) ( )( ) ( )( )rErTrErEE eeNe ''''0 ρρρρ ++=≤  (2.90) 

In view of the independent Hohenberg-Kohn functional, in 1965, Kohn and Sham presented a 

way to approximate this unknown functional [Koch 2001]. Knowing the description of the 

kinetic energy to be impossible if using an explicit density functional, Kohn and Sham 

suggested the application of a non-interacting reference system. Here, the kinetic energy of a 

real system will be substituted by the kinetic energy of a non-interacting single particle 

system Ts(ρ) and an additional correction term TC. Ts(ρ) can be described by orbital 

functionals and TC is meant to grasp kinetic energy differences between a real and a single 

particle system.  

( )( ) ( )( ) ( )( )rTrTrT CS ρρρ +=  (2.91) 

Looking at the unknown electron-electron interaction term Eee, a solution procedure similar to 

the one used for T can be applied by splitting Eee into known and unknown parts. This 

procedure leads to a classical electron interaction term EJ, and a correction term Encl, 

integrating all non-classical parts of Eee. 

( )( ) ( )( ) ( )( )rErErE nclJee ρρρ +=  (2.92) 

Both terms TC and Encl can be joined to a combined correction term EXC. 

( )( ) ( )( ) ( )( )rErTrE nclCXC ρρρ +=  (2.93) 

Combining Eq. 2.91, 2.92, 2.93 and the first Hohenberg-Kohn Theorem, will lead to the 

following description of the atom or molecule energy, 
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( )( ) ( )( ) ( )( ) ( )( ) ( )( )rErErErTrE XCJNeS ρρρρρ +++=  (2.94) 

where TS depicts the electron kinetic energy and ENe stands for electron-nucleus interactions. 

Assuming electron motion to be independent from each other, EJ represents the electron-

electron interactions, while EXC accounts for the existing motion dependence between 

electrons within the nucleus charge field. For EXC as a still unknown term, approximations 

can be found in literature [Koch 2001]. 

Due to advantages as the use of only view universal parameters, DFT has become a standard 

method for molecule geometry and electron density calculation. Model progressions have 

been made towards the calculation of excited state systems by integration of the parameter 

time. This so-called time dependent density functional theory (TDDFT) finds application in 

commercial quantum chemical programs like the one used in the present work (Turbomole) 

(see Section 2.4.3). More detailed information on DFT can be found in literature [Koch 2001]; 

[Parr 1989]; [Dreizler 1990]; [Casida 1995]. 

2.4.3 Continuum solvation models 

Many concepts such as the one presented in the previous section have been created for 

molecule structure and phenomena interpretation and analysis for systems in the gas phase. 

To expand usability towards solvated systems, solvent effects have to be considered. With 

other words, it is necessary to implicitly consider molecules that surround a solvated 

molecule. This can be achieved by a continuum representation, where surrounding molecules 

are regarded as a continuum and molecule responses towards the continuum are accounted 

for. The molecule energy difference between gas phase and solvated phase is expressed by the 

Gibbs energy of solvation ∆Gsolv, accounting for the Gibbs energy change of a molecule 

migrating from gas phase to condensed phase. Free energy change consists of two parts: (i) 

placement of a particle into a fixed position of the system and (ii) elimination of the fixed 

position restraints. 

This solution process definition and the resulting system energy change have become 

prevalent in solvation thermodynamics [Tomasi 1994]. The solvation process chemical 

potential of a component i can be described as follows: 

3* ln iiii kT Λ+= ρµµ  (2.95) 

µi* depicts the pseudo chemical potential of component i with all particles fixed at their 

positions, while 3ln iikT Λρ  accounts for the difference in chemical potential between fixed 
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and free particles. ρi denotes the particle number density of component i and Λi
3 comprises 

integration over all translational moments of a molecule i. T and k stand for the absolute 

temperature and the Boltzmann constant, respectively. 

Corresponding to the salvation process defined above, the change in free energy ∆Gsolv can be 

described as follows: 

eldisprepcavsol GGGGG ∆+∆+∆+∆=∆  (2.96) 

The four terms described in the equation above will have the following meaning. ∆Gcav stands 

for the free energy fraction, necessary to form a cavity within the bulk solution fit to 

incorporate the solvate molecule and an additional entropic part resulting from solvens 

molecule shift around the cavity. ∆Grep and ∆Gdisp represent the part of free energy change 

arising from repulsive and undirected dispersive interactions, respectively. The last term ∆Gel 

depicts the free energy change from electrostatic interaction. An additional term (∆Ghb) can be 

added to explicitly describe the free energy change contribution of hydrogen bonds 

interactions [Leach 2001].  

Continuum salvation models explicitly describe the electrostatic interaction term ∆Gel, with 

the continuum being a homogenous, isotropic electrical field. This field can be characterized 

by a single scalar variable, the so-called dielectric constant ε. Basic principles of this class of 

continuum models originate from the work of Born [Born 1920], Onsager [Onsager 1936] and 

Kirkwood [Kirkwood 1939].  

Continuum solvation models define a cavity, where the solvated particle is placed. 

Determination of cavity shape and size is a crucial task. If the cavity is chosen to small, atom 

electron densities close to the cavity border can be miscalculated. An overestimation in cavity 

size on the other hand may lead to an attenuation of the continuum effect. Looking at the 

solvated particle, charge density and distribution are essential parameters when it comes to 

particle-solvent interaction determination. The particle charge density can be calculated by 

quantum mechanical means. With defined cavity and known particle volume charges, the 

concept of the self-consistent reaction field (SCRF) can be applied to iteratively attain 

analogy between cavity and solvate molecule geometry and charge distribution. The SCRF 

approach will be explained later on, using the simplification of surface charges.   

Looking back at the problem of cavity determination, it can be seen that popular continuum 

models like the Polarized Continuum Model (PCM) [Miertus 1981] or the Conductor-like 

Screening Model (COSMO) [Klamt 1993] use overlapping spheres to handle the challenge. 

Thereby, spheres of a radius approximately 20 % bigger than the van-der-Waals radius will be 

applied around the atoms of the solvate molecule, resulting into cavity formation. Yet another 
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simplification is applied within the mentioned models. Volume charge densities within the 3-

dimensional mesh will be projected onto a surface, yielding surface charge densities. This 

procedure will drastically reduce the electrostatic complexity and therefore simplify SCRF 

application as explained in the following. First, an electrostatic field of the solvate molecule 

in vacuum will be calculated from its surface segment point charges. This electrostatic field is 

then projected to the cavity surface, leading to the screening charge density. Screening 

charges for their part apply a reaction field onto the solvate molecule, leading to geometry and 

charge distribution changes if considered within the functional of DFT calculations (Section 

2.4.2). This circuitry of geometry and charge density changes will lead to an iterative process 

that is continued until self consistency is reached. At that point, the electrostatic field and 

surrounding cavity screening charge density will coincide. For detailed information on SCRF 

models see following literature [Cramer 1995]; [Cramer 1999]. Charge densities of the cavity 

surface can be calculated by the following equation known from electrostatics [Leach 2001]; 

[Klamt 1998]. 

( ) ( ) ( )rErnr
ε

επσ 1
4

−=  (2.97) 

Surface point r charge density σ(r) is dependent on the dielectric constant ε, the normal vector 

n(r) and the force of the electric field E(r).  

 

By assuming the continuum to be a perfect conductor and consequently setting the dielectric 

constant to infinity (ε=0), the COSMO model by Klamt and Schüürmann can be considered as 

a particularly efficient type of continuum solvation model. Further mathematical 

simplification was achieved by dividing the solvent accessible molecule surface into a finite 

number of segments of constant charge density σ. Every segment is also explicitly assigned to 

an atom. All these simplification lead to the possibility of direct continuum integration into 

the DFT energy functional. Therefore molecule geometry and charge density distribution can 

be calculated on a high quantum mechanical level. The scaling of screening charges allows 

for differences between an ideal conductor and the real solvent and is based on a scaling 

function by Kirkwood [Kirkwood 1939]. 

*

21

1 σ
ε
εσ
+
−=  (2.98) 

σ and σ* depict the screening charges of a real and an ideal conductor, respectively. 
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In presence of the screening solvent, COSMO calculations lead to the self-consistent 

geometry of a molecular structure, the dielectric screening energy ∆i, the molecular surface Ai 

and the surface segment charge densities σ. The energy difference of a solvate molecule 

between its residence in vacuum and in an ideal conductor is expressed by the dielectric 

screening energy, yielding the extent of electrostatic interaction during solvation procedure. 

2.4.4 The Conductor-like Screening Model (COSMO-RS) 

The COSMO-RS model by Klamt [Klamt 1995] is an extension of the COSMO model and 

permits an a-priori calculation of the chemical potential of a compound within an arbitrary 

number of other components or their mixtures. COSMO-RS views molecule interactions as 

pair wise interactions of surface segments (Fig. 4.8).  

 
Figure 2.8: Molecule interaction, pictured as ensemble of 
pairwise interaction surface segments. A: ideal screening 
between two segments. B: misfit. C: hydrogen bonds; 
[Klamt 2000] 

 

Surface segment interactions from COSMO calculations are integrated into a self consistent 

expression for the chemical potential, derived from thermodynamics. This procedure allows 

for activity coefficient calculation of a component. Every molecule surface segment is 

associated with an averaged and constant screening charge density σ, which is determined by 

DFT calculations using COSMO boundary conditions (Section 2.4.3). It should be mentioned, 

that screening charges depict the reverse of the molecule partial charges by ‘screening’ them 

from vicinity. The surface segments are again determined by an experimentally fitted radius 

rav. From the probability distribution of these segment screening charges p(σ), a charge 

distribution function, the so-called σ-profile can be established for each molecule. By this 

means, every component can be distinctively defined. This step of σ-profile establishment 
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transfers this model to the advantageous and disadvantageous of statistical thermodynamics. 

Fig. 2.9 illustrates the main procedure steps leading to the σ-profile of water. 

 
Figure 2.9: Development of a charge density distribution (σ-profile) from molecular 
structure 

 

Component mixtures in turn can be represented by weighting the pure component distribution 

functions pi(σ) according to molar mixture composition.  

( ) ( )∑=
i

iimix pxp σσ  (2.99) 

Dissolved within an ideal conductor and perceived as ensemble of surface segments, the 

chemical potential µi of a component i can be derived. Using the mixture σ-profile from Eq. 

2.99, the σ-potential can be calculated iteratively, using the following implicit equation.  

( ) ( ) ( ) ( )( ) 
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µS(σ) depicts the affinity of a system S towards segments carrying a charge density σ and Aeff 

stands for surface segment areas that are effectively brought in contact with each other. Aeff in 

turn is determined by the once experimentally fitted segment radius reff. With known Ai and 

Aeff, the number of surface segments effi AAn =  can be calculated. Emisfit arises from a non-

ideal pairing of surface segments as described in Fig. 2.8 and can be calculated as follows: 



50                                                                                                                                        Basics 

( ) ( )2'
'

'

2
, σσασσ +== effmisfiteffmisfit AeAE  (2.101) 

With the misfit energy factor α’ being a global, experimentally fitted constant, meant to 

correct the solvent approximation (Eq. 2.98). 

 

In general, the chemical potential of component i within a system S can be calculated using  

the following equation [Spuhl 2006]: 

comb
Si

el
SiiiSi A ,,, µµδµ ++−∆=  (2.102) 

Eq. 2.102 explicitly accounts for the surface proportional and electrostatic share of the Gibbs 

energy of solvation. The dielectric screening energy ∆i, and the molecular surface Ai can be 

determined from COSMO calculations. The dispersion constant δ of a molecule can be 

calculated from the sum ∑ kk Aδ  of element specific constants δk and corresponding surface 

parts Ak, with k being the number of different elements within the molecule. 

The electrostatic portion µi,S
el of the component chemical potential can be obtained by 

integrating the product of component σ-profile pi(σ) and system σ-potential µS(σ). 

( ) ( ) ( ) σσµσσµ dp Si
el
Si ∫=,  (2.103) 

The electrostatic share of hydrogen bonds is well described by the COSMO-RS model. 

However, additional energy, resulting from mutual electron shell penetration of hydrogen 

bond donator and receptor is not sufficiently accounted for. To overcome this shortfall, the 

interaction energy E, so far merely depending on misfit Energy Emisfit, will by supplemented 

by an additional term: 

( ) { ( ) ( )}hbdomhbacchbeffhbeffhb cAeAE σσσσσσ +−== ,0min,0max,0min, '  (2.104) 

The threshold values σhb and chb depict once experimentally adjusted, global constants. 

Formulation of Eq. 2.104 leads to its consideration only if the amount of strongly positive or 

negative charge densities of interacting components exceeds the σhb value. Therefore, Eq. 

2.104 represents a threshold term. 

The combinatorial share µi,S
comb of the component chemical potential can be obtained by 

following equation [COSMOtherm 2008]: 
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λ0, λ1and λ2 are parameters, which have been fitted to experimental phase equilibria data by 

Klamt [Klamt 1998]. The combinatorial part of the chemical potential is represented by the 

Staver approach, already used in the UNIQUAC / UNIFAC model (Section 2.3.2). 

2.4.5 COSMO calculated σ σ σ σ-moments 

Instead of using the implicit Eq. 2.100 for the calculation of the chemical potential,  µS(σ) can 

also be put into a Taylor series-like expression. 

( ) ( )∑
−=

≅
m

i
i

i
SS fc

2

σσµ  (2.106) 

With 

( ) iif σσ =     for     0≥i  (2.107) 

and  

( ) ( )σσ donaccff /1/2 =−−  (2.108) 

This leads to Eq. 2.109 where the partition coefficient as well as the capacity factor of e.g. an 

elute i between mobile and stationary phase can be expressed as a linear combination of its σ-

moments. 

X
i

m

i

MPSP
i

MPSP Mcck ∑
−=

+=
2

,,'log
 

(2.109) 

The coefficients c hold the system information of the auxiliary phases while the σ-moments 

M i
X  are defined by 

( ) ( )∫= σσσ dfpM i
XX

i  (2.110) 

pX(σ) depicts composition function of the molecular surface with respect to the polarization 

charge density σ. Therefore, it is possible to calculate the σ-moments of a molecule from its 

mere structure and its deduced σ-profile. These σ-moments can be understood as structural 

descriptors that can be generated from the structural properties of the molecule as independent 
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variables. Beyond the mathematical analysis, different physical properties can be assigned to 

the σ-moments:  

The zeroth moment depicts the molecular surface. The first moment can be left out for neutral 

components because it is the total charge of the molecule. The second moment represents the 

molecule total polarity, while the third moment illustrates the σ-profile asymmetry. The 

hydrogen bonding moments are a measure for the H-acceptor and the H-donor properties of 

the molecule. 

These pure theoretically deduced moments show great similarity to the 5 LSER descriptors of 

Abraham et al. [Zissimos 2002] and therefore provide the opportunity to describe molecular 

interactions by using Quantitative Structure Property Relationships (QSPR) [Klamt 2001]. 

The fundamental difference between the σ-moments based QSPR approach and the COSMO-

RS model is that the former lacks the statistical thermodynamic step that leads from given σ-

profiles to the molecule chemical potential and finally to the activity coefficient (see Section 

above). 

QSPR model regression requires experimental data (training data) that can be used to 

calculate the system specific coefficients c. Within this work, multiple linear regression 

(MLP) was used to estimate these dependent variables. The use of such variables also depicts 

the major draw back of the QSPR methods. σ-moments are by definition not capable to 

describe the separation system specific properties of the mobile and stationary phase. 

Therefore, QSPR coefficients need to be adopted via experimental data regression to each 

new separation system. In contrast to COSMO-RS a-priori partition coefficient prediction, 

QSP relationships are difficult to be extrapolated towards new separation tasks. Due to this 

reason, the σ-moment approach is only marginally investigated within this work.  

As to the denomination, it must be mentioned that if elute retention is investigated as 

property, QSPR will be named QSRR (Qantitative Structure Retention Relationship). 

2.4.6 Conformational analysis 

With regard to the COSMO-RS model, basis of activity and partition coefficient prediction 

are the molecular structures of all components within a considered mixture. However, 

molecule structures cannot merely be viewed as rigid or inflexible, but rather can they form 

different conformations. Due to the temperature dependent Brownian motion, all molecules 

are constantly stimulated. As a result, molecules will maintain a certain three dimensional 

structure only for a very short time span (e.g. ethan for approximately 10-11 s). The residence 

time of a structure will increase with decreasing potential energy. Looking at a great number 

of conformations, the relative portion of a certain structure within this mixture of 
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conformations is proportional to its relative residence time. Using statistic mechanical means, 

it can be shown, that the probability of occurrence of a certain conformational structure is 

representable by a Boltzmann distribution respecting the potential structure energy [Leach 

2001]. An indirect confirmation of this approach was accomplished by realistic modelling of 

experimental ionization and NMR spectra [Nikki 2001]. 

Depending on its 3-dimensional structure, every conformation can vary in its physical, 

chemical and biological property [Leach 2001]. As has been shown by Buggert [Buggert 

2008], Jork [Jork 2005] and [Spuhl 2006], different conformations will lead to differences in 

COSMO-RS activity coefficient  prediction.  

 

Conformations are 3-dimensional arrangements of a molecule structure which can be 

interconverted by rotation about single bonds [Mortimer 2001]. Intramolecular forces are 

responsible for conformation formation and due to small gaps in their energy levels; they can 

easily blend into each other. When looking at a pure component, it becomes apparent, that the 

probability of a conformation occurrence solely depends on its potential energy and the 

system temperature. Within a mixture, conformation energy in solution has to be considered 

as well. Using statistical mechanics, probability of occurrence can be described by a 

Boltzmann distribution [Leach 2001]. 

 

Hereafter, conformation formation shall be discussed using the example of an ethane 

molecule. By applying the necessary force to move the hydrogen atoms passed each other, the 

ethane methyl groups can be turned against one another alongside the C-C single bond. In 

case of ethane, the rotational barrier is so small that it can be spoken of free methyl group 

rotatability [Vollrath 1990]. 
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Figure 2.10: Conformations of ethane [Vollrath 1990] 

 

Fig. 2.10 displays the two extrema conformations in respect to potential energy. Regarding 

the B projection of Fig. 2.10, the ethane structure on the left side shows a maximum distance 

between hydrogen atoms, leading to a minimum in potential energy. Considering the right 

hand side of Fig. 2.10 on the contrary, hydrogen atoms appear to be lined up, causing an 

increased repulsion of similar charges and therefore leading to a maximum in potential 

energy. Between energy minimum and maximum lies a rotation of 60°. 

Conformational search aims for finding all possible molecule conformations. The following 

approach is at the bottom of all conformational searches: Based on a starting conformation 

and by constant geometry variation towards the point potential energy minimum, stable 

energy minimum conformations are tried to be detected [Leach 2001]. 

 

 
Figure 2.11: Potential energy progression of ethane conformations [Christen 1972] 

 

Ethane with its single C-C bond, three stable energy minimum conformations exist. This 

number will increase progressively with the number of available rotary bondings. For instance 

n-propane with its two rotary bondings will exhibit nine energy minimum conformations and 
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this number will increase to 243 with the 5 rotary bondings of n-hexane. From this example it 

becomes obvious, that for increasingly large complex molecule structures, a sound and 

systematic search for stable minima will quickly lead to disproportional efforts. Therefore 

methods and algorithms have been developed, to tackle the challenge of complex molecule 

conformational search with reasonable effort. A detailed review on conformational search 

methods has been given by Howard and Kollman [Howard 1988] and Leach [Leach 2001]. 

 

Within the COSMO-RS model, molecule conformations are subject to an internal weighting 

procedure. Every input conformation i will therefore be provided with a weighting factor wi. 

Calculation of wi within an arbitrary condensed phase is accomplished as follows: 
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The symmetry factor wci stands for the number of conformations with equal σ-profile. Using 

the quantum chemically calculated conformation energy within an ideal conductor Ei,COSMO, 

the screening charge correction ∆E, as well as the chemical potential of the conformation 

within the condensed phase µi, the Total Free Energy (TFE) can be calculated [Klamt 1998]. 

iiCOSMOii EETFE µ+∆+= ,  (2.112) 

2.5 Models of stationary phases in RP-HPLC 

In literature several models were conceived, which aim at reversed stationary phase 

description in terms of composition and structure [Melander 1980]; [Martire 1983]; [Dill 

1987]; [Carr 1993]; [Park 1993]; [Lochmüller 1979]. One example of reversed phase 

describing models is a model presented by Lochmüller and Wilder in 1979 [Lochmüller 

1979]. The authors describe the reversed stationary phase as a liquid layer on the surface of 

the silica support. This liquid phase character and its sorptive behaviour is therefore formed 

by the bonded chains that tend to group to hydrophobic affiliations. According to the authors, 

the existence of a mobile phase and a hydrophobic stationary phase with liquid character will 

lead to a partition like elute distribution mechanism (see Section 2.2.7).  

Other authors found deviating forms of hypothetical phase setups. The following lines are 

meant to give a brief overview on some of the existing models. 
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Martire and Boehm [Martire 1983] modelled the reversed stationary phase in close 

accordance to the mentioned model of Lochmüller and Wilder as layer of liquid-crystalline 

hydrocarbon on top of the silica support. Here again, elute distribution is thought to be 

governed by a partition like mechanism. 

Dill et al. [Dill 1987] brought forward two models that aim for reversed stationary phase 

description. One describes the bonded phase as amorphous-crystalline hydrocarbon layer that 

leads to elute partitioning, the other model conceives an elute adsorption mechanism on top of 

laterally acting bonded alkyl chains.  

Horváth, Melander and Molnár [Melander 1980] understand elute retention mechanism as 

dependent on the available contact area between elute and stationary phase molecules. In their 

model, they describe the surface bonded chains as being solvated and therefore stabilized 

within mobile phase molecules. 

Kazakevich et al. [Kazakevich 2006] attempted to picture the elute retention process by a two 

stage model, where parts of the mobile phase organic modifier will adsorb as solvent layer on 

top of the reversed phase. The distribution mechanism is then governed by (i) elute 

partitioning between the bulk mobile phase and the adsorbed modifier layer as well as (ii) 

elute adsorption on the silica surface. 

This brief summary of existing models illustrated the unsolved question of detailed 

comprehension. As has been mentioned before, reversed stationary phases are complex in 

character and the retention mechanism within this context is determined by many variable 

parameters.  
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3 Experimental 

This section will give an overview on experimental methods as well as material and 

equipment used to measure and model partition coefficients. The first section is concerned 

with material and equipment that has been employed for retention time measurements at a 

chromatographic system. The second section is meant to describe methods and programs used 

for modelling purposes together with procedures for geometry optimisation and 

conformational analysis. 

3.1 HPLC materials, equipment and experimental methods 

3.1.1 Solvents (mobile phase) 

Important mobile phase selection criteria were prevalence in analytical and preparative 

chromatographic applications, polarity and UV transparency. For test series on nonpolar 

reversed stationary phases, aqueous mixtures of the polar organic solvents (modifier) 

methanol, tetrahydrofuran (THF) or acetonitrile (ACN) were used to investigate polarity 

effects within a wide range of solvent polarity. For measurements on normal stationary phase, 

due to its polar surface groups, used mobile phase components had to be non-polar. In that 

case, varying mixtures of n-heptane and cyclohexane were employed. HPLC-grade solvents 

were used for the preparation of the mobile phase. Before application, water was distilled, de-

ionized and filtrated using a pore size of 0.45 µm. 

3.1.2 Solutes and tracer components 

Solute molecules (Tab.  3.1) were chosen by two major criteria: (i) the PO/W value, in order to 

validate the developed models within a wide polarity range. The chosen substances cover a 

broad scope of the octanol-water partition coefficient PO/W. (ii) UV detectability: To produce a 

sufficiently good signal for peak analysis with used UV/Vis-detectors, solute molecules had to 

exhibit a strong UV or visible absorption band.  

The system dead time t0 was evaluated with injections of the non-retained organic marker 

uracil [Sander 1987]; [Wells 1981]. 
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Table 3.1: Test solutes and associated POW values 
Nr CAS Solute PO/W 
1 106 38 7 p-Bromotoluene - 
2 88 96 0 1,2-Benzenedicarboxamide -1,73 
3 66 22 8 Uracil -1,07 
4 100 54 9 3-Pyridinecarbonitrile -0,44 
5 58 08 2 Caffeine -0,16 
6 103 90 2 p-Hydroxyacetanilide 0,31 
7 110 86 1 Pyridine 0,6 
8 50 78 2 Aspirin 0,9 
9 100 51 6 Benzyl alcohol 1,01 
10 50 06 6 Phenobarbital 1,14 
11 108 89 4 p-Methylpyridine 1,22 
12 95 53 4 o-Toluidine 1,32 
13 99 93 4 4-Hydroxyacetophenone 1,35 
14 100 02 7 p-Nitrophenol 1,38 
15 100 52 7 Benzaldehyde 1,47 
16 98 86 2 Acetophenone 1,58 
17 367 12 4 2-Fluorophenol 1,71 
18 271 44 3 Indazole 1,77 
19 122 97 4 3-Phenylpropanol 1,88 
20 106 44 5 P-Cresol 1,94 
21 100 66 3 Anisole 2,11 
22 71 43 2 Benzene 2,13 
23 93 55 0 Propiophenone 2,19 
24 462 06 6 Fluorobenzene 2,27 
25 99 99 0 p-Nitrotoluene 2,37 
26 93 89 0 Ethylbenzoate 2,64 
27 108 88 3 Toluene 2,73 
28 108 90 7 Chlorobenzene 2,89 
29 108 86 1 Bromobenzene 2,99 
30 106 42 3 p-Xylene 3,15 
31 108 38 3 m-Xylene 3,2 
32 91 20 3 Naphthalene 3,3 
33 95 50 1 o-Dichlorobenzene 3,43 
34 98 82 8 Cumene 3,66 
35 103 65 1 Propylbenzene 3,72 
36 83 32 9 Acenaphthene 3,92 
37 104 51 8 Butylbenzene 4,38 
38 700 12 9 Pentamethylbenzene 4,56 
39 1077 16 3 Hexylbenzene 5,52 
40 92 24 0 Naphthacene 5,9 
41 104 72 3 n-Decylbenzene 7,37 

3.1.3 Stationary phases 

Concerning later applicability of the developed prediction model, emphasis was put on the 

description of frequently used phases. After consultation with main manufacturer of analytical 

and preparative stationary phases, focus was set on C1, C4, C8 and C18 reversed phases (Tab. 

3.2 to 3.4).  To extend the prediction model towards reversed phases holding active groups, 

additional columns with cyano and phenyl groups attached to the alkyl chains were acquired 

(Tab. 3.5). Columns packed with polar and normal phase were purchased to perform NP-
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HPLC measurements (Tab. 3.5). Tables 3.2 to 3.5 illustrate column properties of all columns 

under investigation . 

 

Table 3.2: Properties of reversed stationary phase colums investigated within this work 

Column name HypersilC18 Eclipse XDB-C18 Nucleosil 100-5 C18 HD 

Abbreviation HypersilC18 XC18 NuC18 

Manufacturer 
Shandon HPLC, Runcorn, 

UK 
Hewlett-Packard Macherey-Nagel 

Dimensions L × i.d. 

[mm × mm] 
125 × 4,6 150 × 4,6 150 × 4 

Particle size [µm] 5 5 5,4 

Pore size [Å] 120 80 115 

Surface area [m²/g] 170 180 340 

Carbon loading [%] 9,5 10,3 21 

Surface coverage [µmol/m²]  3,5 3,6 

Bulk density [g/ml]  1 0,4 

Bonded chemistry Trifunctional Dimethyl-C18 Monomeric 

End capping yes yes yes 

 

Table 3.3: Continuation of Tab. 3.2   

Column name TSKgel ODS-2PW TSK-gel ODS-120T YMC-Pack C1 (TMS) 

Abbreviation OD-2PW ODS-120T YMC C1 

Manufacturer TosoHaas GmbH TosoHaas GmbH YMC Europe GmbH 

Dimensions L × i.d. 

[mm × mm] 
150 × 4,6 150 × 4,6 125 × 4,6 

Particle size [µm] 5 5 5 

Pore size [Å] 125  12 nm 

Surface area [m²/g]   330 

Carbon loading [%]  21 4 

Surface coverage [µmol/m²]    

Bulk density [g/ml] 1 0,4  

Bonded chemistry Monomeric Monomeric  

End capping no yes yes 
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Table 3.4: Continaution of Tab. 3.3 

Column name YMC-Pack Pro C8 YMC-Pack Pro C18 YMC-Pack Silica 

Abbreviation YMC C8 YMC C18 YMC silica 

Manufacturer YMC Europe GmbH YMC Europe GmbH YMC Europe GmbH 

Dimensions L × i.d. 

[mm × mm] 
125 × 4,6 125 × 4,6 125 × 4,6 

Particle size [µm] 5 5 5 

Pore size [Å] 12 nm 12 nm 12 nm 

Surface area [m²/g] 340 340  

Carbon loading [%] 10 12  

Surface coverage [µmol/m²]    

Bulk density [g/ml]    

Bonded chemistry    

End capping yes yes  

 

 

Table 3.5: Continuation of Tab. 3.4  

Column name 
Kromasil KR-60-

5CN 
Phenomenex Prodigy 

phenyl-3 
Restek Ultra C8 

Abbreviation Kromasil CN Prodigy phenyl Restek C8 

Manufacturer Akzo-Nobel Phenomenex, Inc.  

Dimensions L × i.d. 

[mm × mm] 
150 × 4,6 150 × 4,6 150 × 4,6 

Particle size [µm] 5 5 5 

Pore size [Å] 60 100  

Surface area [m²/g]  450  

Carbon loading [%]  10  

Surface coverage [µmol/m²]    

Bulk density [g/ml]    

Bonded chemistry  Polymeric  

End capping yes no  
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3.1.4 Chromatographic system setup 

A Hitachi LaChrom® HPLC-System was used for all undertaken HPLC experiments. For 

mobile phase storage, the system contains two solvent reservoirs, which are individually 

connected to two membrane pumps (D7100). Before reaching the pump, the mobile phase has 

to pass through a membrane degasser, where dissolved gas is removed by applying vacuum. 

To hold back solid impurities, a filter is implemented into the piping. The membrane pumps 

with pulsation suppression will apply the pressure necessary to overcome consecutive 

pressure loss by valves, piping, column and detector. Subsequent to the pumps, the two 

mobile phase streams are mixed using a static mixer and then conveyed towards a valve 

equipped with a 100µl sample loop that allows for sample injection. Injection of solutes into 

the valve is performed automatically by an auto sampler (D7200), using cuvettes sitting on an 

8x10 matrix sample table. After transmigrating the valve, the mobile phase stream flows into 

the tempered column, situated within a column oven (D7300). A diode array detector (DAD, 

L4500A) connected in series measures the solute concentration at the outlet of the column. 

All sensor signals (UV-detector, pressure gauges and thermometers) are transmitted to a 

personal computer via a data acquisition interface (D7000). Data recording and analysis is 

done by Merck-Hitachi data processing software (D-7000 HPLC System Manager Version 

4.1).  

3.1.5 Experimental HPLC measuring methods 

Before every series of measurements, the HPLC system was purged with mobile phase to 

flush out any gas bubbles that especially tend to accumulate within the pump valves. Gas 

bubbles that are accidentally conveyed into a column can create void spaces and therefore 

change column retention behaviour. The membrane pump induced mobile phase volume 

stream at system pressure is monitored regularly to avoid resulting errors in solute retention 

time. After each column mounting or dismounting, the system was flushed with mobile phase 

for at least 30 minutes and a flow rate of 1 ml/min, to reach phase equilibrium between 

mobile and stationary phase within the column and to drag out any remaining residues. All 

test solutes were dissolved in mobile phase according to their solubility. Therefore, sample 

concentration can vary between 0.2 to 2 mg/ml. To avoid crystal formation inside a column 

due to local oversaturation, not readily soluble substances were diluted from saturated 

solution. All measurements were at least performed in triplicate to form an average and 

estimate the uncertainty. Detector signal validity was ensured by periodical detector 

wavelength calibration.  
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3.1.6 k’-factor determination from chromatographic measurements 

According to Eq. 2.7, the k-factor ki’ can be calculated via system dead time t0 and retention 

time tR,i  of the considered elute i. To obtain comparable k-factors within a series of 

experiments, the used dead time marker as well as mobile phase composition, system flow 

rate and temperature have to be kept constant. All experimental measurements within this 

work were about k-factor estimation. Therefore, neither elute concentration nor its peak area 

was of importance. However, attention was paid to the occurrence of a distinct and 

symmetrical elute peak. 

3.1.7 Literature research 

Literature research basically served a triple purpose: (i) the acquisition of retention data, (ii) 

the achievement of a retention model overview and (iii) and an overview of stationary phase 

properties. For acquisition of additional experimental data of reversed and normal phase 

chromatographic systems, an extensive literature research has been undertaken. The research 

has yielded a great abundance of data with emphasis on C8 and C18 systems. Most data is 

given in form of k’-factors, permitting the correlation with calculated partition coefficients 

(Section 2.2.5). A variety of publications with accessible retention data is given in the 

bibliography [Croes 2005]; [Gilroy 2003]; [Jinno 1984]; [Sanagi 1996]; [Tan 1996]; 

[Tsukahara 1993].  

In the course of this research, an overview on diverse retention models has been gained and as 

a result the attempt has been undertaken, to give a concise overview on approaches used to 

model chromatography in general (see Section 4.5 and Section 2.3).  Literature investigation 

also lead to a crude review on techniques that are capable to provide more direct evidence of 

bonded phase character in terms of ligand motion, conformation and cooperative associations 

(see Section 2.1.8). 

3.2 Computational modelling: programs and computational methods 

3.2.1 Molecule geometry generation and conformational analysis 

All molecule geometries that have found application within this work were created using the 

commercially available HyperChem program [HyperChem 2002]. Furthermore, all molecules 

were subject to a conformational analysis (Section 3.2.5) also performed by HyperChem. The 

very first step of the procedure, outlined in Section 2.9 is the creation of the three-dimensional 

molecule structure using a HyperChem implemented drawing tool. The compiled structure as 

well as all structures found in the course of conformational analysis will be submitted to a 
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geometrical optimization using semi-empirical quantum chemical methods (here PM3 

[Stewart 1990]) that leads to a local or global molecule energy minimum calculated in 

vacuum. By applying an advanced Monte Carlo multiple minimum (MCMM) Method [Chang 

1989]; [Goodman 1991], a molecule start geometry will be subject to  systematical variations. 

By this means, the molecule energy hyper area can be scanned with gradually increasing 

resolution. Hence energy level differences of additionally found structures become 

increasingly smaller or in other words, the energy gradient between two conformations 

steadily decreases, leading to a growing number of conformations. To limit this number, so-

called acceptance criteria can be applied to each newly found conformation. To perform a 

conformational search using HyperChem, acceptance criteria must hence be defined and all 

rotation angles within the molecule must be given do determine the spectrum of structure 

variation. The following three acceptance criteria can be used to influence the number of 

found conformations: 

1) The Acceptance Energy Criterion Maximum depicts the total energy difference (in 

kcal/mol) to a currently existing energy minimum conformation within which a considered 

conformation is accepted.  

2) The Energy difference E (kcal/mol) between two conformations. If the energy difference 

between two conformations falls short of this value, the more recent conformation will be 

discarded. 

3) The root mean square error (RMS error). If the RMS error of two conformations falls 

beneath this adjustable parameter, the two conformations will be regarded as duplicate.   

 

The number of found conformation is heavily depending on molecule size and complexity. It 

seems suggestive to limit the number of conformations to a physically sensible level. With a 

limited number of large and complex conformations, an additional time reduction regarding 

successive DFT calculations can be achieved. 

Although it seems reasonable to take countermeasures against an increasing number of found 

conformations by adjusting the acceptance criteria with growing molecule size and 

complexity, the author has chosen the approach of constant acceptance criteria values. This 

approach is founded by the search for a universal conformation selection method (see Section 

3.2.5) that allows for the comparability of all sets of conformations. 

In contrast, the semi empirical method PM3 was applied at all investigated molecule 

structures. PM3 also turned out to be time consuming for big and complex molecules. 

Conformational analysis of pseudo stationary phase molecules like the one shown in Fig. 

4.17, required about 1 days of calculation time on a 3 GHZ dual core processor. Due to a 
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limited number of such complex molecules, the time invested still stayed within reasonable 

limits. 

3.2.2 Conversion of HyperChem output data 

A complex molecule can result into several hundred conformations, with each being mapped 

in form of three dimensional coordinates. Data of all conformations of a single solute can be 

saved by Hperchem into a single file (solutename.hin). Space coordinates of all conformers 

are consecutively written within this file (Fig. 3.1). 

 

 
Figure 3.1: Excerpt of .hin-data-file. Atom coordinates of a caffeine molecule 

 

To perform DFT calculations, the three-dimensional information of every conformation has to 

be written into a single .xyz-file. Simultaneously, a coordinate transformation from Bohr to 

Angstrom radii has to be performed. To date, this procedure had been accomplished by hand, 

consuming great amounts of time. Using the Visual Basic (VB.NET) programming software 

by Microsoft, the author developed a tool for automated file conversion. Basically, this tool 

accepts .hin files and other HyperChem output file formats as input and converts them into 

.xyz files, holding the three-dimensional information for successive DFT calculations. 
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3.2.3 DFT geometry optimization 

Solutename.xyz files serve as input for DFT geometry optimization using COSMO boundary 

conditions (Section 2.4.3). All molecule structures used within this work had to undergo this 

calculation step. DFT computations are performed by the Turbomole software package 

[Ahlrichs 1989] version 5.8, on an external High Performance Computing (HPC) system. To 

obtain DFT calculations on a high quantum mechanical level, the “Triple Zeta Valence 

Polarization” (TZVP) basis set [Eichkorn 1997] is used while the BP86 functional 

[Perdow_1992] is applied to calculate the correction term EXC (Eq. 2.93). Turbomole 

implemented COSMO boundary conditions [Schafer 2000] allow for consideration of a 

surrounding ideal conductor. Despite the availability of high computing power, the 

sophisticated DFT calculations for large and complex structures can lead to several days of 

computing time. For this reason, Turbomole version 5.8 provides the option of a computation 

parallelization. As a result, calculation of large pseudo stationary phase molecules was 

feasible within 24 hours. DFT processing step output is the so-called “COSMO file” 

(Solutename.cosmo). Hence, every input .xyz file will result into an output .cosmo file 

inlcuding the optimized structure information and a molecule cosmo energy value. To enable 

chair internal access to .cosmo-files, an intranet database was established.  

3.2.4 Calculation of the chromatographic partitioning coefficient using COSMO-RS 

Parameters and data files necessary for the partitioning coefficient calculation for infinite 

solute dilution as defined in Eq. 2.73, are as follows: (i) compositions of solvent phases, (ii) 

system temperature, (iii) the used basis set, (iv) the target value to be calculated and (v) 

.cosmo files of all components present in the system. The computation is then performed with 

the commercially available software COSMOtherm [COSMOtherm 2008]. The 

COSMOtherm program centrepiece is an executive file (cosmotherm.exe) that holds all 

necessary algorithms. Via command line interface, parameter values and file locations can be 

fed to the algorithm, which will eventually output the target value. A more easy to use 

program interface is offered by COSMOthermX. This Java based COSMOtherm extension 

can be run on a Windows system and is meant to feed the cosmotherm.exe file with all 

necessary information and subsequently chart the results after calculations are completed. 

Within this work, partitioning coefficient Ki
αβ is always calculated at infinite solute dilution. 

This circumstance is due to the exclusive consideration of measurements from analytical 

chromatographic systems. For such systems (within a linear chromatographic regime), the 

amount of injected solute can assumed to be indefinitely diluted in the stationary and the 

mobile phase (Section 2.2.4). Basically there are two ways to calculate Ki
αβ using 
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COSMOtherm. One is to compute the solute activity coefficients within each phase (γi
α and 

γi
β) and subsequently build the ratio of both gammas. A shorter way is to directly choose the 

log P-option and set a value of 1 for the phase ratio, so the log P value will become a log K 

value (Eq. 2.50). 

3.2.5 Conformation selection for COSMO-RS calculations 

For COSMO-RS calculation input, several conformations can be used to depict a single 

molecule. This approach of conformation consideration leads to a remarkable increase in 

simulation effort and can cause the algorithm to crash if the limited number of processable 

surface segments is exceeded. Nevertheless, compared to DFT calculations, time-

consumption of the efficient COSMO-RS algorithm is still quite manageable and will not 

exceed several minutes.  As shown in Section 2.4.6, the consideration of several 

conformations is meant to better describe the real physico-chemical characteristics of a 

molecule. A COSMO-RS implemented weighting factor wi (Eq. 2.111) will internally 

determine the contribution strength of each conformation. Thus the question arises, which 

conformation compilation has to be chosen to best represent the molecule. In practice several 

selection approaches exist. The simplest approach is to choose the single lowest energy 

conformation. Some authors will not choose more than 10 conformations, aiming to find a 

method of conformational search that will limit found conformations to this number. A third 

method is to pick an energy weighted average from the whole conformation spectrum. The 

internal weighing factor will than lead to an overrepresentation of the chosen low energy 

conformations. The author has compared methods and subsequently applied the “equal 

ECOSMO energy difference” method to all calculations within this work. 

3.2.6 Selection of conformations with equal difference in ECOSMO 

As has been explained in the section above, no uniform or well established method for 

conformation selection exists to date. Due to this non-existence of a system dependent default 

selection rule, the author has defined a consistent approach that applies to any system 

considered within this work. The procedure is structured into the following steps:  

1. Conduction of the HyperChem conformation search. 

2. DFT analysis of the found compound conformations. 

3. Creation of a COSMO energy (ECOSMO) list. 

4. Selection of 10 conformations. The conformations are selected with constant COSMO 

energy interval while covering the total found energy spectra. 
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To create a COSMO energy list, the range in ECOSMO is gathered from the whole conformation 

spectra. ECOSMO values can be found within the .cosmo files. These files are the DFT output 

file format. Since a manual ECOSMO value extraction can be very time consuming, depending 

on the number of existing conformations, a Visual Basic tool (Fig. 3.2) was programmed by 

the author to automate this procedure. 

 

 
Figure 3.2: Work screen of energy list creator tool 
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4 Results & Discussion 

Elute partition coefficient prediction within a liquid chromatographic system depicts the goal 

of this work. The question will be addressed, if elute distribution between a mobile and 

stationary phase can be predicted by the COSMO-RS model. In this context, the feasibility of 

stationary phase simulation using a pseudo-liquid stationary phase molecule will be discussed 

and different parameters will be investigated regarding their influence on prediction accuracy. 

Basically all investigations presented below shall lead to an approach, capable to model 

chromatographic elute partitioning in order to simplify the choice of a separation task 

optimized phase system. 

The first section deals with methods of conformation selection. For this, the well-known 

octanol-water system will be consulted and experimental data will be compared to calculation 

results to evaluate the influence of solute and solvent conformation consideration. 

The second section addresses the modelling of reversed and normal phase stationary phases, 

using pseudo-liquid molecules. Evolution in phase modelling will be presented and 

calculation result are compared and validated with experimental data. 

As a result of an extensive literature research, the last section will give an overview on 

interrelations of empirical retention prediction models.  

4.1 Conformation selection of solute and solvent molecules:  

Influence on calculation results / Selection rules 

4.1.1 Effect of conformation selection on ∞
iγ  

The goal of a conformational analysis is the identification of those conformations, which 

determine the molecule interaction characteristics within a given system. The impact of 

conformation selection on ∞iγ  is to be presented below. Before a set of conformation can be 

chosen, a number of conformations have to be found using conformational analysis (Section 

3.2.6). Such a conformational analysis was conducted for a molecule structure named 

decyldimethlysilanol. Among others, this molecule was used to simulate the stationary phase 

and shall serve as example for the explanations below. 357 conformations were found for 

decyldimethlysilanol. All conformations were subject to DFT geometry optimization using 

COSMO boundary conditions (Section 2.4.3). For this set of conformations, the calculated 

COSMO energy ECOSMO varies within a range of -839,169 and -839,193 kJ/mol. In the 

following setup, decyldimethlysilanol served as solvent molecule while phenol was used as 
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solute. The COSMO-RS calculated activity coefficients of phenol ∞
Phenolγ  at 298 K and infinite 

dilution within the solvent are pictured in Fig. 4.1. Here, the activity coefficient depends on 

the choice in solvent conformation, while for all computations, the solute structure has been 

kept constant. Resulting ∞Phenolγ  were plotted against the free energy of decyldimethlysilanol 

conformations in solution. 
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Figure 4.1: Plot of ∞
Phenolγ  (solute) over ECOSMO of decyldimethylsilanol conformations 

(solvent).The horizontal line depicts ∞
Phenolγ  with a selection of decyldimethylsilanol 

conformations from Tab. 4.1 used for calculation. 
 

In diagram 4.1,  ∞
Phenolγ  values vary within a range of 0,028 and 0,461. The horizontal line at 

∞
Phenolγ  = 0,189 depicts the phenol activity coefficient value calculated with a solvent 

composed of a decyldimethylsilanol conformations selection (Tab. 4.1). The internal 

weighing of conformation contributions has been conducted by Eq. 2.111.  

Tab. 4.1 represents 10 selected conformations with equal differences in ECOSMO. This 

selection has been chosen to cover the total found energy range. For explanation of the chosen 

“equal differences” conformation selection approach see section 4.1.3. 
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Table 4.1: Decyldimethlysilanol conformation selection. Total COSMO energy range is 
presented by ten conformations with constant energy intervals of about -2,3 J/mol. 

Conformation 
number 

1 5 206 86 165 238 283 356 352 349 

ECOSMO 
[-kJ/mol] 

839,1925 839,1902 839,1879 839,1856 839,1833 839,1810 839,1787 839,1764 839,1741 839,1718 

 

 
Figure 4.2: σ-profiles and associated structures of decyldimethlysilanol conformations 

 

The structures illustrated above the corresponding σ-profiles (Fig. 4.2) depict conformations 

of the decyldimethylsilanol molecule (Tab. 4.1). With an increasing ECOSMO value, the 

conformation structures will change from a more linear to a bent (non-linear) shape, while the 

probability of occurrence p(σ) at zero surface segment charge (σ = 0) will decrease 
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tendentially. This leads to the conclusion that in case of alkyl chains, intramolecular repulsive 

forces become smaller with a more linear shape. As the probability of occurrence of a certain 

structure is expressed by the Boltzmann distribution with respect to its potential energy, the 

relative portion of linear conformations will prevail if regarding a system at vacuum 

conditions. 

 

If a dissolved molecule is regarded, specific conformations will be stabilized and others 

destabilized, according to their interaction with surrounding solvent molecules [Nikki 2001]. 

In dissolved state, additional to the Boltzmann depending potential energy, solvent 

interactions and temperature dependence have to be considered. The impact of solute-solvent 

interactions on solute activity coefficients at infinite dilution shall be illustrated at two 

different solvent systems along with four dissolved solute molecules, as there are 

chlorobutane, nitropentane, hexane and heptanol. A polar and a non-polar solvent system 

were chosen, consisting of an equimolar methanol/water mixture and pure 

decyldimethylsilanol, respectively. Tab. 4.2 shows the activity coefficient at infinite dilution 

γi
∞ for different solute conformations i and γ∞ of a selection of 10 conformations (average γ∞), 

respectively. Tab. 4.2 values were calculated using a constant solvent molecule conformation 

ensemble in each case, while varying the selected solute conformations. 

 

Table 4.2: Solute activity coefficients of maximum/minimum conformations (γi
∞) and 

conformation selection (γ∞) at infinite dilution 

Solvent: Pure decyldimethylsilanol (conformation ensemble according to Tab. 4.1) 

Solute Maximum  γ γ γ γi
∞ Minimum  γ γ γ γi

∞ Average γ γ γ γ∞ 

1-Chlorobutane 1,39 1,37 1,39 

1-Nitropentane 2,60 2,35 2,56 

1-Hexane 1,42 1,38 1,40 

1-Heptanol 1,11 0,71 1,10 

Solvent: Methanol/water mixture of 1:1 molar composition 

Solute Maximum     γγγγi
∞ Minimum  γ γ γ γi

∞ Average γ γ γ γ∞ 

1-Chlorobutane 38,96 33,19 37,48 

1-Nitropentane 43,76 28,27 39,34 

1-Hexane 142,43 106,29 140,36 

1-Heptanol 10,69 7,21 9,54 
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Table 4.3: Conformation structures for γ∞min and γ∞max values, respectively. Infinite solute 
dilution in equimolar methanol-water mixture 

 
Structure of 

max γγγγ∞-value in solvent: methanol/water 
min     γγγγ∞-value in solvent: decyldimethylsilanol 

Structure of 
min γγγγ∞-value in solvent: methanol/water 

max γγγγ∞-val. in solvent: 
decyldimethylsilanol 

1-Chloro-
butane  

Conformation 1 of 3 
 

Conformation 3 of 3 

1-Nitro-
pentane  

Conformation 1 of 7  
Conformation 7 of 7 

1-Hexane 
 

Conformation 1 of 5  
Conformation 5 of 5 

1-Heptanol 
 

Conformation 1 of 24  
Conformation 22 of 24 

 

As explained above, linear alkyl chain structures will have the lowest potential energy and 

therefore the highest probability to exist in vacuum. Application of this understanding on 

conformation selection in dissolved state will lead to extrema in calculated γ∞. For non-polar 

solutes dissolved within non-polar solvents, the choice of linear conformation structures will 

for the most part lead to a minimum in solute activity coefficient, while within polar solvents 

a maximum in γ∞ will result (see Tab. 4.2). This phenomenon can partly be explained by an 

entropy effect of the solvent molecules. When looking at Tab. 4.3 it becomes obvious that 

linear structures dissolve better (smaller γ) within unpolar solvents than bent structures and 

vice versa. Given that bent structures offer a smaller solvent accessible surface than linear 

ones, the line of argument also holds true if using area instead of polarity. A smaller 

accessible area results into a smaller solute-solvent interface. Therefore, less solvent 

molecules suffer a loss in their degrees of freedom because of boundary effects. So if the 

interface area is decreased, system entropy will increase. According to Gibbs–Helmholtz 

equation, entropy increase leads to a decrease in system free energy. Within the COSMO-RS 
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model, these differences between conformations are expressed with variations of σ-profiles 

and resulting misfit energies between solute and solvent screening charges (Section 2.4.4).  

 

  

 
 

 
 

Figure 4.3: Sigma profiles of different solutes 
 

The structural differences of conformations shown in Tab. 4.3, are represented in Fig. 4.3 via 

σ-profiles. Structural changes will lead to changes in surface segment charges σ, depicted as 

probability distribution p(σ) (Section 2.4.4).  

An alternative way to point out the importance of conformation selection is shown by means 

of a homologous row of alcohols. If considering the γ∞ ranges resulting from the conformation 

spectra, it becomes obvious, that the possibility exists, to mix up the homologous row by 

choosing the wrong conformations for calculation. 
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Figure 4.4: γ∞ ranges of different alcohols resulting from their conformation spectra. 
The solvent phase consists of an equimolar water/methanol mixture. 

 

Although Fig. 4.4 is able to reflect the correct trend in solubility, it is still a challenge to 

choose a meaningful solute and solvent conformation ensemble within a real system. And 

since the calculated activity coefficient strongly depends on the chosen conformation 

ensemble, computational description of a real system needs rules for conformation selection 

that are validated by experimental data. A rule for conformational selection as described in 

Section 3.2.6 will be developed and validated in the following sections. 

4.1.2 Effect of solute and solvent conformation selection on KOW 

The octanol-water partition coefficient (KOW) is used to describe the equilibrium distribution 

of a substance between an octanol rich and a water rich phase. As explained in Section 2.2.5, 

the partition coefficient Ki
αβ of a component i between two phases can be expressed by the 

ratio of the compound activity coefficients at infinite dilution within both phases. Basis of 

K i
αβ prediction is a suitable conformation selection concerning all system components as well 

as the correct choice of coexisting phase compositions. To calculate the octanol-water 

partition coefficient and subsequently enquire comparisons with experimental data, the effect 

of two possible influence parameters within the solvents has to be considered. (i) an input 

parameter that can vary is the phase composition of the octanol rich and the aqueous phase, 

respectively. (ii) secondly, the sets of selected octanol conformations can differ. Both 

variations lead to changes in COSMO-RS calculation results, as can be seen in Tables 4.6 and 

4.7. The influence of the selected conformation set will be discussed in the following section.  

As to model validation, the octanol-water system has been chosen for different reasons: On 

the one hand, the aforesaid system has great resemblance to reversed phase chromatographic 
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systems under investigation what will be of interest in the section to follow; on the other hand, 

the octanol-water system is well examined with various experimental data existing in 

literature. 

If not highlighted differently, the octanol-water phase composition for the COSMO-RS 

calculations within this section was conducted from [Dallas 1992] as follows: 

 

Table 4.4: Composition of the two coexisting phases in the n-octanol-water system at 25 °C 
 Octanol rich phase Aqueous phase 

 xn-octanol xwater xn-octanol xwater 

[Dallas 1992] 0,711 0,289 0,0000932 0,9999068 
 

To investigate the dependency of the octanol-water partition coefficient on different n-octanol 

conformations, KOW was calculated for several solute molecules (Tab. 4.6).  For each solute 

out of Tab. 4.6 and Tab. 4.7, the molecule structure was held constant, while COSMO-RS 

calculations were performed with 6 different octanol conformations as well as one octanol 

conformation selection (Tab. 4.5). As water only has one conformational structure it is used 

unchanged within all calculations. 

 

Table 4.5: Octanol conformation selection. Total COSMO energy range is presented by ten 
conformations with constant energy intervals of about 0,0016 kJ/mol 

Conformation 
number of n-

octanol 
1 2 7 16 23 39 33 38 41 46 

ECOSMO 
[-kJ/mol] 

391,0726 391,0707 391,0694 391,0680 391,0662 391,0647 391,0630 391,0613 391,0596 391,0569 

 



76                                                                                                              Results & Discussion 

 

Table 4.6: Experimental and COSMO-RS calculated KOW at T = 25 °C; Variable input parameter for calculation 
was the n-octanol conformation; Experimental data taken from [Sangster 1997] and [Harnisch 1983]; The 
relative error δ was calculated as follows: )logloglog(100)(log expexp

ii
RSCOSMO

i KKKK −= −δ  

Octanol Conformation 1 7 16 23 

Solute 
Exp. 
log 

K OW 

log 
K OW δ / % log 

K OW δ / % log 
K OW δ / % log 

K OW δ / % 

1,1,1,2-Tetrafluoroethane 1,88 1,97 4,90 1,96 4,19 2,03 8,06 2,18 16,08 

1,1,1-Trichloroethane 3,27 3,35 2,33 3,35 2,42 3,37 2,95 3,42 4,56 

1,1-Difluoroethane 1,52 1,81 18,78 1,82 19,44 1,83 20,63 1,91 25,74 

1,2-Dichloroethane 2,25 2,47 9,61 2,45 8,90 2,51 11,35 2,59 14,95 

Buthylbenzene 5,03 3,76 25,18 3,88 22,84 3,77 24,96 3,80 24,38 

Decylbenzene 4,19 5,18 23,67 5,22 24,50 5,20 24,06 5,27 25,76 

Dichlorodifluoromethane 7,37 8,44 14,45 8,48 15,10 8,45 14,68 8,54 15,89 

Dichloromethane 2,88 3,05 5,86 3,07 6,68 3,06 6,20 3,10 7,73 

Ethane 2,05 2,14 4,47 2,10 2,43 2,19 7,04 2,30 12,27 

Ethene 2,49 2,59 3,91 2,60 4,42 2,59 3,97 2,61 4,72 

Hexylbenzene 1,97 2,08 5,81 2,10 6,56 2,09 6,23 2,12 7,86 

Methane 5,25 5,71 8,79 5,75 9,50 5,73 9,11 5,80 10,52 

p-Nitrophenole 1,89 1,97 4,27 1,98 4,80 1,97 4,36 1,99 5,18 

Trichloroethene 1,88 2,15 14,39 2,04 8,27 2,28 21,16 2,52 33,84 

Trichlorofluoromethane 3,14 3,53 12,52 3,52 12,25 3,56 13,44 3,63 15,75 

Trichloromethane 3,24 3,44 6,25 3,46 6,80 3,45 6,51 3,49 7,66 

Trifluoromethan 2,76 2,99 8,39 2,94 6,55 3,05 10,35 3,16 14,36 

Average relative error   10,29  9,73  11,71  15,13 

 

Table 4.7: Continuation of Tab. 4.6 

Octanol Conformation 33 39 46 Selection (Tab. 4.5) 

Solute 
Exp. 

log KOW 
log KOW δ / % log KOW δ / % log KOW δ / % log KOW δ / % 

1,1,1,2-Tetrafluoroethane 1,88 1,97 4,57 1,92 2,30 1,97 4,59 1,94 3,30 

1,1,1-Trichloroethane 3,27 3,33 1,79 3,37 2,93 3,33 1,77 3,31 1,34 

1,1-Difluoroethane 1,52 1,82 19,58 1,83 20,50 1,82 19,64 1,78 17,34 

1,2-Dichloroethane 2,25 2,44 8,34 2,45 8,99 2,44 8,26 2,44 8,28 

Buthylbenzene 5,03 3,90 22,43 4,19 16,76 3,90 22,49 3,78 24,93 

Decylbenzene 4,19 5,19 23,96 5,26 25,63 5,20 23,99 5,14 22,72 

Dichlorodifluoromethane 7,37 8,44 14,46 8,55 16,02 8,43 14,44 8,38 13,65 

Dichloromethane 2,88 3,06 6,27 3,09 7,38 3,06 6,37 3,02 4,89 

Ethane 2,05 2,09 1,91 2,06 0,36 2,08 1,68 2,11 2,85 

Ethene 2,49 2,59 3,88 2,61 4,91 2,59 3,88 2,56 2,89 

Hexylbenzene 1,97 2,09 6,27 2,12 7,48 2,10 6,36 2,06 4,69 

Methane 5,25 5,72 8,99 5,80 10,46 5,72 9,00 5,67 7,97 

p-Nitrophenole 1,89 1,97 4,32 1,99 5,25 1,97 4,33 1,95 3,12 

Trichloroethene 1,88 2,05 8,80 1,80 4,12 2,07 9,92 2,11 12,37 

Trichlorofluoromethane 3,14 3,50 11,62 3,52 11,96 3,50 11,58 3,50 11,36 

Trichloromethane 3,24 3,44 6,22 3,48 7,44 3,44 6,26 3,41 5,30 

Trifluoromethan 2,76 2,92 5,83 2,86 3,80 2,92 5,70 2,95 6,91 

Average relative error   9,40  8,96  9,46  9,08 
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For the solute set under investigation, the quality of prediction shows a dependency on the 

used octanol conformation, as can be seen from the variations in relative errors of Tables 4.6 

and 4.7. According to Tab. 4.5, the octanol conformations are arranged by their ECOSMO. Even 

so, no distinct correlation between the mean absolute error and the ECOSMO can be observed 

from Tables 4.6 and 4.7. Nonetheless, starting from a certain degree of molecule 

entanglement (conformation 33), the error values depicted in Fig. 4.5 will show no more 

significant variation. When comparing calculation results, it was found that for the solute set 

under investigation, the mean absolute error of prediction for the weighted conformation 

selection is arranged among the three lowest values (along with conformation 39 and 46) and 

on a par with the experimental average standard deviation [Harnisch 1983]. Furthermore, the 

same set of selected conformations that has not undergone a COSMO-RS internal weighting 

procedure (Section 2.4.6) will exhibit a somewhat greater relative (0,32 units greater) and 

absolute (0,01 units greater) error,  when compared to the weighted set of conformations. 

 

 
 

Figure 4.5: Mean absolute errors of predicted solute KOW values at T = 25 °C; 
Variable input parameter (x-achsis) is the octanol conformation; the dotted line 
shows the experimental average standard deviation conducted from [Harnisch 
1983]; ∑
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Another dependency can be found in the water content within the octanol-rich phase. In 

literature, the octanol-water system has often been subject to experimental examination 

[Buggert 2008] and therefore, different values can be found for the water content of the 

octanol-rich phase. Values can reach from xwater = 0,207 [Sörensen 1979] to xwater = 0,289 

[Dallas 1992]. In Fig. 4.6, the two mentioned values can approximately be depicted by 

columns 3 and 4. For the solute set and the octanol selection used for log K calculation, the 

average relative error shows clear dependency on the xwater value.  

 

 
 

Figure 4.6: Average relative errors of predicted solute KOW values at T = 25 °C; 
Average relative error  with k depicting the number of solute molecules i; 

%100logloglog
1

1

expexp ⋅−= ∑
=

−
k

i
ii

RSCOSMO
i KKK

k
δ  

 

 



79                                                                                                              Results & Discussion 

 
 

Figure 4.7: Comparison of COSMO-RS calculated and experimental KOW values 
(see Tables 4.6 and 4.7). Impact of the octanol conformation used to predicted 
solute KOW values at T = 25 °C. 

 

Looking at Fig. 4.7, it is possible to identify a single conformation that allows KOW prediction 

in the same mean absolute error range as if a conformation selection is being used. But on the 

other hand, it is also possible to choose a single conformation that will lead to a much higher 

mean absolute error (Fig. 4.6). Therefore, experimental data has to be consulted before the 

right single conformation can be chosen. As COSMO-RS calculations aim for prediction in 

order to avoid experimental effort, it becomes obvious that choosing a conformation selection 

is the superior and more reliable approach.  

4.1.3 Derivation of a conformation selection rule for solute and solvent molecules 

As has been shown in the section above, conformation selection has considerable effect on 

COSMO-RS calculation results regarding phase behaviour prediction. Investigations by 

Buggert et al. [Buggert 2009] and more recently by Mokrushina et al. [Mokrushina 2012] 



80                                                                                                              Results & Discussion 

have shown that conformations generated by molecular dynamic simulation methods will lead 

to yet unsurpassed K prediction quality. Still to date no well-established method exists to 

carry out such a selection in advance. Therefore, the way that has been chosen by the author 

relies on a principal selection procedure, which can be applied to any solute and solvent under 

consideration. The more complex issue of simulating the silica bound alkyl chains of the 

stationary phase and consequential approaches of molecule generation and conformation 

selection will be addressed in Section 4.2.1. The principal reason for a unified selection 

procedure is to guarantee comparability of all COSMO-RS calculations within a study or even 

between different studies. In the following, this procedure shall be explained and validated by 

reference to experimental data.  

4.1.3.1 Determining the moment of conformation selection with regard to the process step 

Before performing a conformation selection, one has to be aware of the fact that a selection of 

conformations can be done at three different stages within the calculation process:  

 

1. Selection by setting hard acceptance criteria: The first opportunity to select a set of 

conformers arises, when adequate acceptance criteria for the conformational analysis are 

being set. As explained in Section 3.2.1, HyperChem acceptance criteria can be set to reduce 

the number of found conformations. 

For molecule structures as they are used to simulate the stationary phase, HyperChem 

conformational analysis can consume up to several days on a Pentium 4 dual core processor 

and result in many hundreds of conformational structures. But if applying a universal analysis 

approach, in which comparability of all conformation sets is achieved by constant 

parameterisation, increased calculation time has to be accepted. Within the bounds of this 

work, with the exception of some more complex stationary phase structures, most molecules 

were of manageable complexity and therefore the calculation effort stayed acceptable. 

Variation of acceptance criteria is an effective way to limit the number of found 

conformations. Many authors have fallen back on this approach to create their initial sets of 

conformations.  

 

2. Selection by picking before DFT calculation: Another opportunity to choose a set of 

conformations is the conformation spectra itself, after being generated by HyperChem. Within 

such a conformational analysis, potential energy is assigned to every created molecule 

structure. This energy spectra can be used to select a fixed number of conformations by 

applying a constant selection procedure (Tab. 4.1). This approach can be used to complement 
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the method of constant acceptance criteria. Therefore, conformation number limitation to a 

final set is not done by changes in acceptance criteria but by a constant selection procedure 

after HyperChem conformational analysis. 

 

3. Selection by picking after DFT calculation: The third way 

to select a final set of conformations is resembled by the 

approach depicted in the previous section (Section 3.2.6, 

point 2). By passing the complete HyperChem output 

conformation set through the DFT geometry optimization 

step, a COSMO energy (ECOSMO) will be computed for 

every structure. The final set of conformations is then 

selected from the ECOSMO-spectra according to the procedure 

depicted in Section 3.2.6. A distinction between the 

conformations created by HyperChem and the DFT 

processed conformations can be found in the potential 

energy associated with the particular conformations. Fig. 

4.8 shows the ECOSMO-spectra output list when using the VB 

tool (Fig. 3.2), while Fig. 4.9 depicts the choice of 

conformations with equal energy interval according to 

Section 3.2.6, point 4. 

 

Figure 4.8: ECOSMO list of  
1-ocanal conformations 

 

4. All in: A fourth way to take all found conformations (without using hard acceptance 

criteria) is most reasonable but still limited in its practicability by a maximum number of 

conformations to be used within COSMO-RS calculations. To date this procedure is 

practicable for systems with small molecules and a manageable total number of 

conformations. 
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Figure 4.9: Plot of ECOSMO list from Fig.4.8;  
10 conformations highlighted for selection. 

 

With Figure 4.10, differences in HyperChem and DFT calculation results can be illustrated. 

As a result of HyperChem conformation analysis, conformations are named and numbered 

according to their potential energy calculated by HyperChem. While name and numbering is 

not changed, the energy of each conformation is recalculated under DFT boundary conditions. 

From Fig. 4.9 it can be seen that the list-position due to ECOSMO does not match with 

HyperChem numbering. Otherwise the x-axis difference between two consecutive red points 

would have to be constant. This demonstrates that results of potential energy calculation 

under vacuum conditions differ from DFT calculation results, while the overall tendency 

remains the same.  

A comparison of selection methods 2 and 3 can be depicted by using σ-profiles (see Fig 4.10). 

Profile 1 shows an average σ-profile of the 10 chosen conformations of Fig. 4.9 while profile 

2 shows an average σ-profile generated by 10 conformations chosen with constant energy 

intervals from the original HyperChem conformational analysis output list. 
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Figure 4.10: Sigma profile calculated from 1-octanal conformations. 
 

As can be seen from the figure above, both σ-profiles overlap over a broad range of their 

curve shape. This leads to very similar results in any further statistical COSMO-RS 

calculation steps. Therefore, regarding the example of 1-octanal, method 3 will not be able to 

significantly outperform method 2. 

Nevertheless, the author has chosen the latter approach and therefore selects the final set after 

all conformations have passed the DFT geometry optimization. Choosing conformations from 

an ECOSMO list is more meaningful due to the fact that the systems under investigation are 

present in liquid state and therefore should be better represented by a DFT calculation 

approach. Another great advantage lies in the fact that the whole conformation spectrum 

exists in the DFT processed state. Therefore, changing the “fixed” number of selected 

conformations will not require additional DFT calculation. Furthermore a complete 

conformation set is available to other researches via an internal data base.  

4.2 Development of reversed stationary phase modelling 

As has been shown in Section 2.3, several models exist in literature that aim to describe the 

complex behaviour stationary phases in HPLC. The hypothesis and tools behind the approach 

that will be developed, applied and validated in the following section can be found in detail in 

Sections 2.2.5 and 3. Basically, results given below shall give an answer to the following four 

questions: (i) is it possible to predict stationary phase behaviour with COSMO-RS 
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calculations combined with the use of pseudo-liquid molecules? (ii) if so, is there a standard 

procedure to create such pseudo molecules that will give an average good system prediction? 

(iii) where are limitations to this approach regarding reversed stationary phases and (iv) is it 

imaginable to chemically define new stationary phases from mere calculations based a-priori 

phase optimization?  

4.2.1 Development of pseudo-liquid molecules 

COSMO-RS calculation of the partition coefficient using a simulated pseudo-liquid phase was 

motivated from the perception, that over broad ranges, liquid chromatographic partition 

coefficients can be correlated to liquid-liquid partition coefficients. Tsukahara et al. 

[Tsukahara 1993] compared liquid-liquid solute partitioning between non-polar dodecane and 

a methanol-water mixture with solute retention data of a RP-HPLC system using an ODS 

column (TSK-gel ODS-120T; Tab. 3.3) with its silica surface bound unpolar C18 alkyl chains 

as quasi non-polar phase. As can be seen from Fig. 4.11, Tsukahara et al. has used the 

experimentally estimated partition coefficient (log Kexp,Tsukahara) of the dodecane–

methanol/water phase system to the k’-factor from chromatographic measurements (log k’exp) 

for comparative purpose.  As to the COSMO-RS calculations, a conformer selection of the 

dodecane molecule was used to simulate the non-polar phase and to predict the log K under 

equal system conditions. The polar phase was simulated with methanol and water molecules 

in analogy to experimental settings. The dodecane COSMO-RS predictions are in good 

agreement with results from Tsukahara et al. (Fig. 4.11). 
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Figure 4.11: Correlation between experimental log K, experimental log k’ and 
COSMO-RS predicted log K values of the dodecane-methanol/water and dodecanol - 
methanol/water systems at T = 25 °C. Experimental values were taken from 
[Tsukahara 1993]. Values see Tab. 4.8. 

 

With increasing solute polarity and therefore decreasing log K values, system simulation 

using dodecane shows increased deviation from the linear plot (Fig. 4.11). Experimental as 

well as COSMO-RS predicted log K values therefore show decreased compatibility with the 

assumed linear relationship between log K and log k’, as it is expressed in Eq. 2.56. 

According to Tsukahara et al., an upward deviation from the line implies that solutes with low 

hydrophobicity (i.e. the more polar ones) have a higher solubility in the stationary phase than 

in dodecane. This again leads to the conclusion that a stationary ODS phase has more polar 

characteristics than liquid dodecane.  
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Table 4.8: Experimental and COSMO-RS calculated log K values for a system consisting of 
dodecane and a methanol-water mixture at T = 25 °C; Water content xwater of the polar 
methanol-water phase is 0,2. Variable calculation input parameter is the solvent molecule; 
Experimental data taken from [Tsukahara 1993]; The relative error δ [%] is calculated as 
follows: )logloglog(%100[%] expexp

ii
RSCOSMO

i KKK −⋅= −δ  

Solvent Dodecane Dodecanol Decyldimethylsilanol 

Solute 
exp. 
logK 

logK δ / % logKOW δ / % logKOW δ / % 

2-Phenylethanol -0,78 -0,67 14,57 0,08 110,17 0,08 110,29 

Acetophenone 0,18 0,20 6,91 0,41 123,85 0,43 133,23 

Benzene 1,05 0,83 20,30 0,79 24,60 0,84 19,35 

Benzophenone 0,62 0,49 20,49 0,62 0,03 0,66 6,89 

Benzylalcohol -0,99 -0,62 37,06 0,04 104,36 0,04 104,16 

Chlorobenzene 1,12 0,89 20,82 0,85 24,41 0,91 19,18 

Decane 2,59 2,45 5,31 2,13 17,82 2,20 14,93 

Ethylbenzene 1,39 1,20 13,38 1,09 21,37 1,15 16,92 

Ethylphenylether 1,07 0,95 11,27 0,91 14,77 0,97 9,32 

Hexane 1,92 1,75 8,77 1,55 19,53 1,60 16,42 

Methyl benzoate 0,56 0,50 9,57 0,61 9,79 0,65 17,27 

Naphthalene 1,25 0,95 24,23 0,88 29,50 0,95 24,31 

Nitrobenzene 0,36 0,42 15,86 0,51 42,39 0,57 57,86 

Octane 2,23 2,10 6,02 1,83 17,88 1,90 14,87 

p-Dichlorobenzene 1,27 0,92 27,81 0,90 29,05 0,96 24,39 

p-Xylene 1,45 1,76 21,66 1,54 6,60 1,60 10,71 

Propyl benzoate 0,94 0,90 4,41 0,94 0,38 0,98 5,14 

Toluene 1,25 1,64 31,15 1,45 15,59 1,51 20,11 

Average relative error   16,64  34,00  34,74 
 

Tab. 4.8 show differences in the average relative error between log Kexp and log KCOSMO-RS 

due to different solvents being used for COSMO-RS calculation. As can be seen from Tab. 

4.8 and Fig. 4.12, best correlation between predicted and experimental log K values is reached 

when dodecane is used as solvent for calculation input. If solvent molecules that exhibit a 

more polar characteristica are use for prediction, a poorer correlation will result. This leads to 

the conclusion that COSMO-RS is sensitive to solvent polarity and experimental values 

generated with a non-polar solvent as dodecane will be best predicted, if an analogous 

molecule is being used for calculation. 
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Figure 4.12: Average relative error of predicted log Ki
COSMO-RS values for a LLE 

system consisting of dodecane and a methanol-water mixture at T = 25 °C; Water 
content xwater of the polar methanol-water phase is 0,2. Variable calculation input 
parameter is the solvent molecule. Experimental data was taken from [Tsukahara 
1993]. The average relative error with k (k=18) depicting the number of solute 
molecules is calculated as follows: %100)logloglog(
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Figure 4.13: Correlation coefficient between log Ki
COSMO-RS and Log k’i

exp values for 
a RP-HPLC system consisting of a stationary ODS phase and a methanol-water 
mobile phase at T = 25 °C; Water content xwater of the polar methanol-water phase is 
0,2; Experimental log ki’ data was taken from [Tsukahara 1993] 

 



88                                                                                                              Results & Discussion 

From Fig. 4.13 it becomes obvious that prediction of Log k’exp values give higher correlation 

coefficients, if solvents with polar character are used for simulation of elute-stationary phase 

interactions within the RP-HPLC system. This finding correlates with the conclusion of 

Tsukahara et al. that a stationary ODS phase exhibits more polar characteristics than 

dodecane. This result is further underpinned by the assumption that polar, not sufficiently 

shielded silanol groups bound to the surface of the silica support will interact with elutes 

[Gmehling 1998].  

Many authors also assume that organic modifier such as methanol or acetonitrile adsorb onto 

the stationary phase and therefore add polar characteristica to the stationary phase. 

In summary, analysis of Figures 4.11 to 4.13 leads to three different inferences: (i) COSMO-

RS is able to predict log K between liquid phases in good accordance to the experimental 

values over the complete solute polarity range. (ii) Dodecane as model-molecule is not fit to 

simulate all types of interactions within a chromatographic system. (iii) Using solvent 

molecules with polar characteristics, COSMO-RS is able to better model a reversed stationary 

phase than the liquid-liquid approach of Tsukahara et al.   

 

From conclusion (iii) comprehension was gained that COSMO-RS calculations along with 

appropriate solvent (pseudo-liquid) molecules are fundamentally capable to predict RP-

HPLC retention behaviour. 

 

The successional sections will give insight into pseudo-liquid molecule development and into 

the extent to which prediction of chromatographic systems is possible. 

4.2.2 Effect of pseudo-liquid molecule structure and composition on prediction quality 

As the approach of stationary phase simulation via pseudo-liquid molecules and successive 

COSMO-RS calculation has never been performed before, there are basically neither clues 

nor rules from literature to be found of how to create pseudo-liquid molecules. This section is 

therefore meant to present the way that has been pursued to find appropriate pseudo-liquid 

molecules which are fit to characterize the reversed phases under investigation. Here, 

particular attention has been devoted onto influence of molecule chain length, the degree of 

molecular branching, the utilisation of polar groups and the possibility of using a molecule set 

instead of a single pseudo-liquid molecule. As has been shown in the recent section, 

dodecanol is more suitable to represent a reversed phase chromatographic system with its 

polar interactions than a non-polar dodecane molecule. Therefore, within upcoming 

calculations, more preferably alcohols will be used as pseudo-liquid model molecules. 
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Furthermore, using a molecule made out of a C12 chain might not be ideal to represent a 

stationary phase that consists of surface bound C18 alkyl chains as interacting elements. 

Hence, Fig. 4.14 shows the influence of difference in pseudo-liquid molecule chain length on 

the prediction quality. 

 
 

Figure 4.14: Correlation coefficient between log Ki
COSMO-RS and log k’i

exp values for a 
RP-HPLC system consisting of a stationary ODS phase (Hypersil C18) and a 
acetonitrile-water mobile phase at T = 25 °C; Water content xwater of the polar 
acetonitrile-water phase is 0,75. Variable calculation input parameter is the pseudo-
liquid molecule used to simulate the reversed stationary phase. Experimental log ki’ 
data was taken from [Tan 1996] 

 

If compared to experimental values from a reversed phase system consisting of an aqueous 

mobile phase and an ODS stationary phase, increase in pseudo-liquid molecule chain length 

results into an increase in prediction quality, as can be seen in Fig. 4.14. It is further shown 

that the amount of prediction quality increase will diminish with growing alkyl chain length. 

This finding can be explained by the fact that one side of the alkyl chain is bound to the 

surface of the silica particles, partially inhibiting a liquid like movement of the chain. In other 

words, within a bound C18 alkyl chain, not all C atoms will have liquid like freedom of 

movement. Therefore, the interaction characteristica of a bound C18 chain could eventually 

be well resembled also by a shorter alkyl chain in liquid state. 

 

In Fig. 4.15, the pseudo-liquid molecule alkyl chain length is left constant, while the degree of 

branching is being varied. Fig. 4.15 is therefore aimed to depict the influence of branching 

onto the quality of prediction. 
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Figure 4.15: Correlation coefficient between log Ki
COSMO-RS and log k’i

exp values for 
RP-HPLC systems consisting of different stationary phase (see Tab. 3.2) and mobile 
phases, respectively; Temperature is set to T = 25 °C for all systems; Water content 
xwater within acetonitrile-water phase is 0,74 while xwater = 0,36 within both methanol-
water phases; Variable calculation input parameter is the pseudo-liquid molecule 
used to simulate the reversed stationary phase; Experimental log k’ data was taken 
from [Tan 1996] and [Tsukahara 1993] 

 

The quality of the prediction, expressed in terms of the correlation coefficient, is dependent 

on branching and position of the hydroxyl group within the pseudo-molecule, as can be seen 

from Fig. 4.15. Correlations between experimental log k’ data, using a methanol-water 

mixture as mobile phase and COSMO-RS calculated log K show little influence of the 

mentioned hydroxyl group positioning onto the quality of prediction. Own measurements 

were conducted using a YMC C18 column (see Tab. 3.2) under otherwise equal conditions. 

The obtained R² shows the same trend but with relatively smaller R² for 2-Silanoloctane and 

3-Silanoloctane. By contrast, if an acetonitrile-water mixture is being used as mobile phase, 

correlation between experimental and predicted values depends strongly on O-H positioning 

within the structure of the pseudo-liquid molecule.  

To simulate the stationary phase, it is also possible to use a combination of different pseudo-

liquid molecule structures instead of a single one. The number of possible combinations that 

can be thought of is rather vast and for means of simplicity, only a few combinations were 

considered and compared to experimental data. An example can be found in Fig. 4.15. Here, a 

combination of octane and trimethylsilanol structures was used in equal concentration to 

simulate the stationary phase. Quality of correlation was comparable to that of an 
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octyldimethylsilanol structure. Due to the fact that the sigma profiles of the equimolar 

molecule combination and the single molecule are close matches, this finding is not 

surprising. In summary it can be said that in average, best correlation coefficients along with 

simple configuration can be reached by using a terminal hydroxyl group within a single 

molecule structure.  

As influence of pseudo-molecule chain length and structure was explained in Figures 4.14 and 

4.15, the next figure is meant to depict the effect of varying pseudo-liquid molecule polarity 

onto R². 

 

 
 

Figure 4.16: Correlation coefficient between log Ki
COSMO-RS and log k’i

exp values for 
RP-HPLC systems consisting of different stationary phases and mobile phases, 
respectively; Temperature is set to  T = 25 °C for all systems; Water content xwater 
within acetonitrile-water phase is 0,74 while xwater = 0,36 within both methanol-water 
phases; Variable calculation input parameter is the pseudo-liquid molecule used to 
simulate the reversed stationary phase; Experimental log k’ data was taken from [Tan 
1996] and [Tsukahara 1993] 

 

The influence of change in pseudo-liquid polarity onto experimental k’ value prediction 

quality can be seen from Fig. 4.16. Except for the octyldimethylsilanol molecule which leads 

to relative constant R² values for all three systems under investigation, all other pseudo-liquid 

molecule structures examined show strongly differing correlation coefficients results. With 

increasing number of Si-bound hydroxyl groups, the polar character of the real 

chromatographic system will be overestimated by the COSMO-RS calculations and therefore 

lead to a decrease in R². Best average correlation to experimental data was reached, if the 

pseudo-liquid molecule merely holds a single terminal hydroxyl group. 
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A summarization of the findings from Figures 4.14 to 4.16 will lead to the conclusion that in 

average, a pseudo-liquid molecule consisting of an alkyl chain length equal to chain lengths 

within the real stationary phase and a terminal silanol group to express the polar interaction 

within the reversed phase system will lead to the most promising correlation coefficients. Fig. 

4.17 shows a schematic sketch of such a pseudo-liquid molecule deduction from the real 

phase model. 

 

 
 

Figure 4.17: Deduction of a pseudo-liquid molecule from stationary phase structural 
group;[Reithinger 2011] 

4.2.3 Effect of pseudo-liquid molecule conformation selection on prediction quality 

This section is meant to present the way that has been pursued to find an appropriate rule for 

pseudo-liquid molecule conformation selection as it has already been conducted for solute and 

solvent molecules (Section 4.1). As mentioned in Section 2.5, alkyl chains bound to a silica 

support can not be assumed to always exist in a linear shape while exhibiting an ideal fur-like 

surface character. This leads to the question of how to represent the reversed phase alkyl 

chain shape in terms of pseudo-liquid molecule conformation. As to the literature, deduction 

of bonded chain orientation and conformation from system parameters has not jet been 

achieved. Hence, a rule must be established that (i) allows for comparability of prediction 

results and (ii) gives constantly good prediction results, relative to a random conformation 

selection. 

Figures 4.18 and 4.19 show R² values for different octadecyldimethylsilanol conformations 

that were used to simulated experimental data acquired at different system conditions. 
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Figure 4.18: Correlation coefficient between log Ki
COSMO-RS and log k’i

exp values; 
Temperature is set to T = 25 °C; Variable calculation input parameter is the pseudo-
liquid molecule conformation; Experimental log k’ data was taken from [Tsukahara 
1993] 

 

 

 
 

Figure 4.19: Correlation coefficient between log Ki
COSMO-RS and log k’i

exp values; 
Temperature is set to T = 25 °C; Variable calculation input parameter is the pseudo-
liquid molecule conformation; Experimental log k’ data was taken from [Tsukahara 
1993] 

 

Both figures above show a consistent trend regarding R² values. Although correlation 

coefficients in Fig. 4.19 show a lower average, R² between 0,89 and 0,93 still witness a high 
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degree in correlation between predicted and experimental values. From Fig. 4.18 is becomes 

obvious that R² increases while the pseudo-liquid molecule linearity decreases. This finding 

might resemble the fact that the silica bonded alkyl chains under liquid chromatographic 

conditions will in average not show a linear geometry. A partly bend or collapsed stationary 

phase could therefore better be resembled by non-linear pseudo-liquid molecule 

conformations. 

4.2.4 Effect of active groups on prediction quality 

Silica bound alkyl chains can be modified with active groups. This is done to add a certain 

indented interaction character to the separation system. Reversed stationary phases that have 

been modified by a cyano or a phenyl group experience a wide range of applications in the 

field of RP-HPLC. To simulate a phase that has been modified by an active group it seems an 

obvious approach to proceed alike with the pseudo-liquid molecule. Therefore, an alcylsilanol 

molecule is extended by the appropriate active group. Fig. 4.20 shows the correlation between 

experimental Log k’ data and COSMO-RS calculated log K values for a separation system 

holding a cyano modified and a phenyl modified reversed phase, respectively. 

 

 
 

Figure 4.20: Correlation between log Ki
COSMO-RS and log k’i

exp values for RP-HPLC 
systems consisting of a cyano and a phenyl modified reversed phase, respective; 
Temperature is set to  T = 35 °C; Water content xwater within acetonitrile-water phase is 
0,8; Experimental log k’ data was taken from Croes et al. [Croes 2005]. 

 

Fig. 4.20 shows that COSMO-RS along with appropriate pseudo-liquid molecules, is capable 

of giving good a correlation to the experimental data. Still, quality of prediction is lower than 
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for pure alkyl reversed stationary phases. This could be explained by the fact that under real 

chromatographic conditions, an imaginable boundary layer between bulk mobile and 

stationary phase would exhibit a disproportional high ratio of active groups. This is due to 

active group positioning at the alkyl chain tips. Because COSMO-RS statistics, based log K 

calculation, cannot take geometric characteristica into account and might in turn lead to a 

certain misinterpretation of the real system. 

4.2.5 Expansion of the linear dependency between log k’exp und log KCOSMO-RS 

Based on Eq. 2.56, correlation of experimental retention factors ki’ with calculated Ki give 

regression lines that exhibit an axis intercept Φ (phase ratio) and a slope = 1. As a result of 

this, a known phase ratio would lead to a direct correlation between calculated log K values 

and experimental log k’ factors. However, comprehensive screening shows varying slopes of 

regression lines depending on the phase system setup. Fig. 4.21 depicts the dependence of the 

regression line slope onto the type of organic modifier as well as onto the used reversed 

stationary phase.  

 

 
 

Figure 4.21: Correlation between log Ki
COSMO-RS and log k’i

exp values for RP-HPLC 
systems consisting of different stationary phases and mobile phases, respectively; 
Temperature is set to  T = 25 °C for all systems; Water content xwater within 
acetonitrile-water phase is 0,74 while xwater = 0,36 within both methanol-water phases; 
Experimental log k’ data was taken from [Tan 1996] and [Tsukahara 1993] 

 

As can be seen from the underlined values in Fig. 4.21, for given changes in organic modifier 

and stationary phase, the regression line slope varies between 0,69 and 0,77. Because of this 
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finding, the logarithmized Eq. 2.56 was extended by a parameter a (slope a). The following 

correlation will result from the extension. 

φαβ LogLogKaLogk RSCOSMOii +⋅= −,
'  (4.1) 

The combination of both parameters, a and log K holds the entire thermodynamic information 

of the simulated separation system, while Φ characterizes other system parameters. Φ is 

amongst others a function of size and geometry of silica particles, stationary phase particle 

density within the column and alkyl ligand density and length. From literature [Jandera 1982]; 

[Sandi 2000] it becomes obvious that due to this great diversity of influencing parameters, 

phase ratio determination is not straightforward. Nevertheless, a rough estimation by 

Tsukahara et al. who considers a column packed with ODS, gives an approximate value of Φ 

= 0,2 (log Φ = -0,7). An average of the y-axis intercepts of Fig. 4.21 equations results in a 

value of log Φ = -0,8. This value comes rather close to the estimated phase ratio.   

 

If one considers the underlined slopes within Fig. 4.21, it becomes obvious that the real 

separating system which is expressed by the log k’ values merely corresponds with about 2/3 

of the sensitivity onto the elute interaction potential than the COSMO-RS calculated log K 

values do. Hence, hereafter, parameter “a” shall be referred to as sensitivity parameter. 

Differences in polarity between both auxiliary phases could be a possible explanation for the 

necessity of this parameter. While stationary phase polarity increases due to incorporation of 

organic modifier, mobile phase polarity can still be considered as constant. The resulting 

decrease in polarity between both phases will lead to a decreased difference in Gibbs energy 

changes between two elutes i and j. This in turn leads to a compression in the log K scale and 

therefore could explain observed values of a < 1. The just mentioned remarks identify 

parameter a as an empirical parameter that has to be adapted to the separation system under 

investigation. 

Calculated log KCOSMO-RS values within Fig. 4.22 are identical with the values already shown 

in Fig. 4.21. Additionally, parameter a and the phase ratio (y-intercept) were taken from Fig. 

4.21 to calculate log k’ values according to Eq. 4.1. As can be perceived from Fig. 4.22, 

known parameter a and phase ratio lead to direct comparability between experimental and 

COSMO-RS calculated values. Due to its independence from parameter a and phase ratio, this 

recalculation has no influence on the correlation coefficient R². 
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Figure 4.22: Correlation between a * log Ki
COSMO-RS + Φ  and Log k’i

exp values with 
 a = 0,69 and Φ = 0,8;. Values were taken from regression line equation depicted in 
Fig. 4.21; T = 25 °C; Water content xwater within methanol-water phase is 0,36; For 
stationary phase simulation octadecyldimethylsilanol was used as pseudo-liquid 
molecule; Experimental log k’ data was taken from Tsukahara et al. [Tsukahara 
1993] 

 

4.2.6 Application of a pseudo-liquid molecule on different stationary C18 phases 

In Section 4.1.3, experimental conditions were held constant to examine the prediction 

qualities of different pseudo-liquid molecules. In the section at hand, COSMO-RS calculation 

settings remained unchanged while different experimental conditions were varied by 

exchanging the used reversed stationary phases. All used phases consisted of silica bound C18 

alkyl chains. Reversed phase properties can be found in Tables 3.2 to 3.5. Correlation results 

are depicted in Fig. 4.23. 
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Figure 4.23: Correlation between log Ki
COSMO-RS and log k’i

exp values; T = 40 °C; 
Elute set consists of 26 different elutes i; For stationary phase simulation, 
octadecyldimethylsilanol is used as pseudo-liquid molecule; Experimental log k’ 
data was taken from [Kaliszan 1999] 

 

Using octadecyldimethylsilanol to simulate the stationary phase leads to a good correlation 

with experimental values for all C18 reversed stationary phases depicted in Fig. 4.23. 

Hypersil C18, XC18 and NuC18 phases show almost identical R² values of about 0,92. The 

TPW reversed phase reveals a deviation towards a lower R² value. This might be explained by 

the fact that all phases except the TPW phase have been endcapped. That means that during 

production process, accessible residual silanol groups on top of the silica surface were 

replaced by trimethylsilyl groups. TPW has not undergone endcapping and therefore will 

deviate in the number of elute accessible polar silanol groups. 

Another implication of Fig. 4.23 results concerns the resolving capacity of the COSMO-RS 

based k’ prediction approach itself:  Reversed stationary phases like Hypersil C18, XC18 and 

NuC18 show experimental value accordance within such a close range that differences of 

physical properties between these stationary phases cannot be resolved by COSMO-RS 

prediction. In other words, the COSMO-RS prediction approach presented within this work is 

not yet capable to differ between these closely related stationary phases. 

4.2.7 Prediction of the separation factor  

The feasibility of a two compound separation operation can be estimated by the separation 

factor αij (Section 2.1.3). αi,j is defined as the ratio of the two partition coefficients Ki and Kj 

within the same separation system.  
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Eq. 2.56 and Eq. 2.8 lead to the following relationship between α, the capacity factor k’ and 

the partition coefficient K: 

'

'

j

i

j

i
ij k

k

K

K ==α  (4.2) 

Therefore αij is independent of the system phase ratio and can be described in terms of 

compound interaction strengths within the separation system under investigation. If Eq. 4.2 is 

considered, the COSMO-RS based model is able to predict separation factors by using a-

priori calculated partition coefficients along with the sensitivity parameter a, only. 

 

 
 

Figure 4.24: Correlation between log αi,j
COSMO-RS and log αi,j

exp values; T = 25 °C; 
Water content xwater within methanol-water phase is 0,6; For stationary phase 
simulation, trimethylsilanol was used as pseudo-liquid molecule; Experimental log 
k’ data was taken from own measurements on an YMC C1 and an YMC C8 column, 
respectively 
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Table 4.9: Experimental and COSMO-RS calculated log αij values; T = 25 °C; Water content 
xwater of the methanol-water phase is 0,4; Experimental data was taken from own 
measurements; The relative error δ [%] is calculated as follows: 

)logloglog(%100[%] expexp
ijij

RSCOSMO
ij αααδ −⋅= −  

Stationary phase C1 C8 

Solute 
Exp. 

log ai,j 
Calc. 
log ai,j 

δ / % 
Exp. 

log ai,j 
Calc. 
log ai,j 

δ / % 

1,2-Dichlorobenzene 0,96 1,20 24,43 1,23 1,14 6,93 

1,3-Dichlorbenzol 1,00 1,23 22,25 1,31 1,15 12,61 

3-Cyanopiridine 0,00 0,00 0,00 0,00 0,00 0,00 

3-phenyl-1-propanol 0,56 0,56 1,17 0,75 0,70 6,68 

4-Methylpyridine    0,49 0,43 11,20 

4-Nitrophenol 0,38 0,46 20,27    

Acetophenone 0,46 0,46 1,72 0,65 0,55 14,48 

Anisole 0,62 0,88 43,73 0,91 0,89 2,63 

Benzaldehyde 0,40 0,41 1,86 0,60 0,49 17,88 

Benzylalkohol    0,49 0,15 68,52 

Bromobenzene 0,84 0,90 6,08    

Cholobenzol 0,81 1,03 27,63 1,09 1,02 6,58 

Cumol 1,13 1,41 24,77 1,40 1,40 0,19 

Ethylenbenzoate 0,84 0,92 9,37 1,01 0,94 6,90 

Fluorobenzene    0,93 0,87 7,06 

Indazole 0,36 0,24 32,02    

m-Xylene    1,29 1,29 0,21 

Naphtalene 0,93 1,17 26,49 1,20 1,07 10,52 

o-Toluidine    0,58 0,39 33,50 

o-Xylene 0,95 1,22 27,99 1,27 1,24 2,21 

p-Kresol 0,44 0,73 64,30 0,66 0,33 49,84 

p-Xylene 0,99 1,29 29,24 1,30 1,31 1,05 

Propiophenone 0,66 0,68 3,79    

Propylbenzol    1,42 1,44 0,87 

Pyridine 0,18 0,16 11,33 0,23 0,31 35,73 

Average relative error   19,92   14,08 
 

Tab. 4.9 depicts experimental and COSMO-RS predicted values as well as the associated 

relative errors. When the relative error is calculated parameter a assumed to be 1. This leads 

to an increase in error a deviating from 1 as it is the case in Tab. 4.9. Even so, several of the 

elutes under investigation show a relative error < 10 %. This leads to the assumption that 
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COSMO-RS prediction is capable of retention factor estimation even without knowing any 

empirical parameter. 

4.3 Extension of stationary phase modelling onto normal phases 

 A normal phase HPLC system (NP-HPLC) will show an inversion of the polarity distribution 

if compared to an RP-HPLC system. The silica matrix holds polar silanol groups while the 

mobile phase consists of non-polar medium.  

In the context of a model expansion onto such a system with inversed polarity the question is: 

Does the pseudo-liquid molecule approach appropriate for NP-HPLC system simulation? 

Fig. 4.25 depicts experimental data on a normal phase system using a YMC silica column and 

calculated log K values using three different pseudo-liquid molecules.  

 

 
 

Figure 4.25: Correlation between log Pi
COSMO-RS and Log k’i

exp values; T = 30 °C; 
Mobile phase consists of pure cyclohexane; Elute set consists of 13 different elutes 
i; For stationary phase simulation, methylsilantriol, dimethylsilandial and 
trimethylsilanol are used as pseudo-liquid molecules, respectively. Log k’ and log K 
was generated within the framework of a seminar paper by Ulrich Schreieder 

 

Fig. 4.25 shows no existing correlation between experimental and calculated values. This 

result could be explained by the fact that there is no layer of bound alkyl chains on top of the 

silica particles. Therefore, the assumption of a pseudo-liquid stationary phase can be regarded 
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as obsolete for normal phases. In this way, results depicted in Fig. 4.25 are suited to underpin 

the working hypothesis of pseudo-liquid reversed stationary phases. 

4.4  Log k’ prediction via QSPR method by using σ σ σ σ-moments  

One approach to predict retention factors in HPLC are so-called QSPR (Quantitative Structure 

Property Relationships) methods (Section 2.3.3.1). Unlike the COSMO-RS approach, these 

methods use structural descriptors Mi
X to describe characteristics of molecules. Additional to 

these descriptors, several empirically fitted variables ci (QSPR-coefficients) are required that 

hold physio-chemical properties of the separation system under examination. 

Fig. 4.26 shows experimental Log k’ over calculated Log k’ values. 

 

 
 

Figure 4.26: Correlation between Log k’i
QSRR and Log k’i

exp values for RP-HPLC 
systems consisting of a methanol-water and a acetonitrile-water mobile phase, 
respectively; Temperature is set to  T = 35 °C; Water content xwater within 
acetonitrile-water phase is 0,8 while xwater = 0,6 within the methanol-water phase; 
Reversed stationary phase consist of a Restek C8 phase; Experimental log k’ data 
was taken from Croes et al. [Croes 2005] 

 



103                                                                                                              Results & Discussion 

As can be seen from Fig. 4.26, the QSRR approach is capable to directly calculate Log k’ 

values by fitting of variables ci. The following equation depicts the fitting variables used to 

calculate values shown in Fig. 4.26. 

( ) ( ) ( ) ( )donacci MMMMLogk ⋅−+⋅−+⋅−+⋅+−= 0156,00134,00023,00076,03709,0 20
'  (4.3) 

M0 stands for COSMO surface area of the elute. M1 represents the negative of the total solute 

charge while M2 represents the correspond to the negative of the electrostatic interaction 

energy of the elute with a dielectric continuum. Macc/don are used to quantify the ability of the 

solute to interact as acceptor and donor, respectively. 

Fig. 4.26 shows good correlation between experimental and calculated values and therefore 

confirms the ability of log k’ prediction by implementing COSMO calculated σ-moments into 

a QSRR approach.  

Within the research project at hand, both, the pseudo-liquid molecule approach (Section 4.2) 

and the σ-moment based prediction approach (Section 2.4.5) were developed and applied for 

the first time. 
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4.5 Overview of retention prediction models and prediction methods 

Due to extensive research of literature on liquid chromatography in general, an overview of 

applied retention models and prediction methods was gained. 

Relations between some of the retention models found in literature are condensed in Fig. 4.27. 

 

 
 

Figure 4.27: Overview of methods and models used to describe and predict elute retention 
behaviour in liquid chromatography 
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The next few lines shall serve as brief description of the prediction approaches that are 

depicted in Fig. 4.27. Regarding the prediction of retention behaviour within chromatographic 

systems, basically five main approaches can be identified.  

 

The first approach tries to establish relationships between numerical and physio-chemical 

molecule properties. These approaches are globally labelled as QSAR or QSPR (see Section 

2.3.3). The QSRR developed in Section 2.3.3.1 can also be classified as QSPR. Generally 

QSRR use numerical elute properties to deduce their chromatographic retention behaviour 

which is commonly expressed via Log k’ values (see Section 2.4.5).  So-called MCI’s 

(molecular connectivity indices) [Kier 1986]; [Randic 1975] can be seen as an example of 

such numerical measures. 

 

Other authors correlate the octanol-water partition coefficient (log POW) with experimental log 

k’ values (see Section 4.2.1) or describe log k’ via LSER based Abraham parameter (Section 

2.3.3.5). Another method employs quantum chemical calculations to derive non-empirical 

molecule descriptors. This also includes the σ-moments approach described in Section 2.4.5. 

Users of the COSMO/COSMO-RS program package are therefore given the chance to 

develop a QSRR prediction method. 

Basically all QSRR require variables that must then be fitted to the system under investigation 

and this circumstance leads to great deficits when is comes to extrapolation towards new 

separation systems.  

 

The second main approach is based on the consideration that ∆Gj contributions of single 

molecule structure elements are additive [Martin 1950b]. Hence Eq. 2.85 leads to a 

correlation between structure element contributions and the partition coefficient. This class of 

free-energy relationships (LFER, see Section 2.3.3.4) includes methods such as CLOGP and 

the Linear Solvent Energy Relationships (Section 2.3.3.5). LFER methods will also encounter 

a draw back due to the necessity of parameter fitting for the great number of possible 

structural groups. 

 

Another path towards partition coefficient prediction via ∆Gj estimation is offered by 

Molecular Dynamics (MD) and Monte Carlo (MC) calculations. Due to the rapid increase in 

calculating power, these methods are increasingly becoming the focus of scientific attention. 
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Group Contribution Models (GCM) can be mentioned as a fourth group within the field of 

separation prediction approaches. The most prominent out of this group is the UNIFAC model 

(see Section 2.3.2.3). Within these models, ∆Gj is calculated via pair wise interacting surface 

segments. This leads to the necessity of empirical interaction parameters for every possibly 

thinkable pair of molecule segments. Interaction parameters can be estimated from 

experimental data. Due to the fact that the interaction parameter matrix is still incomplete, 

UNIFAC is not yet able to calculate arbitrary molecule combinations. 

 

The fifth prediction approach comprises the continuum models with COSMO boundary 

conditions and the application of statistical thermodynamics via COSMO-RS and finds its 

application within this work (see Section 2.4.4). 
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5 Résumé 

The basic work hypothesis of using pseudo liquid molecules, has been found to be an 

adequate tool to describe the interaction behaviour of silica bound alkyl chains within a 

system of mobile phase and dissolved elute molecules. This conclusion rests upon a step-by-

step investigation of different prediction model aspects as it has been conducted within the 

work at hand. Aspect associated results shall briefly be summarized below.  

 

Investigation of a dodecane - methanol/water system and comparison to a chromatographic 

system (Section 3.2.1) led to the conclusion that COSMO-RS is sensitive to solvent polarity 

and that experimental values generated with a non-polar solvent (e.g. dodecane) will be best 

predicted, if an analogous molecule is being used for calculation. From these first findings, 

comprehension was gained that COSMO-RS calculations along with appropriate solvent 

(pseudo-liquid) molecules are fundamentally capable of predicing RP-HPLC retention 

behaviour. It was further found that application of molecules structures with polar 

characteristics facilitate COSMO-RS to better model a reversed stationary phase than the 

liquid-liquid approach of Tsukahara et al. [Tsukahara 1993]. 

Regarding the fact that a single molecule structure can be present in different conformations, 

it has been shown in Section 4.1 that conformation selection has great influence on the 

calculation outcome. For any computational system description, this implies the need of 

implementing conformation selection rules. Further it is necessary to guarantee comparability 

of all COSMO-RS calculations within a study. Therefore, the way that has been chosen by the 

author relies on a principal selection procedure, which can be applied to any molecule under 

consideration. As can be seen from Figures 4.15 and 4.16 and if compared to experimental 

data, sets of selected conformations will lead to equivalent or higher prediction qualities 

(smaller errors) than single conformations. In Fig. 4.18 and Fig. 4.19 it has further been 

shown that stationary phases under aqueous system conditions could better be resembled by 

non-linear pseudo-liquid molecule conformations. 

Another subject under investigation was the effect of pseudo-liquid molecule structure and 

composition on prediction quality. Findings in Sections 4.2.2 to 4.2.4 led to the conclusion 

that in average, a pseudo-liquid molecule, consisting of an alkyl chain length equal to chain 

lengths within the real stationary phase and a terminal silanol group to express the polar 

interaction within the reversed phase system, will lead to the most promising correlation 

coefficients with experimental data. Further, is has been shown that the COSMO-RS model 
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along with pseudo-liquid molecules that have been supplemented with appropriate active 

groups is capable, to give good correlation to experimental data (Section 4.2.4). 

Limits of the prediction approach have been investigated by using reversed stationary phases 

with close physical charateristica. As can be seen from Section 4.2.6, the COSMO-RS 

prediction approach presented within this work is not yet capable to differ between closely 

related stationary phases. 

Within most correlations between calculated log K and experimental log k’ values, the 

regression line slopes were found to be different from 1, while depending on the type of 

organic modifier as well as onto the used reversed stationary phase. Therefore, an empirical 

parameter had to be introduced. From Fig. 4.24 and Tab. 4.9 it can be perceived that the 

knowledge of merely two empirical parameters (parameter a and phase ratio Φ) lead to direct 

predictability of experimental log k’ data. In case of selectivity calculation (Section 4.2.7), the 

phase ratio will drop out of the equation, leaving parameter a as sole empirical quantity within 

the COSMO-RS prediction method. Further it can be seen from Tab. 4.9, even though 

parameter a is disregarded by setting it to be equal to 1, several of the elutes under 

investigation show a relative error < 10 %. This leads to the assumption that COSMO-RS 

prediction is capable of retention factor estimation even without knowing any empirical 

parameter.  

Summarising the above, it can be said that the pseudo liquid molecule based prediction 

approach enables an a-priori choice of appropriate phases for chromatographic separation 

systems. Furthermore it is a tool to guide chemists how to synthesize new stationary phases. 

 

An extension of the pseudo liquid molecule based prediction approach onto normal stationary 

phases was not crowned by success (Section 4.3) while log k’ prediction via an σ-moments 

based QSRR method (Section 4.4) led to good correlation between experimental and 

calculated values. The ability of log k’ prediction by implementing COSMO calculated σ-

moments into a QSRR approach can hence be view as confirmed. 

Finally, Section 4.5 gives a brief overview of retention models and prediction methods 

applied in liquid chromatography. During an extensive literature research, data was tracked 

down, compiled and finally condensed into a compact and lucid sketch (Fig. 4.27). 
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7 Appendix 

A-1 Modelling results 

Tab. A-1: Mean absolute errors of predicted solute KOW values at T = 25 °C; Variable input 
parameter (x-achsis) is the octanol conformation; the dotted line shows the experimental 
average standard deviation conducted from [Harnisch 1983]; ∑

=

−−=∆
k

i

RSCOSMO
ii KK

k 1

exp loglog
1  

Conformation Mean absolute error 
Selection (weighted) 0,32 

Selection (non-weighted) 0,33 

Conformation 1 0,35 

Conformation 7 0,34 

Conformation 16 0,38 

Conformation 23 0,46 

Conformation 33 0,33 

Conformation 39 0,32 

Conformation 46 0,33 

 

 

Tab. A-2: Average relative errors of predicted solute KOW values at T = 25 °C; Average 
relative error with k depicting the number of solute molecules i; 

%100logloglog
1

1

expexp ⋅−= ∑
=

−
k

i
ii

RSCOSMO
i KKK

k
δ  

Average relative error of KOW [%] Water content xwater 
15,22 0 

13,72 0,1 

12 0,2 

9,99 0,3 

7,58 0,4 

5,82 0,5 

6,07 0,6 

8,67 0,7 

16,16 0,8 
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Tab. A-3: Values of the correlation coefficients between log Ki
COSMO-RS and Log k’i

exp values 
for a RP-HPLC system consisting of a stationary ODS phase and a methanol-water mobile 
phase at T = 25 °C; Water content xwater of the polar methanol-water phase is 0,2; 
Experimental log ki’ data was taken from [Tsukahara 1993] 

Name of molecule structure Correlation coefficient R² 
Dodecane 0,84 

Dodecanol 0,91 

Dodecyldimethylsilanol 0,96 

 

 

Tab. A-4: Values of the correlation coefficients between log Ki
COSMO-RS and log k’i

exp values 
for a RP-HPLC system consisting of a stationary ODS phase (Hypersil C18) and a 
acetonitrile-water mobile phase at T = 25 °C; Water content xwater of the polar acetonitrile-
water phase is 0,75. Variable calculation input parameter is the pseudo-liquid molecule used 
to simulate the reversed stationary phase. Experimental log ki’ data was taken from [Tan 
1996] 

Name of molecule structure Correlation coefficient R² 
Methanol 0,75 

Ethanol 0,81 

Butanol 0,84 

Octanol 0,85 

Decanol 0,86 

Tetradecanol 0,87 

Octadecanol 0,88 

 

 

Tab. A-5: Values of the correlation coefficients between log Ki
COSMO-RS and log k’i

exp values 
for RP-HPLC systems consisting of different stationary phases and mobile phases, 
respectively; Temperature is set to T = 25 °C for all systems; Water content xwater within 
acetonitrile-water phase is 0,74 while xwater = 0,36 within both methanol-water phases; 
Variable calculation input parameter is the pseudo-liquid molecule used to simulate the 
reversed stationary phase; Experimental log k’ data was taken from [Tan 1996] and 
[Tsukahara 1993] 

Name of molecule structure Correlation coefficient R² 
 Hypersil C8 ODS-120T YMC C8 

Octyldimethylsilanol 0,91 0,92 0,93 

2-Silanoloctane 0,53 0,87 0,72 

3-Silanoloctane 0,33 0,84 0,57 

Octane+Trimethylsilanol 0,89 0,93 0,94 
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Tab. A-6: Values of the correlation coefficients between log Ki
COSMO-RS and log k’i

exp values 
for RP-HPLC systems consisting of different stationary phases and mobile phases, 
respectively; Temperature is set to  T = 25 °C for all systems; Water content xwater within 
acetonitrile-water phase is 0,74 while xwater = 0,36 within both methanol-water phases; 
Variable calculation input parameter is the pseudo-liquid molecule used to simulate the 
reversed stationary phase; Experimental log k’ data was taken from [Tan 1996] and 
[Tsukahara 1993] 

Name of molecule structure Correlation coefficient R² 
 Hypersil C8 ODS-120T YMC C8 

Octyldimethylsilanol 0,88 0,92 0,92 

Octylmethylsilandiol 0,66 0,85 0,79 

Octylsilantriol 0,13 0,59 0,21 

Octanonsilanol 0,53 0,89 0,59 

Octansilanacid 0,6 0,877 0,78 

 

 

Tab. A-7: Values of the correlation coefficients between log Ki
COSMO-RS and log k’i

exp values; 
Temperature is set to T = 25 °C; Variable calculation input parameter is the pseudo-liquid 
molecule conformation; Experimental log k’ data was taken from [Tsukahara 1993] 

Conformation Correlation coefficient R² 

 
Methanol/water 

40/60 vol-% 
Methanol/water 

80/20 vol-% 
Conformation selection 0,933 0,942 

Conformation 001 0,932 0,941 

Conformation 034 0,933 0,942 

Conformation 119 0,938 0,949 

Conformation 530 0,943 0,953 

Conformation 602 0,944 0,956 

 

Tab. A-8: Values of the correlation coefficients between log Ki
COSMO-RS and log k’i

exp values; 
Temperature is set to T = 25 °C; Variable calculation input parameter is the pseudo-liquid 
molecule conformation; Experimental log k’ data was taken from [Tan 1996] 

Octadecyldimethylsilanol conformation Correlation coefficient R² 

Conformation selection 0,895 

Conformation 001 0,894 

Conformation 034 0,895 

Conformation 119 0,915 

Conformation 530 0,921 

Conformation 602 0,928 
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Tab. A-9: Log Ki
COSMO-RS and log k’i

exp values for RP-HPLC systems consisting of a cyano and 
a phenyl modified reversed phase, respective; Temperature is set to  T = 35 °C; Water 
content xwater within acetonitrile-water phase is 0,8; Experimental log k’ data was taken from 
Croes et al. [Croes 2005]. 

 Cyano phase Phenyl phase 

Solute log k’exp log KCOSMO-RS log k’exp log KCOSMO-RS 
1,3-Dinitrobenzene 0,49 1,70 0,45  

1,4-Nitrotoluene 0,47 1,83 0,39 1,85 

p-Xylene 0,61 2,26 0,52 2,50 

Bromohexane 0,86 2,40 0,71 2,70 

Bromopentane 0,69 2,12 0,57 2,37 

Bromopropane 0,35 1,55 0,28 1,72 

Chloro-4-nitro-benzene 0,50 1,89 0,42 1,79 

Methoxynaphthalene 0,75 2,33 0,62 2,45 

Methylnaphthalene 0,79 2,34 0,65 2,53 

Nitrobutane 0,25 1,72 0,21 1,68 

Nitrohexane 0,59 2,29 0,50 2,33 

Nitronaphthalene 0,68 2,02 0,56 2,00 

Nitropentane 0,42 2,01 0,36 2,01 

Nitropropane 0,06 1,43 0,05 1,35 

Acetanilide -0,12 1,03 -0,16 0,83 

Acetophenone 0,07 1,27 0,09 1,33 

Anisole 0,33 1,74 0,27 1,81 

Anthracene 1,01 2,56 0,84 2,72 

Benzaldehyde 0,14 1,17 0,06 1,19 

Benzene 0,32 1,67 0,26 1,79 

Benzonitrile 0,22 1,27 0,15 1,24 

Biphenyl 0,68 2,42 0,54 2,59 

Butylphenylether 0,83 2,67 0,67 2,91 

Chlorobenzene 0,49 1,92 0,41 2,03 

Dimethoxybenzene 0,32 1,76 0,23 1,79 

Ethylacetate -0,15 1,04 -0,22 1,10 

Ethylbenzene 0,62 2,21 0,52 2,44 

Ethylbenzoate 0,47 1,88 0,34 2,04 

Fluorobenzene 0,35 1,68 0,29 1,78 

Iodobenzene 0,64 2,12 0,51 2,24 

Methylbenzoate 0,31 1,63 0,20 1,71 

Naphthalene 0,67 2,10 0,56 2,24 

Nitrobenzene 0,32 1,62 0,27 1,57 

Pentylacetate 0,41 1,92 0,28 2,12 

Phenanthrene 0,98 2,50 0,83 2,65 

Phenylacetate 0,25 1,45 0,17 1,41 

Propylacetate 0,05 1,36 -0,04 1,47 
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Tab. A-10: Log Ki
COSMO-RS and log k’i

exp values for RP-HPLC systems consisting of different 
stationary phases and mobile phases, respectively; Temperature is set to  T = 25 °C for all 
systems; Water content xwater within acetonitrile-water phase is 0,74 while xwater = 0,36 within 
both methanol-water phases; Experimental log k’ data was taken from [Tan 1996] and 
[Tsukahara 1993] 

Hypersil C18 – acetonitrile/water 50/50 vol-% [Tan 1996] 

Solute 
log 
k’exp 

log KCOSMO-

RS 
Solute 

log 
k’exp 

log KCOSMO-

RS 
2-Butanone 0,64 -0,29 Mesitylene 1,10 2,43 

2-Hexanone 1,29 0,18 Methylbenzoate 0,34 1,14 

2-Nonanone 2,22 0,86 Methylenechloride 0,13 0,79 

2-Phenyl ethanol 0,69 -0,15 n-Butylbenzene 1,33 2,64 

3-Phenyl propanol 0,92 0,00 n-Heptylcyanide 0,78 1,83 

Acetone 0,25 -0,55 n-Hexylacetate 0,69 2,08 

Acetophenone 0,81 0,13 n-Hexylcyanide 0,56 1,52 

Anisole 1,28 0,40 Nitrobenzene 0,31 0,95 

Benzene 1,37 0,45 n-Nitrobutane 0,28 1,21 

Benzophenone 1,36 0,69 n-Nitropentane 0,49 1,53 

Benzylalcohol 0,51 -0,26 n-Nitropropane 0,06 0,88 

Biphenyl 1,91 1,04 n-Octylcyanide 1,01 2,14 

Butanal 0,82 -0,09 n-Propionitrile -0,32 0,19 

Chlorobenzene 1,56 0,66 n-Propylbenzene 1,10 2,33 

Chloroform 1,36 0,37 n-Propylformate 0,02 0,86 

Cyclopentanone 0,66 -0,28 n-Valeronitrile 0,11 0,89 

Dioxane 0,27 -0,66 nn-Dibutylformamide 0,33 1,61 

Ethylbenzene 2,02 0,87 nn-Diethylformamide -0,56 0,49 

Ethylbutyrate 1,53 0,34 nn-Dimethylacetamide -0,99 0,01 

Ethylpropionate 1,20 0,11 nn-Dimethylformamide -1,02 -0,26 

Fluorobenzene 1,29 0,46 o-Cresol 0,08 0,96 

Hexanal 1,44 0,38 o-Nitrotoluene 0,48 1,21 

Hexanol 1,47 0,08 p-Chlorophenol 0,12 0,74 

lodobenzene 1,73 0,83 p-Chlorotoluene 0,88 1,91 

m-Cresol 0,88 0,03 p-Cresol 0,03 0,87 

p-Xylene 0,88 2,09 p-Dichlorobenzene 0,89 1,77 

Phenol 0,13 0,54 p-Ethylphenol 0,22 1,18 

Propiophenone 0,39 1,20 p-Nitrotoluene 0,51 1,24 
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Tab. A-11: Continuation of  Tab. A-10 
ODS-120T – methanol/water 80/20 vol-% [Tsukahara 1993] 

Solute log k’exp log KCOSMO-RS Solute log k’exp log KCOSMO-RS 
2,2,4-Trimethylpentane 0,41 1,77 Ethyl acetate -0,62 0,53 

2-Phenylethanol -0,60 0,16 Ethylbenzene -0,02 1,24 

4-Methyl-2-pentanone -0,49 0,76 Ethylphenylether -0,18 1,07 

Acetanilide -0,72 -0,09 Heptane 0,41 1,83 

Acetophenone -0,51 0,52 Hexane 0,27 1,67 

Benzene -0,26 0,91 Methyl benzoate -0,35 0,75 

Benzonitrile -0,60 0,44 Naphthalene -0,02 1,05 

Benzophenone -0,24 0,80 Nitrobenzene -0,43 0,66 

Benzylalcohol -0,70 0,12 Octane 0,55 1,99 

Butanone -0,70 0,42 p-Dichlorobenzene -0,03 1,06 

Butyl acetate -0,38 0,88 p-Xylene 0,04 1,67 

Chlorobenzene -0,15 0,99 Phenylacetonitrile -0,68 0,24 

Decane 0,82 2,30 Propyl benzoate -0,13 1,10 

 

ODSYMC C18 – methanol/water 80/20 vol-% [own measurements] 

Solute log k’exp log KCOSMO-RS Solute log k’exp log KCOSMO-RS 
1,3-dichlorbenzene 0,08 1,11 Ethylbenzoate -0,22 0,90 

3-Cyanopyridine -1,23 -0,04 Fluorobenzene -0,30 0,83 

3-Phenylpropanol -0,48 0,28 m-xylene 0,06 1,26 

Acetophenone -0,58 0,52 Naphthalene -0,03 1,04 

Anisole -0,32 0,85 o-Toluidine -0,65 0,35 

Benzaldehyde -0,63 0,46 o-Xylene 0,04 1,20 

Benzylalkohol -0,74 0,12 p-Cresol -0,57 0,29 

chlorbenzol -0,14 0,98 p-Xylene 0,07 1,27 

Cumene 0,17 1,36    
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Tab. A-12: (a * log Ki
COSMO-RS + Φ) and log k’i

exp values with a = 0,69 and Φ = 0,8;. Values 
were taken from regression line equation depicted in Fig. 4.21; T = 25 °C; Water content 
xwater within methanol-water phase is 0,36; For stationary phase simulation 
octadecyldimethylsilanol was used as pseudo-liquid molecule; Experimental log k’ data was 
taken from Tsukahara et al. [Tsukahara 1993] 

Solute log k’i
exp (a * log Ki

COSMO-RS + Φ) 
2,2,4-Trimethylpentane 0,41 0,33 

2-Phenylethanol -0,60 -0,69 

4-Methyl-2-pentanone -0,49 -0,31 

Acetanilide -0,72 -0,85 

Acetophenone -0,51 -0,46 

Benzamide -0,92 -1,33 

Benzene -0,26 -0,22 

Benzonitrile -0,60 -0,52 

Benzophenone -0,24 -0,29 

Benzylalcohol -0,70 -0,72 

Butanone -0,70 -0,53 

Butyl acetate -0,38 -0,24 

Chlorobenzene -0,15 -0,17 

Decane 0,82 0,67 

Ethyl acetate -0,62 -0,46 

Ethylbenzene -0,02 -0,01 

Ethylphenylether -0,18 -0,12 

Heptane 0,41 0,37 

Hexane 0,27 0,26 

Methyl benzoate -0,35 -0,32 

Naphthalene -0,02 -0,13 

Nitrobenzene -0,43 -0,37 

Octane 0,55 0,47 

p-Dichlorobenzene -0,03 -0,12 

p-Xylene 0,04 0,26 

Phenylacetonitrile -0,68 -0,64 

Propyl benzoate -0,13 -0,10 

Tetradecane 1,37 1,07 

Toluene -0,11 0,20 
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Tab. A-13: Log Ki
COSMO-RS and log k’i

exp values; T = 40 °C; Elute set consists of 26 different 
elutes i; For stationary phase simulation, octadecyldimethylsilanol is used as pseudo-liquid 
molecule; Experimental log k’ data was taken from [Kaliszan 1999] 

Solute log k’exp log KCOSMO-RS 
  Hypersil TPW XC 18 NuC18 

1,3,5-Triisopropylbenzene 5,93 7,97 5,11 6,23 5,93 

1,3-Diisopropylbenzene 4,70 6,20 4,14 4,92 4,71 

1,4-Dinitrobenzene 1,50 2,84 1,97 1,69 1,62 

3,5-Dichlorophenol 2,90 3,52 3,09 3,09 3,00 

3-Trifluoromethylphenol 2,54 3,02 2,68 2,71 2,65 

4-Chlorophenol 1,95 2,67 2,28 2,10 2,06 

4-Cyanophenol 1,19 1,23 1,64 1,36 1,32 

4-Iodophenol 2,37 3,13 2,57 2,53 2,48 

Benzamide 0,76 0,28 0,80 0,89 0,85 

Benzene 1,88 3,28 1,91 2,07 1,99 

Benzonitrile 1,54 2,29 1,57 1,65 1,56 

Caffeine 0,59 0,32 0,15 0,95 0,92 

Chlorobenzene 2,56 3,74 2,55 2,73 2,59 

Cyclohexanone 0,84 1,87 0,69 1,14 1,06 

Dibenzothiophene 3,61 4,94 3,53 3,87 3,74 

Hexachlorobutadiene 4,37 6,00 3,91 4,06 4,41 

Hexylbenzene 5,10 6,07 4,56 5,36 5,13 

Indazole 1,57 1,69 1,64 1,72 1,64 

Methyl-2-pyrrolidinone -0,01 0,68 -0,51 0,18 0,13 

Methylphenylether 1,94 3,35 1,90 2,12 2,05 

Naphthalene 3,04 4,24 2,92 3,14 3,02 

Phenol 1,13 2,17 1,47 1,25 1,19 

Toluene 2,45 4,84 2,37 2,70 2,59 
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Tab. A-14: Log k’i
QSRR and log k’i

exp values for RP-HPLC systems consisting of a methanol-
water and a acetonitrile-water mobile phase, respectively; Temperature is set to  T = 35 °C; 
Water content xwater within acetonitrile-water phase is 0,8 while xwater = 0,6 within the 
methanol-water phase; Reversed stationary phase consist of a Restek C8 phase; Experimental 
log k’ data was taken from Croes et al. [Croes 2005] 

Stationary phase Methanol - water Acetonitrile - water 

Solute Exp. log k’ Calc. log k’ Exp. log k’ Calc. log k’ 

Acetanilide 0,26 0,25 -0,06 -0,06 

Acetophenone 0,01 0,14 0,39 0,43 

Anisole 0,29 0,32 0,68 0,72 

Benzene 0,33 0,37 0,71 0,75 

Benzonitrile 0,06 0,13 0,45 0,54 

Chlorobenzene 0,57 0,57 0,94 0,95 

Dimethoxybenzene 0,19 0,27 0,60 0,66 

Ethylbenzene 0,80 0,63 1,18 1,01 

Ethylbenzoate 0,50 0,36 0,87 0,72 

Methylbenzoate 0,28 0,22 0,61 0,60 

Phenylacetate 0,16 0,16 0,52 0,54 

p-Xxylene 0,82 0,84 1,18 1,21 

Toluene 0,58 0,72 0,95 1,09 

Chloro-4-nitro-benzene 0,38 0,34 0,84 0,79 

Methoxynaphthalene 0,83 0,74 1,22 1,15 

Methylnaphthalene 0,96 0,81 1,34 1,19 

Nitronaphthalene 0,59 0,49 1,03 0,95 

Anthracene 1,16 1,03 1,56 1,42 

Benzaldehyde 0,06 0,05 0,35 0,40 

Biphenyl 0,58 0,88 1,01 1,27 

Brombenzene 0,63 0,61 1,00 0,99 

Fluorobenzene 0,35 0,46 0,73 0,84 

Iodobenzene 0,73 0,67 1,11 1,05 

m-Dinitrobenzene 0,08 0,15 0,58 0,62 

Naphthacene 1,62 1,36 2,01 1,76 

Naphthalene 0,74 0,70 1,14 1,08 

Nitrobenzene 0,13 0,19 0,59 0,64 

Phenanthrene 1,12 1,01 1,51 1,40 

p-Nitrotoluene 0,35 0,27 0,81 0,72 

p-Terphenyl 0,98 1,40 1,38 1,81 

Acetanilide 0,26 0,25 -0,06 -0,06 
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A-2 Program code 

Visual Basic (VB.NET) based source code of the automated file conversion tool described in 

Section 3.2.2. 

 

‘****************************************************************************************************************** 

Imports System.IO 
 
Public Class Form1 
    Dim selectedDateiNamen(), FoldDialStartPath, savetofilepath As String 
    Dim currentLoading, totalloading As Decimal 
 
 
    Private Sub Button3_Click(ByVal sender As System.Object, ByVal e As System.EventArgs) Handles Button3.Click 
        Dim OpenFileDialog1 As New OpenFileDialog() 
 
        With OpenFileDialog1 
            .Filter = "HIN-Files (*.hin)|*.hin|HCS-Files (*.hcs)|*.hcs|All Files (*.*)|*.*" 
            .FilterIndex = 1 
            .Multiselect = True 
            If savetofilepath = Nothing Then 
                .InitialDirectory = Environment.GetFolderPath(Environment.SpecialFolder.Desktop) 
            Else 
                .InitialDirectory = savetofilepath 
            End If 
            .Title = "csf-Dateien" 
            If .ShowDialog() = Windows.Forms.DialogResult.OK Then 
                selectedDateiNamen = .FileNames 
            ElseIf .ShowDialog() = Windows.Forms.DialogResult.Cancel Then 
                Return 
            End If 
        End With 
 
        If selectedDateiNamen(0) = Nothing Then 
            MsgBox("Bitte Quelldatei wählen") 
            GoTo endeloaddatei 
        End If 
 
        FoldDialStartPath = selectedDateiNamen(0).Substring(0, selectedDateiNamen(0).LastIndexOf("\"))  
 'schneidet den kompletten Dateipfad bis auf den .csf-Dateinamen aus um ihm als Ordnerpfad  
 'dem Folderdialogue zu übergeben 
 
        For i As Integer = 0 To selectedDateiNamen.GetLength(0) - 1 
            ListBox1.Items.Add(selectedDateiNamen(i)) 
        Next 
 
endeloaddatei: 
    End Sub 
 
    Private Sub Button6_Click(ByVal sender As System.Object, ByVal e As System.EventArgs) Handles Button6.Click 
        Dim filepath As New FolderBrowserDialog 
 
        With filepath 
            .ShowNewFolderButton = False 
            .Description = "Select the directory that you want to use As the default." 
            If FoldDialStartPath = Nothing Then 
                .RootFolder = Environment.SpecialFolder.Desktop 
            Else 
                .SelectedPath = FoldDialStartPath 
            End If 
        End With 
        Dim result As DialogResult = filepath.ShowDialog 
 
        If result = Windows.Forms.DialogResult.OK Then 
            savetofilepath = filepath.SelectedPath 
            TextBox1.Text = savetofilepath 
        ElseIf result = Windows.Forms.DialogResult.Cancel Then 
            Return 
        End If 
    End Sub 
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    Private Sub Button1_Click(ByVal sender As System.Object, ByVal e As System.EventArgs) Handles Button1.Click 
        Me.Close() 
    End Sub 
 
    Private Sub Button2_Click(ByVal sender As System.Object, ByVal e As System.EventArgs) Handles Button2.Click 
        TextBox1.Clear() 
        savetofilepath = Nothing 
        selectedDateiNamen = Nothing 
        ListBox1.Items.Clear() 
    End Sub 
 
    Function findCoordinates(ByVal filetype As String, ByVal currentfilepath As String, ByVal asXYZ As Boolean) As ArrayList 
        Dim temparraylist As New ArrayList 
        Dim counter, Xcounter, pos, numberofconformeres As Integer 
        Dim tempstringarray(1), moleculestring(), tempstring, tempstringpart, moleculesymbol, stringarrayfromfunction(2),_ 
 moleculename, konfnumber As String 
        Dim sr As New StreamReader(currentfilepath) 
        Dim dec As Decimal 
 
        moleculestring = Nothing 
        tempstring = Nothing 
        moleculesymbol = Nothing 
 
        moleculename = currentfilepath.Substring(currentfilepath.LastIndexOf("\") + 1) 
        moleculename = moleculename.Substring(0, moleculename.LastIndexOf(".")) 
 
        tempstring = sr.ReadLine 
 
        Do Until tempstring.StartsWith("atom 1") 
            tempstring = sr.ReadLine 
        Loop 
 
        Do Until tempstring.StartsWith("endmol")  
 'do-Schleife schreibt die Koordinaten des ersten Nicht-Konformeres in ein stringarray 
 
 
            If tempstring.StartsWith("formalcharge") Then  
  'falls zwischen den Coordinatenzeilen ein Formalcharche vorkommt, wird hier die Charge ausgelesen  
  'und anschließend eine Zeile weitergesprungen 
                tempstring = tempstring.Substring(tempstring.LastIndexOf(" ") + 1) 
                If 1.55 = CDbl("1,55") Then 
                    tempstring = tempstring.Replace(".", ",") 
                End If 
                dec = CDec(tempstring) 
                totalloading += dec 
                tempstring = sr.ReadLine 
            End If 
 
 
            tempstringarray(0) = moleculename 
            tempstringarray(1) = "000" 'hier steht normalerweise der Energiewert 
 
            moleculesymbol = Me.findAtomName(tempstring) 
 
            stringarrayfromfunction = Me.all3coord(tempstring, False, asXYZ) 
            ReDim Preserve tempstringarray(counter + 2) 
 
            'decimallist addiert alle ausgelesenen Ladungen auf und rundet nach der Loop-Schleife auf einen ganzen Wert 
            totalloading += currentLoading 
 
            'schreibt Zeile mit Molekülbezeichnung in temporäre Stringarray;  
     'die Zeile wird je nach erfodernissen aufgebaut: entweder XYZ oder coord-file format 
            If asXYZ = True Then 
                tempstringarray(counter + 2) = "  " & moleculesymbol & "        " & stringarrayfromfunction(0) & "        " &_ 
  stringarrayfromfunction(1) & "        " & stringarrayfromfunction(2) 
            Else 
                tempstringarray(counter + 2) = "   " & stringarrayfromfunction(0) & "      " & stringarrayfromfunction(1) &_ 
  "      " & stringarrayfromfunction(2) & "       " & moleculesymbol.ToLower 
            End If 
 
            tempstring = sr.ReadLine 
            ReDim Preserve moleculestring(counter) 
            moleculestring(counter) = moleculesymbol 
            counter += 1 
        Loop 
 
        totalloading = Math.Round(totalloading, 0) 
 
        'temparraylist.Add(moleculestring)  
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 'die erste Stelle einer jeden Arraylist wird mit der Liste der Molekühlnamen belegt 
        If filetype = "hin" Then 
            temparraylist.Add(tempstringarray) 
            GoTo endeerreicht 
        End If 
 
        Do Until tempstring.StartsWith("ConfsKept=") 
            tempstring = sr.ReadLine 
        Loop 
        numberofconformeres = CInt(tempstring.Substring(tempstring.IndexOf("=") + 1)) 
 
        counter = 0 
        Do Until counter = numberofconformeres 'Außenschleife: läuft vom ersten Konformerblock bis zu letzten 
 
            tempstring = sr.ReadLine 
 
            If tempstring.StartsWith("[Conformation") Then  
     'hält den Außenloop jedes mal an wenn der nächst Konformerblock gefunden wird 
                ReDim tempstringarray(1) 
 
                Dim tmp() As Char = tempstring.ToCharArray  
  'zerlegt den string  
  'tempstring' in seine einzelnen character und fügt diese in das neu definierte chararray "temp)" ein 
                Dim wanted As String = "0123456789" 
                tempstring = Nothing 
                For Each Chars As Char In tmp 
                    If wanted.IndexOf(Chars) <> -1 Then 
                        tempstring &= Chars  
   'im string "tempstring" werden jene character aus "temp" wieder abgelegt  
   'die durch "wanted" zulässig wurden, alle üprigen fallen weg 
                    End If 
                Next 
 
                konfnumber = "not in Range"  
  ' falls tempstring >1000 oder keine reine Zahl darstellt oder "nothing" ist  
  'so wird "not in Range als konfnumber übergeben 
                If tempstring < 10 Then konfnumber = "00" & tempstring 'erstellt die fortlaufende Nummerierung  
  'für die einzelnen Konformere 
                If tempstring >= 10 And tempstring < 100 Then konfnumber = "0" & tempstring 
                If tempstring >= 100 And tempstring < 1000 Then konfnumber = tempstring 
 
                tempstringarray(0) = moleculename & "_" & konfnumber 'übergibt den Namen des konformerblocks 
                tempstring = sr.ReadLine 
 
                tempstringarray(1) = tempstring.Substring(tempstring.IndexOf("=") + 1)  
  'übergibt den Energiewert des konformerblocks 
 
                Do Until tempstring.StartsWith("X(1)") 
                    tempstring = sr.ReadLine 
                Loop 
 
                Xcounter = 2  
  'Xcounter erweitert das mit den Namen und Energiewerten schon belegte tempstringarray um eine Stelle 
                Do 'schleife durch die X - Zeilen eines Konformerblockes 
                    If tempstring = Nothing Then 
                        If counter = numberofconformeres - 1 Then Exit Do 
                    End If 
                    If Not tempstring.StartsWith("X") Then Exit Do 
                    ReDim Preserve tempstringarray(Xcounter) 
 
                    stringarrayfromfunction = Me.all3coord(tempstring, True, asXYZ) 
 
                    'schreibt Zeile mit Molekülbezeichnung in temporäre Stringarray;  
      'die Zeile wird je nach erfodernissen aufgebaut: entweder XYZ oder coord-file format 
                    If asXYZ = True Then 
                        tempstringarray(Xcounter) = "  " & moleculestring(Xcounter - 2) & "        " &_ 
   stringarrayfromfunction(0) & "        " & stringarrayfromfunction(1) & "        " &_ 
   stringarrayfromfunction(2) 
                    Else 
                        tempstringarray(Xcounter) = "   " & stringarrayfromfunction(0) & "      " &_ 
   stringarrayfromfunction(1) & "      " & stringarrayfromfunction(2) & "       " &_ 
   moleculestring(Xcounter - 2).ToLower 
                    End If 
 
                    Xcounter += 1 
                    tempstring = sr.ReadLine 
                Loop 
                temparraylist.Add(tempstringarray) 
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                counter += 1 
            End If 
 
 
        Loop 
endeerreicht: 
 
        Return temparraylist 
    End Function 
 
    Private Function findAtomName(ByVal str As String) As String 
        Dim temppos As Integer 
        Dim temstring, Atomname As String 
 
        temppos = str.IndexOf("-") 
        temstring = str.Substring(temppos + 2, 5) 
        temppos = temstring.IndexOf(" ") 
        Atomname = temstring.Substring(0, temppos) 
 
        Return Atomname 
    End Function 
 
    Private Function findCoordStartPos(ByVal str As String) As Integer 
        Dim temppos, coordPos As Integer 
        Dim temstring As String 
        Dim dec As Decimal 
 
        'für den Fall das eine Koordinatenangabe ohne Dezimalstelle gibt(und auch die Ladung keine Dez stelle besitzt), 
        'wird die erste Koordinate mit Dezmialpunkt als startpos übergeben  
 '(ist die X-Koord. ohne Dezimalstellenpunkt entsteht allerdings ein Fehler) 
        If Me.CharCount(str, ".") = 2 Then 
            temppos = str.IndexOf(".") 
            temstring = str.Substring(0, temppos) 
            coordPos = temstring.LastIndexOf(" ") + 1 
            GoTo endfct 
        End If 
 
        'diese Funktion sucht die startposition der xyz coordinaten im aktuellen string  
 'wobei sie sich über die drei Punkte von Hinten annähert 
        'um auszuschließen, dass eine mögliche Ladung mit Dezimalstellen Einfluss nimmt. 
        temppos = str.LastIndexOf(".") 
        temstring = str.Substring(0, temppos) 
        temppos = temstring.LastIndexOf(".") 
        temstring = temstring.Substring(0, temppos) 
        temppos = temstring.LastIndexOf(".") 
        temstring = temstring.Substring(0, temppos) 
        temppos = temstring.LastIndexOf(".") 
        coordPos = temstring.LastIndexOf(" ") + 1 
 
endfct: 
        'es wird bei dieser Gelegenheit noch die Ladung aus dem String ausgelesen und einem globalen Double übergeben 
        temstring = temstring.Substring(0, coordPos - 1) 
        temppos = temstring.LastIndexOf(" ") + 1 
        temstring = temstring.Substring(temppos) 
        If 1.55 = CDbl("1,55") Then 
            temstring = temstring.Replace(".", ",") 
        End If 
        dec = CDec(temstring) 
        currentLoading = dec 
 
        Return coordPos 
    End Function 
 
    Private Function CharCount(ByVal OrigString As String, _ 
    ByVal Chars As String, Optional ByVal CaseSensitive As Boolean = False) _ 
  As Long 
 
        '********************************************** 
        'PURPOSE: Returns Number of occurrences of a character or 
        'or a character sequencence within a string 
 
        'PARAMETERS: 
        'OrigString: String to Search in 
        'Chars: Character(s) to search for 
        'CaseSensitive (Optional): Do a case sensitive search 
        'Defaults to false 
 
        'RETURNS: 
        'Number of Occurrences of Chars in OrigString 
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        'EXAMPLES: 
        'Debug.Print CharCount("FreeVBCode.com", "E") -- returns 3 
        'Debug.Print CharCount("FreeVBCode.com", "E", True) -- returns 0 
        'Debug.Print CharCount("FreeVBCode.com", "co") -- returns 2 
        ''********************************************** 
 
        Dim lLen As Long 
        Dim lCharLen As Long 
        Dim lAns As Long 
        Dim sInput As String 
        Dim sChar As String 
        Dim lCtr As Long 
        Dim lEndOfLoop As Long 
        Dim bytCompareType As Byte 
 
        sInput = OrigString 
        If sInput = "" Then Exit Function 
        lLen = Len(sInput) 
        lCharLen = Len(Chars) 
        lEndOfLoop = (lLen - lCharLen) + 1 
        bytCompareType = IIf(CaseSensitive, vbBinaryCompare, _ 
           vbTextCompare) 
 
        For lCtr = 1 To lEndOfLoop 
            sChar = Mid(sInput, lCtr, lCharLen) 
            If StrComp(sChar, Chars, bytCompareType) = 0 Then _ 
                lAns = lAns + 1 
        Next 
 
        CharCount = lAns 
 
    End Function 
 
    Function all3coord(ByVal tmpstr As String, ByVal conformere As Boolean, ByVal asxyzfile As Boolean) As String() 
        Dim returnstringi(2), tmpstring As String 
        Dim pos, posLeer As Integer 
        Dim d1, d2, d3 As Decimal 
 
        If conformere = True Then 
            pos = tmpstr.IndexOf("=") + 1 
        Else 
            pos = Me.findCoordStartPos(tmpstr)  
 'sucht die stringposition für die Koordinaten im fall der Startstruktur eines HCS- file oder eines Hin-files 
        End If 
        tmpstring = tmpstr.Substring(pos) 
        posLeer = tmpstring.IndexOf(" ") 
        returnstringi(0) = tmpstr.Substring(pos, posLeer) 
 
        tmpstring = tmpstring.Substring(posLeer + 1) 
        posLeer = tmpstring.IndexOf(" ") 
        returnstringi(1) = tmpstring.Substring(0, posLeer) 
 
        tmpstring = tmpstring.Substring(posLeer + 1) 
        posLeer = tmpstring.IndexOf(" ") 
        If posLeer = -1 Then  
 'ist man am unteren Ende einer HCS-file angekommen wird ein -1 übergeben welches mit der if bedingung behandelt 
wird 
            returnstringi(2) = tmpstring 
        Else 
            returnstringi(2) = tmpstring.Substring(0, posLeer) 
        End If 
 
        For i As Integer = 0 To 2 
            Dim tmp() As Char = returnstringi(i).ToCharArray  
     'zerlegt den string 'returnstringi(i)' in seine einzelnen character und fügt diese  
     'in das neu definierte chararray "temp)" ein 
            Dim unwanted As String = " " 
            returnstringi(i) = Nothing 
            For Each Chars As Char In tmp 
                If Not unwanted.IndexOf(Chars) <> -1 Then 
                    returnstringi(i) &= Chars  
      'im string "returnstringi(i)" werden jene character aus "temp" NICHT wieder abgelegt  
      'die durch "unwanted" unzulässig wurden, alle üprigen fallen weg 
                End If 
            Next 
        Next 
 
        If 1.55 = CDbl("1,55") Then 
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            returnstringi(0) = returnstringi(0).Replace(".", ",") 
            returnstringi(1) = returnstringi(1).Replace(".", ",") 
            returnstringi(2) = returnstringi(2).Replace(".", ",") 
        End If 
 
        If CDbl(returnstringi(0)) < 1.0E-29 And CDbl(returnstringi(0)) > -1.0E-29 Then returnstringi(0) = "0"  
 ' Falls sich eine returnstringi(0)zwischen -1.0E-29 und 1.0E-29 befindet, so wird der grundsätzlich  
 'der Wert 0 angenommen. 
        If CDbl(returnstringi(1)) < 1.0E-29 And CDbl(returnstringi(1)) > -1.0E-29 Then returnstringi(1) = "0"  
 ' denn die Funktion CDec führt bei Werten die z.B. kleiner als 1.0E-30 sind zu einem Fehler 
        If CDbl(returnstringi(2)) < 1.0E-29 And CDbl(returnstringi(2)) > -1.0E-29 Then returnstringi(2) = "0" 
 
        d1 = CDec(returnstringi(0)) 'alle Zahlenstrings werden in decimales umgewandelt,  
 'alle evtl. 'E-hoch'-Werte entfernt und auf 6 Stellen gerundet 
        d2 = CDec(returnstringi(1)) 
        d3 = CDec(returnstringi(2)) 
 
        If asxyzfile = False Then 'falls in coord-files umgewandelt wird, werden angström in Bor umgerechnet 
            d1 = (d1 * 1889726) / 1000000 
            d2 = (d2 * 1889726) / 1000000 
            d3 = (d3 * 1889726) / 1000000 
        End If 
 
        d1 = Math.Round(d1, 6) 
        d2 = Math.Round(d2, 6) 
        d3 = Math.Round(d3, 6) 
 
        returnstringi(0) = CStr(d1).Replace(",", ".") 
        returnstringi(1) = CStr(d2).Replace(",", ".") 
        returnstringi(2) = CStr(d3).Replace(",", ".") 
 
        Return returnstringi 
    End Function 
 
    Private Sub writeXYZfiles(ByVal arl As ArrayList, ByVal schreibordner As String) 
        Dim numOfMol As Integer 
        Dim molString(), extralongstring As String 
        molString = arl(0) 
        numOfMol = molString.Length - 2 
 
        For i As Integer = 0 To arl.Count - 1 
 
            Dim fs As New FileStream(schreibordner & "\" & arl(i)(0) & ".xyz", FileMode.OpenOrCreate) 
            Dim sw As New StreamWriter(fs, System.Text.Encoding.ASCII) 
            extralongstring = CStr(numOfMol) & Chr(10) 
            extralongstring = extralongstring & arl(i)(0) & "  Energy = " & arl(i)(1) & Chr(10) 
            extralongstring = extralongstring & arl(i)(2) & Chr(10) 
            For y As Integer = 0 To numOfMol - 2 
                extralongstring = extralongstring & arl(i)(y + 3) & Chr(10) 
            Next 
            sw.Write(extralongstring) 
            extralongstring = Nothing 
            sw.Close() 
        Next 
 
    End Sub 
 
    Private Sub writeCoordFiles(ByVal arl As ArrayList, ByVal schreibordner As String) 
        Dim numOfMol As Integer 
        Dim molString(), check As String 
        molString = arl(0) 
        numOfMol = molString.Length - 1 
 
        For i As Integer = 0 To arl.Count - 1 
 
            Dim fs As New FileStream(schreibordner & "\" & "coord." & arl(i)(0), FileMode.OpenOrCreate) 
            Dim sw As New StreamWriter(fs, System.Text.Encoding.ASCII) 
            sw.Write("$coord" & Chr(10)) 
            For y As Integer = 2 To numOfMol 
                check = arl(i)(y) 
                sw.Write(arl(i)(y) & Chr(10)) 
            Next 
            sw.Write("$end" & Chr(10)) 
            sw.Close() 
        Next 
    End Sub 
 
    Private Sub createListFile(ByVal arr As ArrayList, ByVal ordName As String) 
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        Dim fss As New FileStream(ordName & "\liste", FileMode.OpenOrCreate) 
        Dim sww As New StreamWriter(fss, System.Text.Encoding.ASCII) 
 
        For i As Integer = 0 To arr.Count - 1 
            sww.Write(arr(i)(0) & Chr(10)) 
        Next 
 
        sww.Close() 
 
    End Sub 
 
    Private Sub createListAndChargeFile(ByVal arr As ArrayList, ByVal ordName As String) 
 
        Dim fss As New FileStream(ordName & "\listeAndCharge", FileMode.OpenOrCreate) 
        Dim sww As New StreamWriter(fss, System.Text.Encoding.ASCII) 
 
        For i As Integer = 0 To arr.Count - 1 
            sww.Write(arr(i)(0) & " " & CInt(totalloading) & Chr(10)) 
        Next 
 
        sww.Close() 
 
    End Sub 
 
    Private Sub createSortKonfNachEnergyFile(ByVal arr As ArrayList, ByVal ordName As String) 
 
        Dim fss As New FileStream(ordName & "\energieliste", FileMode.OpenOrCreate) 
        Dim sww As New StreamWriter(fss, System.Text.Encoding.ASCII) 
 
        For i As Integer = 0 To arr.Count - 1 
            sww.WriteLine(arr(i)(0) & "   " & arr(i)(1)) 
        Next 
 
        sww.Close() 
 
    End Sub 
 
    Private Sub Button4_Click(ByVal sender As System.Object, ByVal e As System.EventArgs) Handles Button4.Click 
        Dim sd, ordnername, nameAndChargeStringForHin, nurmoleculname As String 
 
        nameAndChargeStringForHin = Nothing 
 
        sd = selectedDateiNamen(0) 
        If selectedDateiNamen(0) = Nothing Then 
            MsgBox("Load files") 
            GoTo convertende 
        End If 
 
        If savetofilepath = Nothing Then 
            MsgBox("Specify save directory") 
            GoTo convertende 
        End If 
 
        sd = selectedDateiNamen(0).Substring(selectedDateiNamen(0).LastIndexOf(".")) 
        If Not selectedDateiNamen(0).Substring(selectedDateiNamen(0).LastIndexOf(".")) = ".HCS" Then 
            If Not selectedDateiNamen(0).Substring(selectedDateiNamen(0).LastIndexOf(".")) = ".hin" Then 
                MsgBox("Select *.hin or *.hcs files") 
                GoTo convertende 
            End If 
        End If 
 
        Dim arlist As New ArrayList 
 
        For i As Integer = 0 To selectedDateiNamen.Length - 1 
            ordnername = selectedDateiNamen(i).Substring(selectedDateiNamen(i).LastIndexOf("\")) 
            ordnername = ordnername.Substring(0, ordnername.LastIndexOf(".")) 
            ordnername = savetofilepath & ordnername 
 
            'für nameAndChargeStringForHin 
            nurmoleculname = ordnername.Substring(ordnername.LastIndexOf("\") + 1) 
 
            'jedesmal wenn ein neues File geöffnet wird (also next i), muss auch die Ladung neu berechnet weren,  
     'd.h. totalloading wieder auf null gesetzt werden 
            totalloading = 0 
 
            If selectedDateiNamen(i).Substring(selectedDateiNamen(i).LastIndexOf(".")) = ".hin" Then 
                ordnername = savetofilepath 
            Else 
                ordnername = selectedDateiNamen(i).Substring(selectedDateiNamen(i).LastIndexOf("\")) 
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                ordnername = ordnername.Substring(0, ordnername.LastIndexOf(".")) 
                ordnername = savetofilepath & ordnername & "_xyz" 
                Directory.CreateDirectory(ordnername) 
            End If 
 
            arlist = Me.findCoordinates(selectedDateiNamen(0).Substring(selectedDateiNamen(0).LastIndexOf(".") + 1),_ 
     selectedDateiNamen(i), True) 
            Me.writeXYZfiles(arlist, ordnername) 
 
            If selectedDateiNamen(i).Substring(selectedDateiNamen(i).LastIndexOf(".")) = ".HCS" Then 
                If CheckBox1.Checked = True Then Me.createListFile(arlist, ordnername) 
                If CheckBox2.Checked = True Then Me.createListAndChargeFile(arlist, ordnername) 
                If CheckBox3.Checked = True Then Me.createSortKonfNachEnergyFile(arlist, ordnername) 
            End If 
 
            If selectedDateiNamen(i).Substring(selectedDateiNamen(i).LastIndexOf(".")) = ".hin" And i = 0 And_ 
     CheckBox1.Checked = True Then 
                Dim arrrr As New ArrayList 
                For z As Integer = 0 To selectedDateiNamen.Length - 1 
                    Dim strar(1), tmm As String 
                    tmm = selectedDateiNamen(z).Substring(selectedDateiNamen(z).LastIndexOf("\") + 1) 
                    tmm = tmm.Substring(0, tmm.LastIndexOf(".")) 
                    strar(0) = tmm 
                    arrrr.Add(strar) 
                Next 
                Me.createListFile(arrrr, ordnername) 
            End If 
 
            If selectedDateiNamen(i).Substring(selectedDateiNamen(i).LastIndexOf(".")) = ".hin" And_ 
     CheckBox2.Checked = True Then 
                nameAndChargeStringForHin += nurmoleculname & " " & CInt(totalloading) & Chr(10) 
            End If 
 
        Next 
 
        'falls mehrere .hin files auf einmal verarbeitet werden, so wird unter nameAndChargeStringForHin  
 'ein string mit deren Namen und der dazugehörigen Ladung generiert und nachdem alle durchlaufgen  
  'wruden als file abgelegt generiert  
        If CheckBox2.Checked = True Then 
            If Not nameAndChargeStringForHin = Nothing Then 
                Dim fss As New FileStream(ordnername & "\listeAndCharge", FileMode.OpenOrCreate) 
                Dim sww As New StreamWriter(fss, System.Text.Encoding.ASCII) 
                sww.Write(nameAndChargeStringForHin) 
                sww.Close() 
            End If 
        End If 
 
 
        MsgBox("Conversion finished. File(s) created") 
 
convertende: 
    End Sub 
 
 
    Private Sub Button5_Click(ByVal sender As System.Object, ByVal e As System.EventArgs) Handles Button5.Click 
        Dim sd, ordnername As String 
 
        sd = selectedDateiNamen(0) 
        If selectedDateiNamen(0) = Nothing Then 
            MsgBox("Load files") 
            GoTo convertende 
        End If 
 
        If savetofilepath = Nothing Then 
            MsgBox("Specify save directory") 
            GoTo convertende 
        End If 
 
        sd = selectedDateiNamen(0).Substring(selectedDateiNamen(0).LastIndexOf(".")) 
        If Not selectedDateiNamen(0).Substring(selectedDateiNamen(0).LastIndexOf(".")) = ".HCS" Then 
            If Not selectedDateiNamen(0).Substring(selectedDateiNamen(0).LastIndexOf(".")) = ".hin" Then 
                MsgBox("Select *.hin or *.hcs files") 
                GoTo convertende 
            End If 
        End If 
 
        Dim arlist As New ArrayList 
 
        For i As Integer = 0 To selectedDateiNamen.Length - 1 
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            ordnername = selectedDateiNamen(i).Substring(selectedDateiNamen(i).LastIndexOf("\")) 
            ordnername = ordnername.Substring(0, ordnername.LastIndexOf(".")) 
            ordnername = savetofilepath & ordnername 
 
 
            If selectedDateiNamen(i).Substring(selectedDateiNamen(i).LastIndexOf(".")) = ".hin" Then 
                ordnername = savetofilepath 
            Else 
                ordnername = selectedDateiNamen(i).Substring(selectedDateiNamen(i).LastIndexOf("\")) 
                ordnername = ordnername.Substring(0, ordnername.LastIndexOf(".")) 
                ordnername = savetofilepath & ordnername & "_coord" 
                Directory.CreateDirectory(ordnername) 
            End If 
 
            arlist = Me.findCoordinates(selectedDateiNamen(0).Substring(selectedDateiNamen(0).LastIndexOf(".") + 1),_ 
     selectedDateiNamen(i), False) 
            Me.writeCoordFiles(arlist, ordnername) 
 
        Next 
 
        MsgBox("Conversion finished. File(s) created") 
 
convertende: 
    End Sub 
 
    
    Private Sub ListBox1_SelectedIndexChanged(ByVal sender As System.Object, ByVal e As System.EventArgs)_ 
    Handles ListBox1.SelectedIndexChanged 
 
    End Sub 
End Class 


