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ABSTRACT 

Brace, Emma C. M.S.A.B.E., Purdue University, August 2016. Enhancing Silymarin 
Fractionation via Molecular Modeling using the Conductor-like Screening Model for Real 
Solvents. Major Professor: Abigail S. Engelberth. 
 
The market for bio-based products from plant sources is on the rise.  There is a global 

challenge to implement environmentally clean practices for the production of fuels and 

pharmaceuticals from sustainable resources.  A significant hurdle for discovery of 

comparable plant-derived products is the extensive volume of trial-and-error 

experimentation required.  To alleviate the experimental burden, a quantum mechanics-

based molecular modeling approach known as the COnductor-like Screening Model for 

Real Solvents (COSMO-RS) was used to predict the best biphasic solvent system to 

purify silymarins from an aqueous mixture.  Silymarins are a class of flavonolignans 

present in milk thistle (Silybum marianum L.), which has been used in traditional eastern 

medicine to treat liver disease.  More recently, silymarins have been studied as a cancer 

treatment therapy due to their antioxidant properties, but effective large-scale 

separation methods need to be developed.  Previous research has shown that these 

compounds can be fractionated using centrifugal partition chromatography (CPC), but 

not an acceptable level of purity.  Due to previous incomplete fractionation, the 

silymarins are ideal compounds to assess the use of a molecular modeling approach to 
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prediction partitioning in a CPC separation.  The COSMO-RS method was implemented 

using the software programs HyperChem, TmoleX, and COSMOthermX in order to 

calculate partition coefficients for the six silymarin compounds in various solvent 

systems.  The partition coefficient for each silymarin in each solvent system was verified 

by experimentation using the shake flask method and compared to the results of the 

model. 
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CHAPTER 1. INTRODUCTION 

In the past two decades, efforts to make the biorefinery and production of biofuels 

more economically viable has resulted in increased research into the potential of 

biomass as a source for production of chemicals and other products.  The U.S. 

Department of Energy (DOE) in conjunction with the Department of Agriculture (USDA) 

have set goals to simultaneously stimulate rural economies by supporting growth of 

agriculture and forestry production and decrease the need for oil imports, and aim to do 

this by fostering the new biorefinery industry, which could produce fuels, chemicals, and 

other products [1,2].  As the biofuels industry has shifted from food crops to increased 

research into lignocellulosic materials, the research and industrial opportunities for 

producion of bio-based chemicals has also increased.  In 2015, the worth of the bio-

based chemical market was estimated at $3.6 billion, and is expected to triple in value 

by 2021 [3].  

In addition to fuels and chemicals, nutraceuticals are a growing market and are an 

opportunity to develop high value/low volume bioproducts.  Nutraceuticals are 

compounds that occur naturally in plants and are used as additives in food or medicine.  

Biomass-derived nutraceuticals can be found in many plants, and remain an under-

explored area of research.  Major inhibitors to research into plant-derived
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nutraceuticals are: 1) complex molecules existing in complex mixtures when removed 

from the plant,and 2) high cost of separations techniques.  Liquid-liquid extraction 

methods have been explored as techniques for extraction and purification of a variety of 

molecules from plant sources, including, but not limited to, solanesol from tobacco [4], 

ginsenosides from American ginseng [5], silymarins from milk thistle [6,7], and xylose 

oligomers from switchgrass hemicellulose [8,9].  Developing a cost-effective extraction 

method typically involves significant experimental efforts, including time and the use of 

costly solvents and purified standards.  Use of the Conductor-like Screening Model for 

Real Solvents (COSMO-RS) as a molecular modeling tool to predict partition coefficients 

of well-characterized biomolecules in two-phase solvent may alleviate the experimental 

burden and improve the development of such processes.   

COSMO-RS was first developed by Andreas Klamt in 1995 as a tool for studying behavior 

of molecules in solution, building upon previous studies that were able to predict how 

molecules behave in the gas phase [10].  It has since expanded into a fully developed 

model that uses principles of quantum chemistry and statistical thermodynamics to 

calculate the chemical potential of a molecule in solution.  Once the chemical potential 

is known, various other values can be determined, such as solubility, activity, and 

partition coefficients [11–13].  The diverse applications of COSMO-RS and the ability to 

derive properties using only molecular structure and composition of the solvent system 

makes it uniquely valuable.  COSMO-RS has been shown to accurately predict partition 

coefficents of small biomolecules [14–17], and there has been some use of COSMO-RS 

in studying agriculturally significant products, including the extraction of lignin from 
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lignocellulosic biomass [18] and the solubility of cellulose [19] in ionic liquids.  The 

present thesis assesses the use of COSMO-RS for predicting partition coefficients of 

silymarins in solvent systems meant for use in centrifugal partition chromatography. 

Silymarins are a class of flavonolignans found in milk thistile (Silybum marianum L.).  

Milk thistle has been used in traditional Eastern medicine to treat maladies of the liver 

for the past 2000 years, and has been studied for use in liver disease therapy [20].  

Today, it can be found in a variety of dietary supplements as an antioxidant and herbal 

remedy [21].  There are six primary compounds in the silymarin: silychristin, silydianin, 

silybin (which has two stereoisomers), and isosilybin (which has two stereoisomers).  

Because fractionation and purification of these six silymarins using CPC has been studied 

previously [6,7], they are an ideal starting point for using modeling software to develop 

a way to predict partition coefficients, are an excellent molecule to use to evaluate the 

accuracy of the COSMO-RS model in predicting partition coefficients of plant-derived 

biomolecules. 

Centrifugal partition chromatography is a type of countercurrent chromatography, in 

which two immiscible liquids are placed in contact under a centrifugal field to form a bi-

phasic solvent system.  Fractionation is a function of the partition coefficient of the 

solutes in the biphasic system.  Fractionation of silymarins has been previously 

demonstrated using countercurrent chromatography [7] and centrifugal partition 

chromatography [6], and use of COSMO-RS would allow for prediction of the partition 

coefficient in a variety of solvent systems in order to hone in on the best solvent system 
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and improve previous fractionation methods in order to achieve high purity and high 

yield.  

With the intent to study the use of COSMO-RS to identify the best solvent system for 

fractionation of naturally occurring biomolecules in solvent systems used in 

countercurrent chromatography, the objectives for this research are: 

1. Use a theoretical method based on molecular modeling to predict partition 

coefficients of six silymarins in various solvent systems. 

2. Hone in on best solvent system and use experimental methods to choose the 

best solvent system for fractionation. 

3. Compare the experimental results and evaluate the model accuracy.
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CHAPTER 2. LITERATURE REVIEW 

2.1 Conductor-like Screening Model for Real Solvents (COSMO-RS) 

2.1.1 Development 

The Conductor-like Screening Model for Real Solvents (COSMO-RS) was first published 

by Andreas Klamt in 1995 and was designed as an approach to address the challenges of 

studying solvation phenomena using computational techniques [10].  However, the 

origins go back further to Klamt’s COSMO: an algorithm developed to accurately 

calculate dielectric screening effects in order to create a realistic dielectric continuum 

model in which to compute geometry optimization of solutes [22].  Prior to the 

development of COSMO-RS, the computational study of molecules in the gas phase or in 

vacuum had been well developed, but there was a real need to address how to properly 

complete theoretical calculations of molecular behavior in solution and to study fluid 

thermodynamics. 

COSMO was one of many continuum solvation models (CSMs) to arise between the 

1970s and early 2000s as a way to study the effects of solvation.  Electrostatic 

interactions are an important and challenging component of modeling solvation, and so 

the goal of most continuum solvation models was to create a continuous dielectric 

medium for the solvents and model a surface around the solute in order to calculate the
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interactions between the solute surface and the continuous solvent medium [23].  The 

primary difference between COSMO and other apparent surface charge dielectric 

continuum solvation models (DCSM) is that COSMO uses a scaled conductor boundary 

condition, rather than the dielectric boundary condition [11].  One issue that many 

DCSMs fail to address is the ‘outlying charge’, solute electrons which lie outside the 

cavity/boundary.  The scaled boundary conditions created by COSMO make the 

electrostatic field operator more sensitive to any outlying charger, whereas the 

electrostatic potential operator in other DCSMs is less sensitive [24].  This results in 

COSMO being a more robust model in terms of being able to handle different solutes, 

including larger molecules.  

After COSMO was developed and applied to industrial applications, limitations of the 

dielectric continuum solvation model arose.  For example, the DCSMs generally cannot 

distinguish between solvents which have the same dielectric constant, even if their 

other properties are very different.  Examples of this would be cyclohexane and 

benzene, or methoxyphenol and heptanone [11].  There were also issues in predictions 

of thermodynamic properties of polar systems and non-neutral systems [11].  This 

limitation led Klamt to develop COSMO-RS, which combines the DCM of COSMO with a 

statistical thermodynamics approach to interacting surfaces [11].  By considering the 

solvent and solute to be equal in terms of quantum chemical and statistical 

thermodynamics considerations, COSMO-RS is able to predict more consistent 

thermodynamic mixtures and vary the temperature, which greatly expands the 

computational power of the model.  Because of this, COSMO-RS allows for theoretical 
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calculation of a variety of thermodynamic equilibrium properties of liquids, such as the 

free energy of hydration, activity coefficients, vapor pressure, capacity, and solubility, to 

name a few [12].  In addition to COSMO-RS, other methods such as UNIFAC and the 

CLOGP methods allow for calculation of the partition coefficient.  

2.1.2 Theory 

The major limitation of dielectric continuum solvation models like COSMO is that they 

are only able to describe the behavior of polarizable solvents on a macroscopic scale.  

No solvent system is uniformly polarizable at a molecular level, and so at best these 

types of models can qualitatively evaluate how the solvent will screen the electric fields 

of solutes, which are much weaker than the van der Waals surfaces of ions or polar 

molecules.  As it is unknown if solvents really behave like a dielectric medium at the 

molecular scale, it is interesting that water cannot be characterized as a dielectric 

medium which is uniformly polarizable, nor as a conductor with free charges.  Because 

neither model gives an accurate description of the behavior of water, a virtual 

experiment was developed and the results would lead to COSMO-RS [10].   

The following virtual experiment is included to better understand the COSMO-RS model.   

If there were a set of cubic solvent molecules S, and a cubic solute X, that were are 

placed in a conductor, were perfectly screened by surface charges, and exhibited no 

interaction between the molecules, the molecules could essentially be arranged in any 

configuration with no resulting change in energy.  Next, assume that one face of the 

solvent cube has a surface charge density of –σ, and the solute cube has a surface 

charge density of +σ, the solvent cubes can be arranged to surround the solute so that 
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the net charge is 0.  In this configuration, the presence or lack of a conductor (substance 

capable of transferring electric charge) between the molecules becomes irrelevant, and 

the solute is being screened by the solvent as if it were a conductor.  The conclusion of 

this virtual experiment is that solvents which offer the opposite of the surface charge 

densities for all faces of the solute will be able to screen the solute equally as well as 

conductor could and is an explanation for why water behaves as a conductor-like screen 

for many solutes.  [10] 

The behavior of water in this manner was a fundamental shift in how to consider 

solutions.  Instead of looking at solutions as an array of molecules interacting through 

electric fields and van der Waals interactions, they can be considered as having pairwise 

van der Waals interactions with adjacent surface charge densities.  In order to consider 

these interactions, COSMO is used to calculate the screening charge density of surface 

segments on the molecule.  For a solute molecule X, COSMO calculates the difference 

between a molecule’s energy in vacuum and in a conducting continuum; this is the ideal 

screening energy, ΔX.  COSMO uses the concept of screening energy to calculate the 

screening surface charge densities of surface segments around the molecule.  

The next challenge is how to model molecules.  Real molecules are not cubic or simply 

shaped, and so a method to identify surface segments was needed.  The primary 

criterion for surface segments was that the screening charge density should be 

reasonably uniform across a segment, but a segment should have a significantly 

different screening charge density from its neighboring segments.  Using this criterion, a 

segment size of 3 Å2 was generally acceptable but not necessarily a strict standard [10].  
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The COSMO-RS model creates a σ-profile which represents the probability distribution 

of the screening charge densities of the surface segments.  Only molecular structure and 

a few basic constants are needed in order to calculate the σ-profile, which is a major 

advantage of using COSMO-RS.   

2.1.2.1 Calculation of Chemical Potential 

The chemical potential, μs(σ), of a surface piece with polarity σ is calculated from the 

probability ps(σ’) of finding a certain polarity inside the solvent and uses an interaction 

term [Eint(σ,σ’)] that takes into account coulombic, hydrogen bond, van der Waals 

interactions, and shape [10].     

 
𝜇𝑠(𝜎) =  −𝑘𝑇𝑙𝑛 ∫ 𝑝𝑠(𝜎′)𝑒𝑥𝑝 {−

𝐸𝑖𝑛𝑡(𝜎,𝜎′)−𝜇𝑠(𝜎′)

𝑘𝑇
} 𝑑𝜎′ (2.1)  

This iterative solution using statistical thermodynamics makes COSMO-RS unique from 

group contribution methods.  Some of the assumptions of this approach are that all 

segments can interact with all other segments, the energy of all segment-segment 

interactions must be evaluated, and segments with similar σ values will have similar 

energies [10,11].  When μs(σ) has been calculated for all surface segments, the chemical 

potential of a whole component, solute X, in a system S can be calculated using 

Equation 2.2 [10,11]. 

 𝜇𝑆
𝑋 =  ∑ 𝑝𝑋(𝜎)𝜇𝑆(𝜎) + 𝜇𝐶,𝑆

𝑋

𝜎

 (2.2) 

Where 𝜇𝑆
𝑋 is the chemical potential of solute X in system S, 𝑝𝑋(𝜎) is the probability of 

finding X of a given polarity σ and is multiplied by the chemical potential of surface 
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segments, 𝜇𝑆(𝜎), and 𝜇𝐶,𝑆
𝑋  is a combinatorial term which accounts for the size and shape 

of the molecules.   

2.1.2.2 Calculation of the Partition Coefficient 

COSMO-RS can be used to calculate the chemical potential of solute X in an infinite 

dilution of a mixture S, and the activity coefficient   𝛾𝑆
𝑋 is derived from the chemical 

potential [11].   

 𝛾𝑆
𝑋 = exp (

𝜇𝑆
𝑋 − 𝜇1

𝑋

𝑅𝑇
) (2.3) 

The partition coefficient at thermodynamic equilibrium can then be calculated using the 

activity coefficients.  S is the stationary phase, M is the mobile phase, and X is the solute.  

The composition of the mixture is needed for the activity coefficient calculation, and so 

for a biphasic solvent system the phase equilibrium data is needed and can be taken 

from literature if available, or determined experimentally using gas chromatography or 

other methods [14].  

 𝐾𝑋
𝑆𝑀 =

𝛾𝑋
𝑀

𝛾𝑋
𝑆  (2.4) 

2.1.3 Applications 

COSMO-RS was developed as a novel method for predicting thermodynamic properties 

of liquids, and in particular, various types of partition coefficients [11,25].  It has become 

widely used in chemistry and chemical engineering for theoretical phase equilibrium 

calculations, and has been used as a tool for efficient solvent screening to optimize the 

solvent screening process [11,14,15,26].  COSMO-RS was originally parameterized only 
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using neutral compounds, but since 2002 it has been able to effectively model ionic 

liquids by simulating them as mixtures containing cations and anions [11,27,28], with 

root-mean-square-error values less than 0.5 in comparing to experimental results [29].  

COSMOlogic GmbH &Co. KG, Germany, has developed the Turbomole and COSMOtherm 

software programs in order to make use of the COSMO-RS model.  As COSMO-RS and 

the COSMOlogic programs continue to expand into new areas, the variety of 

applications has expanded to include solvent screening [14,15,30,31], ionic liquids and 

solvent design [29,32], prediction of partition coefficients [13–15,33], studying vapor-

liquid equilibrium [34,35], vapor pressure and enthalpy of vaporization [36–39], and 

prediction of flash points [40].  

2.1.3.1 Ionic Liquids and Solvent Design 

Ionic liquids (ILs) have become popular in the study of environmentally friendly solvents 

due to their low vapor pressure, high stability, and high solvent capacity [41–43].  ILs are 

sometimes referred to as designer solvents because their cations and anions can be 

carefully selected to create a unique liquid for a designated application [32].  However, 

there is limited experimental data regarding the properties of the specialized 

cation/anion mixtures.  COSMO-RS was used to investigate how well it could predict 

thermodynamic properties of ILs and was found to be well-suited for such an application 

due to the reliance on quantum chemical calculations based on structure rather than 

experimental data [32].  COSMO-RS was used to calculate molar volume and specific 

density of 18 1-alkyl-2-methylimidazolium ILs at 298 K and a highly linear relationship 
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was found between experimental data and the COSMO-RS predicted data, with R = 

0.999 and a root mean square error (RMSE) less than 1.7% [32].  COSMO-RS has also 

been used in a variety of other ionic liquid studies, including screening for green 

solvents for denitrification [44], predicting cellulose solubility in ILs [19], predicting 

hydrocarbon solubility in ILs [45], studying physical absorption of CO2 in ILs [46], and 

predicting enthalpies of vaporization [35].  

2.1.3.2 Prediction of Partition Coefficients 

COSMO-RS has been used as a tool to predict partition coefficients of a variety of 

compounds in different solvent systems and applications, including prediction of 

micelle/water partition coefficients [47], nonpolar organics in water-surfactant systems 

[33], solutes in polymers [13], and G.U.E.S.S.-mix compounds [16] in solvents used in 

countercurrent chromatography [14,15]. 

Solubilization in solutions of micelles have applications in separation of biosynthesis 

products, and the partition coefficient can be used to measure the solubilization of a 

solute between the micellar and aqueous phases [47].  By treating micelles as a 

macroscopic phase in equilibrium with and surrounded by an aqueous phase, then 

thermodynamic equilibrium properties can be used to evaluate the partitioning of a 

solute between the two phases.  This pseudo-phase approach allows statistical 

thermodynamic models like COSMO-RS to estimate the chemical potential between the 

aqueous phase and micelle phase, from which the partition coefficient can be derived.  

A comparison of the ability of UNIFAC (a group contribution method) and COSMO-RS (an 
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a priori model) to model the partitioning of nonpolar organic solutes in water-surfactant 

systems concluded that COSMO-RS had an advantage in modeling ions [33].  The study 

concluded that COSMO-RS can make quantitative predictions that are in reasonable 

agreement with experimental data and is able to deal with both polar and non-polar 

organic solutes in ionic and non-ionic surfactant solutions [47].   

In 2014, Klamt and COSMOlogic showed that polymers can be treated as solutions of 

monomers or oligomers in order to predict thermodynamic properties and partition 

coefficients [13]. COSMOtherm can only represent a polymer as a complete molecule if 

it has a low degree of polymerization, but there are other ways to model polymers in 

COSMOtherm, as noted in COSMOtherm version C3.0-Revision 14.01.  A few repeat 

units can be used and capped with appropriate end groups, and studies conducted at 

COSMOlogic have shown there is little difference when including more repeat units, as 

shown in an example using polyethylene glycol (PEG) [13].  More importantly, accurate 

representation of the free volume of the polymer, as polymers typically have less free 

volume than smaller molecules, is possible.  The Bondi van der Waals volumes can be 

implemented in COSMO to overcome this challenge [13,48].  The study concluded that 

prediction of partition coefficients can be made using COSMO-RS and COSMOtherm as 

long as the density, molecular weight, and crystallinity of the polymer is known, and a 

sufficient free volume estimation can be made [13]. 

In an effort to reduce the experimental burden for choosing solvent systems for use in 

counter-current chromatography, COSMO-RS was used to predict the partition 

coefficient of five different case studies in HEMWAT and ARIZONA solvent systems 
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[14,49,50].  First, COSMO-RS was used to distinguish between homologues of n-

alkylbenzenes and steroids.  Next, the partition coefficient of one solute (benzyl alcohol) 

in many solvent systems was calculated.  The fourth case study used phenols in 

ARIZONA systems of heptane/ethyl acetate/methanol/water at different ratios, and to 

predict partitioning of G.U.E.S.S. mix compounds.  Proposed by Friesen and Pauli, 

G.U.E.S.S. mix is representative of common compounds found in extracts of natural 

products [14,16].  Comparing all of the COSMO-RS studies to experimental 

determination of the partition coefficients via the shake flask method, they found that 

best solvent system as determined by COSMO-RS was within one of the best solvent 

system experimentally, and so COSMO-RS can be used as a screening tool for predicting 

what solvent system will yield the best partitioning and separation of compounds 

[14,15].  

2.1.3.3 Vapor-Liquid Equilibrium 

COSMO-RS has been investigated as a method for predicting vapor-liquid equilibria (VLE) 

in a variety of studies [51,29,52]. COSMO-RS was used to calculate the activity 

coefficients of 38 compounds at infinite dilution in various ionic liquids [29].  The 

compounds included alkanes, alkenes, alkylbenzenes, alcohols, polar organics, and 

chloromethanes.  It was found that although COSMO-RS was developed for neutral 

solvents, it is capable of predicting activity coefficients in ionic liquids with the same 

accuracy with no adjustment [29], meaning vapor-liquid equilibria can be reliably 

predicted for solvent systems where experimental data is unavailable. The applicability 
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of COSMO-RS to binary VLE was evaluated by studying interactions of 136 binary 

systems using mixtures of alkanes, alkenes, cycloalkanes, alcohols, ethers, ketones, 

aldehydes, and alkyl benzenes [51].  Most systems had deviations between 

experimental and predicted phase behavior of less than 5%, and so COSMO-RS is useful 

in predicting phase behavior of mixtures [51].  In 2012, Guzel & Xu used COSMO-RS to 

study the liquid-liquid equilibria (LLE) and VLE of solvents containing fatty acid ethyl 

ester components for biodiesel fuel refining [53].  They reported 2.10% mean deviation 

between experimental data and COSMO-RS predicted phase equilibria and concluded 

the usefulness of COSMO-RS in predicting phase equilibria where no experimental data 

is available [53].  

2.1.3.4 Vapor Pressure and Enthalpy of Vaporization 

Prediction of vapor pressures and enthalpies of vaporization can be done by breaking 

solvation free energy into three components: dispersion, cavity formation, and 

electrostatic contributions, the last of which can be predicted by the COSMO solvation 

model [37].  Model parameters were determined using 371 pure substances including 

alkanes, alcohols, ketones, esters, amines, aromatics, and multifunctional compounds 

[37].  The average accuracy of the comprehensive model was found to be 76%.  An 

improvement on this method uses the property-relationship COSMO statistical 

associating equation of state (PR+COSMOSAC) [39].  The predicted vapor pressure for 

1140 substances found that the average deviation was 1/3 of the original model [39].  

The PR+COSMOSAC equation of state has been used for study of vapor-liquid equilibria 
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[54] and demonstrates the usefulness of COSMO in calculating vapor pressure and 

enthalpy of vaporization when experimental data and other methods are not readily 

available.  Additionally, COSMO-RS has been used to predict vapor pressures and 

enthalpies of vaporization for ionic liquids [38] and COSMO has been used in predicting 

temperature dependent vapor pressures of explosives [36].   

2.1.3.5 Flash Points 

Knowledge of the flash point of a chemical is important for safety and hazard prevention, 

and minimum flash point behavior (MFPB) is a phenomenon in which the flash point of a 

mixture is lower than the flash points of the individual components [40,55].  Although 

the flash point and MFPB can be determined experimentally, a prediction and estimate 

of the flash point of a mixture is needed prior to experimental determination.  The 

COSMO-RS and UNIFAC methods were used to calculate the MFPB of methanol-water, 

ethanol-water, octane-ethanol, and octane-1-butanol mixtures [40].  Although Liaw’s 

mathematical method is commonly used for theoretical determination of the flash point 

of binary mixtures [56], it is not always able to calculate the MFPB. Comparison of 

COSMO-RS and UNIFAC in theoretically calculating the MFPB concluded that mixture 

flash point is a function of flash point, vapor pressure, and activity coefficients, which 

can be accurately predicted using COSMO-RS.  The equation was fit for over 1200 

compounds with less than 1% error when compared with experimental data [40].  In 

conclusion, when COSMO-RS is available, in can greatly improve the prediction of the 

flash point of mixtures, especially those exhibiting minimum flash point behavior.   
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2.1.4 Comparison to Other Partition Coefficient Prediction Methods 

A variety of other methods exist for theoretical prediction of partition coefficients, and 

these methods continue to evolve as the needs of the chemical industry shift and as 

new compounds require computational study.  Toxicity of compounds and solvents as 

well as a desire to speed up the solvent selection process drives the development of 

theoretical methods for prediction partition coefficients.  The types of models used to 

predict partition coefficients can be divided into molar methods and group contribution 

methods, and these can be compared to COSMO-RS. 

2.1.4.1 Molar Methods 

The primary distinction of molar methods is that they require molecular characteristics 

such as molar volume or solubility in order to calculate the partition coefficient.  They 

were common prior to the development of more sophisticated models in the 1990s.  

1) Molar volume method: This method was very common prior to the development 

of more advanced theoretical models.  It is based upon the assumption that the 

chemical potential of compounds is equal in pure liquid solution and in a 

saturated aqueous solution, and utilizes the following relationship between 

solubility and molar volume based on Hansen’s solubility parameters [57].  

2) Solubility and CLOGP: The CLOGP method was first proposed by Hansch as part 

of his work in developing parameters for quantitative structure-activity 

relationship (QSAR) equations.  Using 1-octanol as the hydrophobic solvent, the 

1-octanol/water partition coefficient (log P) could be determined and used to 
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evaluate molecular hydrophobicity [58–60].  CLOGP, now commercialized and 

available as a tool in several software programs is particularly popular among 

biochemists and medical chemists since it has been developed primarily for 

studying the partitioning of lipids in water.   

2.1.4.2 Group Contribution Methods 

The primary basis of group contribution methods for calculating the partition coefficient 

is to consider a compound as a sum of groups and then predict properties of the 

compounds (such as the activity coefficient or partition coefficient) by analysis and 

parameterization of the groups making up the compound.  The most prominent group 

contribution method is UNIFAC, but there are many other group and fragment 

contribution methods.  Table 2.1 compares the difference in the bases and results of 

these different continuum solvation models.   

1) UNIFAC: The UNIFAC group contribution method was first designed as a method 

to estimate activity coefficients in non-ideal liquid mixtures [61].  UNIFAC united 

the ideas of functional group solvation and the quasi chemical theory of liquid 

mixtures (UNIQUAC).  UNIQUAC was derived from Guggenheim’s quasi-chemical 

theory and was extended to include solution of different functional groups.  In 

order to do this, parameters were chosen and evaluated for different functional 

groups.  Primarily, size and area of different functional groups was calculated 

from pure-component molecular structure, and phase equilibrium data for 

mixtures of functional groups was used to evaluate interaction parameters.  This 
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is the fundamental idea of UNIFAC, Derr and Deal’s ASOG model, and other 

fragment contribution methods: that activity coefficients can be derived from 

the interactions between structural groups [61,62].  The group interaction 

parameters are obtained from vapor-liquid equilibria data at the Dortmund Data 

Bank at Universität Oldenburg, Germany [63,64]. 

2) Other fragmentation and group contribution methods: like UNIFAC, these 

methods are based on the idea that activity and partition coefficients can be 

derived by adding up the interactions between structural or functional groups 

(fragments of the whole molecule or compound).  The idea of group contribution 

methods originated in 1971 when Leo et al. proposed that classical statistical 

thermodynamics could be used to calculate the chemical potential of structural 

groups, and that a whole molecule could be represented as the sum of the 

groups [65].  The atom/fragment contribution method instead considered atom 

contributions in order to estimate the octanol-water partition coefficient of 130 

simple chemical structures [66].  This method is highly accurate but has a very 

high degree of parameterization.  The contributions of second and third-order 

groups has also been calculated using simple linear regression analysis of 9,560 

octanol-water partition coefficient values [67]. Quantum mechanics can similarly 

be used by creating two parameters: one based on shape, and one to account 

for size, which in conjunction with an energy parameter were able to determine 

the octanol-water partition coefficient [68].  The quantum mechanics approach 
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is still a group contribution method as the size and shape parameters are both 

based on functional groups.  

Table 2.1.  Comparison of solvation models to calculate the partition coefficient. 

Model Authors Basis Results/Examples 

Molar Volume Hansen et al. 2007 
 

Assumes chemical 
potential of pure 
liquids is equal to 
saturated solutions;  
uses the relationship 
between solubility and 
molar volume based on 
Hansen’s solubility 
parameters 

Simple method for 
calculation of 
chemical potential 
and partition 
coefficient when 
some experimental 
data is available 

CLOGP Hansch et al. 1968;  
Ghose et al.  1997;  
Hansch et al.  1998. 
 

Uses the 1-octanol as 
the hydrophobic 
solvent to determine 
the 1-octanol/water 
partition coefficient 
(log P) and evaluate 
hydrophobicity   

Popular in 
biochemistry and 
medicine for 
studying 
partitioning of 
lipids in water. 

UNIFAC and 
other group 
contribution 
methods 

Derr et al. 1969;
Fredenslund et al. 
1975; Leo et al. 
1971; Meylan et al. 
1995; Merrano et 
al. 2002 

A molecule can be 
considered the sum of 
its functional groups, 
and functional group 
interactions can be 
used to model the 
behavior of the 
molecule in solution. 

Requires some 
experimental data 
on functional 
groups; lacks 
sensitivity.   

COSMO-RS Klamt 1995 Small surface segments 
can be used to create 
the surface of the 
molecule with little to 
no experimental data 
required. 

Higher sensitivity, 
more capable of 
dealing with a 
variety of polar (or 
ionic) and nonpolar 
systems.   
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2.1.4.3 Comparison of COSMO-RS to Other Theoretical Methods 

Presently, UNIFAC and COSMO-RS are competing models for calculation of partition 

coefficients.  Competing researchers and business interests lead to both sides claiming 

superiority [69–72], but numerous independent studies have often found the two 

produce similar results [47,33,40], with some citing advantage of COSMO-RS in dealing 

with ionic or polar solutions.  COSMO-RS is not unlike UNIFAC and other fragmentation 

methods, in that it does, in a sense, create a network of groups in order to calculate the 

activity coefficient.  However, COSMO-RS is unique in that it considers the surface of the 

molecule to be made up of very small surface segments, rather than large functional 

groups.  This increases the sensitivity of the charge density of the molecule, and can 

therefore improve the accuracy of the calculation of the activity coefficient [69,71].  

Localization and scaling of the screening charge density as opposed to considering the 

dielectric boundary constant of a functional group leads to an advantage in sensitivity of 

the COSMO-RS model and an improved analysis of non-neutral thermodynamic 

behavior.  When using COSMOtherm, the user also has the choice to use the most 

dominant conformer of a molecule or use a weighted Boltzmann mixture of all the 

conformers, which can lead to more accurate results.    
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2.2 Silymarins 

Silymarins are a group of six compounds most commonly found in milk thistle plants, 

and are of interest due to their antioxidant properties and long history of being used to 

treat liver disease [20].  Their antioxidant properties have led to their availability in 

dietary supplements and recent research has investigated the use of silymarins in canter 

treatment therapies [73].  Silymarins are an excellent starting point for evaluating the 

ability of modeling software to predict partition coefficients of biomolecules, due to 

previous studies on fractionation of silymarins using countercurrent chromatography 

methods [6,7].  There is interest in using COSMO-RS to predict the partition coefficients 

of the six silymarin compounds in CCC solvent systems, and try to improve upon and 

fine-tune the previously studied solvent systems.   

2.2.1 Plant Sources 

Silymarins are most commonly found in the seeds of milk thistle (Silybum marianum L.), 

which is an herbaceous weed native to the Mediterranean [74] and found in many 

regions around the world [75].  Milk thistle seeds are 28-34% fat, and 0.1% flavonoids, 

vitamins, trace elements, and other components, and flavonolignans make up 4% of the 

flavonoids [75].  Milk thistle has been used to treat liver disorders for over 2000 years 

[20] and silymarins and milk thistle extracts are used for similar purposes and as 

antioxidants in herbal remedies and dietary supplements [76,77]. 
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2.2.2 Structures 

There are six primary compounds in the silymarin: silychristin, silydianin, silybin (which 

has two stereoisomers), and isosilybin (which has two stereoisomers).  Their structures 

are shown in Figure 2.1. 

 
Figure 2.1.  Structure of six silymarin compounds.  Silybin and isosilybin are regioisomers 
each of which have two stereoisomers. 

2.2.3 Applications 

For over 2000 years, silymarins have been used for treatment of liver disorders [20], and 

stimulate liver regeneration while preventing hepatotoxins from entering by stabilizing 
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the cell membrane [78].  Milk thistle has also been studied as a cancer preventative 

[79,80] or anti-cancer drug [81,82], and studies have been done on isolation of 

silymarins from cultured cells of S. marianum [74].  Milk thistle is commonly marketed 

as an antioxidant and dietary supplement [77].  The solid wastes of the milk thistle fruits 

from silymarins production has also been studied for use in feed quality improvement, 

and it has been shown that it can be used with Aspergillus niger and Candida tropicalis 

in fermentation and will result in better blood serum biochemistry, including higher high 

density lipoprotein cholesterol, blood urea nitrogen, and improved immune responses 

[83]. 

2.2.4 Separation and Purification 

Silymarins can be extracted from milk thistle using hot water extraction [6,84,85] or 

organic solvents [86].  Pressurized hot water extraction of silymarins has been well 

studied by Carrier et al. [6,84,85].  Hot water extraction and pretreatment methods are 

becoming more popular in biomass processing due to an increased desire to use green 

solvents and avoid harsh organic chemicals.  Hot water extraction at 140 °C for 55 

minutes was sufficient for maximum yield of the compounds, but first order degradation 

kinetics were observed at these conditions [84].   

Countercurrent chromatography (CCC) has been a method employed to separate the 

silymarins into pure product fractions [7].  Using pure standards in a biphasic solvent 

system of water/methanol/ethyl acetate/n-hexane, HPLC analysis of the fractions 

showed the following: silychristin at a purity of 93.1%, silybin at a purity of 95.7%, and 
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isosilybin at a purity of 89.7% [7].  Silydianin was unable to be isolated, as were the 

stereoisomers of silybin and isosilybin. 

Building upon the hot water extraction technique and fractionation via CCC, Engelberth 

et al. [6] used fast centrifugal partition chromatography (FCPC) – a type of CCC – with a 

heptane/ethyl acetate/methanol/water system at varying solvent ratios to improve 

upon the yield and purity of fractions.  This method proved very useful in separating 

silydianin from the crude extract.  The fractions from FCPC fractionation of the hot 

water extract resulted in silychristin at 70.2% purity, silydianin at 93.7% purity, isosilybin 

B at a purity of 96.1%, and a mixture of isosilybin A, silybin A, and silybin B [6].  FCPC 

separation of pure silymarins standards yielded silychristin at 85.7% purity, silydianin at 

62.9% purity, silybin B at 78.6% purity (with the remainder being silybin A), and 

isosilybin B at 96.1% purity (the remainder being silybin A, B, and isosilybin A) [6]. The 

use of CPC and various solvent systems by Engelberth et al. [6] showed clear 

improvement on the work by Du et al. [7]. 

Other studies have demonstrated gram scale purification of silymarins, including a study 

using a combination of flash chromatography and preparative HPLC, achieving greater 

than 97% purity of silybin A, silybin B, isosilybin A, and isosilybin B from powdered 

extract [87]. Similarly, a binary-column preparative HPLC was able to achieve greater 

than 98% purity separation of the four diastereomers from silymarin powder [88].  

Table 2.2 outlines the different methods, solvent systems, and results for 

chromatographic separation of silymarins. 
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Table 2.2.  Chromatography methods for purification of silymarins. 

Authors Methods Solvent System Results 

Du et al. 2002 Countercurrent 
chromatography 

Hexane-ethyl 
acetate-methanol-
water 

From standards: 
silychristin at 93.1% 
purity, silybin at 
95.7% purity, 
isosilybin at 89.7% 
purity 

Engelberth et al. 
2008 

Centrifugal 
partition 
chromatography 

Heptane-ethyl 
acetate-methanol-
water 

From standards: 
silychristin at 85.7% 
purity, silydianin at 
62.9% purity, 
silybin B at 78.6% 
purity, isosilybin B 
at 96.1% purity 

Graf et al. 2007 Flash 
chromatography 
and preparative 
HPLC 

Methanol-water >97% purity silybin 
A, silybin B, 
isosilybin A, and 
isosilybin B from 
pure silymarins 

Zhao et al. 2014 Binary column 
preparative HPLC 

Methanol-water >98% purity silybin 
A, silybin B, 
isosilybin A, and 
isosilybin B from 
pure silymarins 

 

2.3 Centrifugal Partition Chromatography 

2.3.1 Introduction 

Countercurrent chromatography (CCC) was developed in the 1960s by Ito et al. [89]in an 

effort to utilize centrifugal force and biphasic solvent systems for separation of solutes.  

The technique of countercurrent chromatography is based on fluid dynamics and the 

theory that the target compound (solute) will be carried by a mobile phase as it passes 

through a second phase that is held stationary by centrifugal force.  The solute will 

separate based on the difference between the partition coefficients of the solute in 
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each phase.  Centrifugal partition chromatography (CPC) was pioneered by Nunogaki et 

al. [90], and is one of many technologies that grew out of CCC [91].  The original CPC 

apparatus was intended to simplify the set-up of a CCC apparatus and allow solvents to 

be continuously pumped into the rotating separation columns of the centrifuge.   

CPC is based on the idea of the hydrostatic equilibrium system, in which gravity and 

pressure are balanced to keep a fluid stationary [92].  The centrifugal force generated by 

a spinning rotor keeps the stationary phase in the cells of the apparatus, while allowing 

the mobile phase to quickly pass through, which can allow for very fast separation times 

[91].  The column of a CPC instrument consists of ducts or cells connected by channels.  

The column rotates about the shaft which creates the centrifugal force field.  Meanwhile, 

the mobile phase is pumped in and passes through the stationary phase and the 

channels.  The CPC can be operated in two modes: ascending and descending.  

Ascending mode should be used when the less dense upper phase is used as mobile 

phase; descending mode should be used when the denser lower phase is used as the 

mobile phase.  The ability to choose whether the upper or lower phase is mobile is a 

major advantage of CPC.  Choice of solvent systems and operating modes make CPC a 

highly flexible technology.   
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Figure 2.2.  Centrifugal partition chromatography works by pumping the less dense 
mobile phase through a series of cells under a centrifugal field; the components will 
separate based on their affinity for the mobile or stationary phase. 

2.3.2 Solvent System Selection 

CPC separations are dependent on using a bi-phasic solvent system constructed of two 

immiscible phases.  Achieving the best separation is dependent on identifying the best 

solvent system, and so this must be the first step in any CPC separation.  The best 

solvent system is measured by two parameters: the partition coefficient and the 

separation factor if there is more than one target compound (multiple solutes).  The 

partition coefficient, KD, is the ratio of the solute’s concentration in the upper phase to 

its concentration in the lower phase at equilibrium [91], as shown in Equation 2.5. 

  𝐾𝐷 =
𝑐𝑈

𝑐𝐿
=

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑢𝑝𝑝𝑒𝑟 𝑝ℎ𝑎𝑠𝑒

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑙𝑜𝑤𝑒𝑟 𝑝ℎ𝑎𝑠𝑒
 (2.5) 

The separation factor (α) is defined as the ratio of the partition coefficient (KD) of two 

components (A and B) in the mixture, as shown in Equation 2.6.  The partition 

coefficient indicates which phase the solute prefers, while the separation factor 

indicates how well multiple solutes can be separated from each other.  
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 𝛼𝐴/𝐵 =
𝐾𝐴

𝐾𝐵
, 𝑤ℎ𝑒𝑟𝑒 𝐾𝐴 >  𝐾𝐵 (2.6) 

The selected solvent system can be binary, ternary, or quaternary [91].  The best solvent 

should be the one where the solute is most soluble, and the solvents should not 

decompose any of the solutes [93].  All components of a sample should have acceptable 

partition coefficients and separation factors if possible; KD should be between 0.4 and 

2.5 and as close to 1 as possible.  The separation factor should be greater than 1.5 

between all target compounds [31]. 

Solvent retention time for CPC can be determined by measuring the time needed for the 

system to form two distinct phases after thorough mixing.  Generally, a phase 

separation time less than 30 seconds indicates the stationary phase will be easily 

retained, and a phase separation time greater than 30 seconds indicates the stationary 

phase will be less easily retained , although a CPC settling time greater than 30 seconds 

is usually fine because the high rotational speed of CPC will help retain the stationary 

phase [94].  

High purity separations rely directly on choosing the solvent system that yields the best 

partition coefficient and separation factor for the target compound(s), and so the 

solvent selection step is the most crucial part of the process.  A ternary bi-phasic system 

can be constructed by choosing the solvent the solute is most soluble in as the “best 

solvent” and then adding a more polar solvent and a less polar solvent to create the two 

phases [91].  A similar theory based on polarity was used to build the ARIZONA system 

of quaternary solvent systems [92] containing heptane, ethyl acetate, methanol, and 
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water.  Quaternary solvent systems has also been constructed using the Generally 

Useful Estimate of Solvent Systems (G.U.E.S.S. mix) and a range of polarities can be 

chosen using the HEMWat systems containing various ratios of hexane, ethyl acetate, 

methanol, and water [93].   

2.3.3 Applications in Natural Products 

Almost since its invention, CCC and CPC have been used as techniques for separating 

pure fractions of natural products.  In particular, the heptane-ethyl acetate-methanol-

water solvent system has been used for a variety of natural product separations [92]. 

2.3.3.1 Hexane/Heptane-Ethyl Acetate-Methanol-Water Separations 

HEMWat systems (hexane-ethyl acetate-methanol-water) and ARIZONA (heptane-ethyl 

acetate-methanol-water) systems have been used in centrifugal partition 

chromatography purification of a variety of natural products, including Annonaceous 

acetogenins from tropical plants of the Annonacea family [92], 10-deacetyl-baccatin III 

from Taxus baccata [92], and silymarins from Silybum marianum L. [6]. 

2.3.3.2 Purification of Alkaloids 

Alkaloids are nitrogen-containing organic compounds present throughout nature.  They 

have complex ring structures and significant biological activity. 

1) pH-zone refining countercurrent chromatography using a binary methyl tertiary 

butyl ether (MtBE)-water solvent system has been used to isolate alkaloids from 

Crinum moorei [95]. 
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2) pH-zone refining CPC using a MtBE-acetonitrile-water solvent system has been 

used to isolate vindoline, vindolinine, catharanthin and vincaleukoblastine from 

Caranthus roseus [96]. 

3) Ascending mode CPC using a MtBE-acetonitrile-water solvent system has been 

used to isolate lotusine from Zizyphus lotus [97]. 

4) Ascending mode CPC using a chloroform-methanol-acetic acid solvent system 

has been used to isolate 14-membered cyclopeptides paliurines G, H, and F from 

Paliurus ramossisimus [98]. 

5) Ascending mode CPC using a MtBE-acetonitrile-water solvent system has been 

used to isolate chanoclavine and lysergol from Ipomoea muricata [99]. 

2.3.3.3 Purification of Polyphenols 

Plant-derived polyphenols are useful for their antioxidant activity and ability to remove 

free radicals when found with vitamins C, E, and carotene [100].  CPC has also been used 

to extract phenols from grapes and polyphenols from grape seeds and vines using ethyl 

acetate [101].  Subsequently, a hexane-ethyl acetate-ethanol-water system was used in 

CPC to obtain fractions of various polyphenols and flavonols.  CPC has also been used for 

separation of dammarane saponin from Zizyphus lotus [102] and glycosides from 

Holmskioldia sanguinea [103]. 

2.3.3.4 Other Natural Product Separations 

1) Slow rotary CCC has been shown to effectively separate solanesol from tobacco 

leaves extract in a non-aqueous solvent system [4].  Solanesol is a low-polarity, 
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non-cyclic alcohol and can be used as a food additive if separated from the 

tobacco tar, pigments, and other impurities in the tobacco leaves.  Use of CCC 

and a non-aqueous solvent system of sunflower oil and ethanol led to 89% 

recovery of solanesol at 27% purity. 

2) Fast CPC has been used to recover six ginsenosides from ginseng saponins in a 

heptane-n-Butanol-water solvent system, after extraction using pressurized hot 

water [5].  

3) The use of CPC ternary solvent systems to recover three xylooligosaccharides – 

xylose, xylobiose, and xylotriose – from hemicellulose has been investigated 

using COSMO-RS and the shake flask experimental method [104]. 
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CHAPTER 3. MATERIALS AND METHODS 

A major objective of this study is to evaluate the ability of molecular modeling to 

function as a solvent screening tool for fractionating biomolecules using countercurrent 

chromatography.  In order to do this, the partition coefficients of six silymarin molecules 

were predicted using the Conductor-like Screening Model for Real Solvents.  The shake 

flask method was used to experimentally determine the partition coefficients for 

comparison to the model.  The theoretical and experimental methods are outlined in 

this chapter.  

3.1 Theoretical Method: the Conductor-like Screening Model for Real Solvents 

(COSMO-RS) 

The COSMO-RS method for calculating the partition coefficient is based on the 

molecular structure of the solute molecules, and on the composition of the phases of 

the solvent system.  Figure 3.1 outlines the method for theoretical determination of the 

partition coefficient using COSMO-RS.  
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Figure 3.1.  Hyperchem, TmoleX, and COSMOthermX were used to perform the 
theoretical calculations leading to the partition coefficient.  Molecular structures and 
molar volumes of pure solvents were obtained from reference standards [105], and the 
phase composition was determined using gas chromatography.  This closely follows a 
method outlined by the Minceva group [14,15].  

3.1.1 Molecular Structures and Conformational Search 

Because the COSMO-RS calculations are so dependent on the molecular structure, it is 

important that conformations are considered.  Conformers are stereoisomers 

corresponding to potential energy minima, and are known to have an impact on the 
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COSMO-RS calculations [33].  HyperChem (release 8.0, Hypercube, Inc.) was used to 

draw the two-dimensional molecular structure, and then generate the three-

dimensional using the Molecular Mechanic + (MM+) force field.  The MM+ force field 

uses the most recent MM parameter sets and includes molecular dynamics calculations.  

Conformations of each silymarin were generated using the conformational search 

feature.  The number of conformations generated is dependent on the parameters 

chosen, including limits on the energy range and root mean square error (RMSE).  The 

energy range was set for 0.05-1 kcal/mol and the RMSE range was set to 0.5-2 Å.  The 

number of conformations found for each silymarin was: 24 Silybin A, 19 Silybin B, 14 

Isosilybin A, 35 Isosilybin B, 40 Silychristin, 17 Silydianin.  To give an idea of how the 

conformers appear in the program, two conformations of silychristin are depicted in 

Figure 3.2. 

 
Figure 3.2.  Example of some conformations of silychristin generated by HyperChem. 

3.1.2 Geometry Optimization and Calculation of the Screening Charge Density  

The σ-profile representation of screening charge density must be calculated for each 

conformation.  This was completed using the program TmoleX (Version 3.4, COSMOlogic 

GmbH &Co. KG, Germany).  Within TmoleX, density functional theory using the Becke-
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Perdew (B-P) functional and triple zeta valence polarized (TZVP) basis set [25] was 

applied.  B-P is a density functional theory model proposed by Becke [106] and TZVP is a 

basis for molecular calculations [107].  Equation 3.1 is used by TmoleX in calculating the 

average screening charge density σm of a standard surface segment (m) with original 

screening charge density 𝜎𝑛
∗ and the average radius of a standard surface segment, reff 

[12]. rn is the radius of segment n, and dmn is the distance between segments m and n. 

 𝜎𝑚 =

∑ 𝜎𝑛
∗

𝑟𝑛
2𝑟𝑒𝑓𝑓

2

𝑟𝑛
2 + 𝑟𝑒𝑓𝑓

2 exp (−
𝑑𝑚𝑛

2

𝑟𝑛
2 + 𝑟𝑒𝑓𝑓

2 )𝑛

𝑟𝑛
2𝑟𝑒𝑓𝑓

2

𝑟𝑛
2 + 𝑟𝑒𝑓𝑓

2 exp (−
𝑑𝑚𝑛

2

𝑟𝑛
2 + 𝑟𝑒𝑓𝑓

2 )

 (3.1) 

The average screening charge density, σm, is then used to calculate the σ-profile, which 

represents the probability of a surface segment having a screening charge density of σm.  

The average screening charge density and σ-profile of a compound, i, is calculated using 

Equation 3.2 [30], where ni(σ) is the number of segments with a screening charge 

density σ, and ni is the total number of segments.  Figure 3.3 displays the σ-profile of 

one conformation of Silybin A. 

 𝑝𝑖(𝜎) =
𝑛𝑖(𝜎)

𝑛𝑖
 (3.2) 
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Figure 3.3.  The σ-profile of one conformation of Silybin A. 

A more qualitative way of considering the σ-profile is to look at the corresponding 

COSMO surface, in which blue areas represent likely hydrogen donors and red areas are 

more likely to be acceptors.  The COSMO surface of the same conformation of Silybin A 

from Figure 3.3 is shown in Figure 3.4. 
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Figure 3.4.  COSMO surface of a conformation of Silybin A. Blue areas are where the 
molecule is likely to be a hydrogen donor and red areas are areas where the molecule is 
likely to be a hydrogen acceptor. 

Although the COSMO surface in Figure 3.4 appears continuous, it is an illustration of all 

of the tiny surface segments which have their own screening charge density and 

different potential for interactions, and these surface segments can be quantitatively 

considered in the σ-profile or qualitatively examined in the COSMO surface.  The σ-

profile is stored and is used in the next step to calculate chemical potential. 
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3.1.3 Calculation of Chemical Potential and Derivation of the Partition Coefficient 

COSMOthermX (Version 13, COSMOlogic GmbH & Co. KG, Germany) was used for 

calculation of chemical potential and the activity coefficient.  The σ-profile of a mixture, 

ps(σ), which contains several solutes (i), can be calculated by summing the σ-profiles of 

all components, weighted by their mole fraction, xi, as shown by Equation 3.3 [10]. 

 𝑝𝑆(𝜎) =  
∑ 𝑥𝑖𝑝𝑖(𝜎)𝑖

∑ 𝑥𝑖𝑖
 (3.3) 

COSMOthermX calculates the chemical potential of compound i in mixture S according 

to Equation 3.4 [12]. 

𝜇𝑆
𝑖 = −

𝑅𝑇

𝑎𝑒𝑓𝑓
𝑙𝑛 [∫ 𝑝𝑆(𝜎′)𝑒𝑥𝑝 (

𝑎𝑒𝑓𝑓 × (𝜇𝑆
𝑖 (𝜎′) − 𝐸𝑚𝑖𝑠𝑓𝑖𝑡(𝜎, 𝜎′) − 𝐸𝐻𝐵(𝜎, 𝜎′))

𝑅𝑇
) 𝑑𝜎′] 

(3.4) 

Emisfit represents the electrostatic interactions; EHB is hydrogen bonding; aeff is the 

effective contact area between two surface segments, σ and σ’ are the screening charge 

density of two interacting surface segments.  The electrostatic energy in the misfit term 

is calculated using Equation 3.5, and includes the effective contact area between 

segments, the screening charge densities, and the interaction parameter α’.  The 

hydrogen bonding term is calculated using Equation 3.6 and takes into account the 

hydrogen bond strength (cHB), the threshold for hydrogen bonding (σHB), and the 

screening charge density of two segments in contact with each other: σdonor and σacceptor.   

 𝐸𝑚𝑖𝑠𝑓𝑖𝑡(𝜎, 𝜎′) = 𝑎𝑒𝑓𝑓

𝛼′

2
(𝜎 + 𝜎′)2 (3.5) 
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𝐸𝐻𝐵(𝜎, 𝜎′) = 𝑎𝑒𝑓𝑓𝑐𝐻𝐵 min(0; min (0; 𝜎𝑑𝑜𝑛𝑜𝑟+𝜎𝐻𝐵)max (0; 𝜎𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟 − 𝜎𝐻𝐵)) (3.6) 

 

COSMOthermX then uses Equation 3.7 to derive the activity coefficient of a solute, i, 

infinitely diluted in solution, m, (𝛾𝑚
∞,𝑖) using the chemical potential of solute i in solvent 

m (𝜇𝑚
𝑖 ) and the chemical potential of the pure solute (𝜇𝑖

𝑖). 

 𝛾𝑚
∞,𝑖 = 𝑒𝑥𝑝 (

𝜇𝑚
𝑖 − 𝜇𝑖

𝑖

𝑅𝑇
) (3.7) 

Once these calculations were completed in COSMOthermX for a solute in each phase of 

the binary system, the partition coefficient of solute i in the stationary (S) and mobile (M) 

phase (𝐾𝑖
𝑆𝑀) was calculated using Equation 3.8 [14]. 

 𝐾𝑖
𝑆𝑀 =

𝛾𝑖
𝑀

𝛾𝑖
𝑆  (3.8) 

The partition coefficient 𝐾𝑖
𝑆𝑀 can be converted to the partition coefficient based on 

molar fraction (𝑃𝑖
𝑆𝑀), which is useful for comparison to experimental data.  Equation 3.9 

uses a weighted sum of the molar fraction of solute i in each phase (xi) multiplied by the 

molar volumes of pure compounds (v0j), which can be found in the Design Institute for 

Physical Properties database [105]. 

 𝑃𝑖
𝑆𝑀 = 𝐾𝑖

𝑆𝑀 ×
∑ 𝑥𝑖

𝑀𝑣0𝑗

∑ 𝑥𝑖
𝑆𝑣𝑜𝑗

 (3.9) 
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3.2 Experimental Methods 

3.2.1 Chemicals 

Pure standards of the six silymarins (purity ≥ 93%) were purchased from Cerrilliant 

(Round Rock, TX).  Powdered silymarin extract was purchased from Sigma-Aldrich (St. 

Louis, MO).  N-Heptane was purchased from Alfa Aesar (Ward Hill, MA).  Methanol was 

purchased from OmniSolv (Gibbstown, NJ).  Ethyl acetate and dichloromethane were 

purchased from J.T. Baker (Center Valley, PA).  All solvents were of HPLC grade and 

water was deionized in house.   

3.2.2 Equipment 

HPLC analyses were performed using a Waters e2695 model equipped with a Waters 

2414 Refractive Index Detector and a Waters Symmetry C18 column (Waters, Milford, 

MA).  

Gas chromatography analyses were performed using an Agilent Technologies 7820A 

system equipped with an Agilent Technologies 7693A auto sampler (Agilent 

Technologies, Santa Clara, CA).  

3.2.3 Methods 

3.2.3.1 Determination of Phase Composition by Gas Chromatography 

The composition of each phase in a biphasic solvent system is needed for the 

calculations of the activity coefficient in the theoretical COSMO-RS method.  In order to 

determine the composition of each phase at equilibrium, the solvent systems of interest 

were made up to a volume of 10 mL, mixed for 3 minutes using a vortex genie, and 
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allowed to settle for a minimum of 2 hours in order to reach equilibrium.  1.5 mL of each 

phase was removed and added to a GC vial and analyzed using an Agilent HP-5 column 

(30 m x 0.32 mm x 0.25 μm, 7 inch cage).  Table 3.1 displays the GC parameters. 

Table 3.1.  Parameters for gas chromatography analysis of phase composition. 

Condition Value 

Oven initial temperature 45 °C 

Oven initial time 2 min 

Oven ramp rate 20 °C/min 

Oven final temperature 70 °C 

Total run time 7.0 min 

Inlet mode Split 

Inlet temperature 200 °C 

Inlet pressure 8.50 psi 

Split ratio 20:1 

Split flow 35.6 mL/min 

Average velocity 30.125 cm/s 

Carrier gas Helium 

Detector Flame ionization detection (FID) 

FID Temperature 250 °C 

FID gas flow Hydrogen 30 mL/min; Air 400 mL/min 

FID makeup gas Helium, 25 mL/min 

 

The GC was calibrated for heptane, ethyl acetate, and methanol by mixing each solvent 

individually with dichloromethane at the following volume percentages: 1, 2, 5, 10, 15, 

25, 45, 65, 85, and 100%.  A calibration curve was created with two injections at each 

level.  The split mode with a split ratio of 20:1 was used to avoid maximum loading on 

the flame ionization detector (FID).  The phases of the different solvent systems (all 

varying ratios of heptane, ethyl acetate, methanol, and water) were then run under 

these same conditions.  The heptane, ethyl acetate, and methanol calibration curves 

were used to determine the volume percent of each solvent in each phase and water 
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was assumed to make up the remaining volume fraction.  Water is difficult to assess 

using gas chromatography, but this method was found to be suitable, as it was able to 

accurately reproduce the volume fractions of heptane-ethyl acetate-methanol-water 

systems in the literature [14].  The phase composition of the different solvent systems 

can be found in Table 4.1.    

3.2.3.2 Shake-flask Method  

The conventional shake flask method was used to experimentally determine the 

partition coefficients of the six silymarin compounds.  Each solvent system was prepared 

to a total volume of 10 mL in a 15 mL centrifuge tube.  The solvents were mixed using a 

vortex genie for 2 minutes, and then 50 mg of powdered silymarin extract was added to 

each tube.  The mixtures were vortexed for 3 minutes, and then allowed to settle for 2 

hours.  For each mixture, 1 mL was removed from the lower phase and added to a glass 

tube, and then 1 mL was removed from the upper phase and added to a glass tube.  

Each sample was dried under nitrogen at 70°C.  Once fully dried, each sample was 

reconstituted in 1 mL of methanol and analyzed using HPLC.   

3.2.3.3 HPLC Analysis 

HPLC analyses were carried out based on a method used by the Carrier group [6,85], 

using a Waters e2695 model equipped with a Waters 2414 Refractive Index Detector 

and a Waters Symmetry C18 column (150 mm, 4.6 mm, 5 μm) set at 40°C.  Solvent A 

was 80% water, 20% methanol; Solvent B was 20% water and 80% methanol.  A UV 

detector was set at 290 nm.  The mobile phase flow rate was 0.75 mL/min and the 
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injection volume was 10 μL.  The mobile phase started with a ratio of 85:15 solvent A:B 

over 5 minutes.  The ratio changed to 45:55 (solvent A:B) over 15 minutes and held for 

20 minutes, before being linearly ramped down to 85:15 (solvent A:B) over 10 minutes 

(50 minute total run time).  The HPLC was calibrated by adding 1 mg of each silymarin 

compound to 1 mL of methanol.  Serial dilutions were carried out to create 6-level 

calibration curves including the following concentrations:  0.03125, 0.0625, 0.125, 0.25, 

0.50, and 1 mg/mL.  A 1 mg/mL standard of each silymarin in methanol were individually 

run to confirm the retention times, and silychristin and silydianin were individually 

calibrated due to their close and sometimes overlapping retention times.  The samples 

from the shake flask method were analyzed on HPLC using this methodology to 

determine the concentration of each silymarin compound in each phase.  The partition 

coefficient, KD, is the ratio of the concentration in the upper phase divided by the 

concentration in the lower phase.
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CHAPTER 4. ENHANCING SILYMARIN FRACTIONATION USING THE CONDUCTOR-LIKE 
SCREENING MODEL FOR REAL SOLVENTS1 

4.1 Abstract 

Silymarins are a class of flavonolignans found in milk thistle (Silybum marianum L.), and 

have potential applications in medicine due to their antioxidant properties. A significant 

hurdle for discovery of plant-derived products is the extensive volume of trial-and-error 

experimentation required to develop an effective purification strategy.  To overcome 

this, a quantum mechanics-based molecular modeling approach known as the 

COnductor-like Screening MOdel for Real Solvents (COSMO-RS) was used to predict the 

best two-phase solvent system to purify six silymarins from an aqueous mixture.  

Previous research has shown these compounds can be fractionated using centrifugal 

partition chromatography (CPC), but not to an acceptable level of purity.  Due to 

previous incomplete fractionation, the silymarins are ideal for assessing the use of a 

molecular modeling approach to predict partitioning in a CPC separation.  The COSMO-

RS model results predicted the partition coefficients in nine solvent systems of various 

ratios of heptane, ethyl acetate, methanol, and water.  Predicted results displayed a 

                                                       
1 Chapter 4 is intended for submission to the Journal of Chromatography A with the title “Enhancing 
Silymarin Fractionation using the Conductor-like Screening Model for Real Solvents” by Emma C. Brace 
and Abigail S. Engelberth. 
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similar trend to experimental results determined by the shake flask method, with a root-

mean-square-error less than 3.6. 

4.2 Introduction 

An increased interest in improving the economics of the biorefinery and developing 

useful products from lignocellulosic biomass is the driving force behind the need for 

innovative bioseparations techniques for purification of biomolecules as precursors for 

commodity chemicals and other products.  The U.S. Departments of Energy and 

Agriculture have each recognized a need to foster the emerging biorefinery industry, 

which could produce fuels, chemicals, nutraceuticals, and other bioproducts [1,2].  

Nutraceuticals are naturally occurring compounds in plants that have properties that 

make them useful for additives in food or medicine.  Biomass-derived nutraceuticals can 

be found in a variety of plants, but the complexity of the biomolecules and of the 

mixtures from which they must be removed have stalled this type of research, along 

with the high cost of separation techniques and long time it takes to research and 

develop methods for extraction and purification.  Some examples of liquid-liquid 

extraction of biomolecules include solanesol from tobacco [4], ginsenosides from 

American ginseng [5], silymarins from milk thistle [6,7], and xylose oligomers from 

switchgrass hemicellulose [8,9,104].  Even more specifically, various forms of 

countercurrent chromatography have been used to for fractionation of molecules from 

plant extracts, including alkaloids from Crinum moorei [95], indole alkaloids from 

Caranthus roseus [96], lotusine from Zizyphus lotus [97]. 



47 
 

 

4
7
 

The first, and arguably most critical step, to successful fractionation of biomolecules in 

counter-current chromatography is choosing solvents that will yield relatively pure 

fractions to minimize the need for further downstream processing.  Traditionally, 

biphasic solvent systems can be selected through solubility experiments to identify the 

solvent the compounds are most soluble in, and then choosing a solvent that is more 

polar and less polar to create a biphasic ternary solvent system.  Ternary phase 

diagrams can be developed or found in literature in order to select appropriate volume 

ratios of each solvent, and then the best system can be identified through 

experimentation.  This critical solvent screening and selection step is often very costly 

due to the use of high volumes of expensive solvents and standards, and requires a 

significant amount of time.  In order to more efficiently and effectively select solvents, 

the Conductor-like Screening Model for Real Solvents (COSMO-RS) has been 

investigated as a molecular modeling tool for predicting partition coefficients of 

molecules in a two-phase solvent system.  

4.3 Theoretical Method: COSMO-RS 

The COSMO-RS method for calculating the partition coefficient requires only the 

molecular structure of the solute molecules, and on the composition of the phases of 

the solvent system.  While COSMO-RS has many applications in solvent screening and  

deriving properties of molecules in solution based on calculations of chemical potential, 

its usefulness in predicting partition coefficients and the methodology for using COSMO-

RS to complete those calculations has been demonstrated by Hopmann et al. [14].  

COSMO-RS calculations are dependent on the molecular structure and known to be 
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impacted by use of different energy conformations of molecules [33], so these must be 

considered.  HyperChem (release 8.0, Hypercube, Inc.) was used to draw and generate 

the three-dimensional structure of silymarins using the Molecular Mechanic + (MM+) 

force field.  Conformations of each silymarin were generated using the conformational 

search feature.  The energy range was set for 0.05-1 kcal/mol and the RMSE range was 

set to 0.5-2 Å.  The number of conformations found for each silymarin was: 24 Silybin A, 

19 Silybin B, 14 Isosilybin A, 35 Isosilybin B, 40 Silychristin, 17 Silydianin.  The next step 

was to generate the σ-profile representations of screening charge density for each 

conformation using the program TmoleX (Version 3.4, COSMOlogic GmbH &Co. KG, 

Germany).  Within TmoleX, density functional theory using the Becke-Perdew (B-P) 

functional and triple zeta valence polarized (TZVP) basis set [25] was applied. The σ-

profiles generated in TmoleX were then imported into COSMOthermX (Version 13, 

COSMOlogic GmbH & Co. KG, Germany) and used for calculation of chemical potential 

and the activity coefficient.  COSMOthermX calculates the chemical potential of 

compound i in mixture S according to Equation 4.1 [12]. 

𝜇𝑆
𝑖 = −

𝑅𝑇

𝑎𝑒𝑓𝑓
𝑙𝑛 [∫ 𝑝𝑆(𝜎′)𝑒𝑥𝑝 (

𝑎𝑒𝑓𝑓 × (𝜇𝑆
𝑖 (𝜎′) − 𝐸𝑚𝑖𝑠𝑓𝑖𝑡(𝜎, 𝜎′) − 𝐸𝐻𝐵(𝜎, 𝜎′))

𝑅𝑇
) 𝑑𝜎′] 

(4.1) 

Emisfit represents the electrostatic interactions; EHB is hydrogen bonding; aeff is the 

effective contact area between two surface segments, σ and σ’ are the screening charge 

density of two interacting surface segments.  The electrostatic energy in the misfit term 

is calculated using Equation 4.2, and includes the effective contact area between 
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segments, the screening charge densities, and the interaction parameter α’.  The 

hydrogen bonding term is calculated using Equation 4.3 and takes into account the 

hydrogen bond strength (cHB), the threshold for hydrogen bonding (σHB), and the 

screening charge density of two segments in contact with each other: σdonor and σacceptor.   

 𝐸𝑚𝑖𝑠𝑓𝑖𝑡(𝜎, 𝜎′) = 𝑎𝑒𝑓𝑓

𝛼′

2
(𝜎 + 𝜎′)2 (4.2) 

𝐸𝐻𝐵(𝜎, 𝜎′) = 𝑎𝑒𝑓𝑓𝑐𝐻𝐵 min(0; min (0; 𝜎𝑑𝑜𝑛𝑜𝑟+𝜎𝐻𝐵)max (0; 𝜎𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟 − 𝜎𝐻𝐵)) (4.3) 

 

COSMOthermX then uses Equation 4.4 to derive the activity coefficient of a solute, i, 

infinitely diluted in solution, m, (𝛾𝑚
∞,𝑖) using the chemical potential of solute i in solvent 

m (𝜇𝑚
𝑖 ) and the chemical potential of the pure solute (𝜇𝑖

𝑖). 

 𝛾𝑚
∞,𝑖 = 𝑒𝑥𝑝 (

𝜇𝑚
𝑖 − 𝜇𝑖

𝑖

𝑅𝑇
) (4.4) 

Once these calculations were completed in COSMOthermX for a solute in each phase of 

the binary system, the partition coefficient of solute i in the stationary (S) and mobile (M) 

phase (𝐾𝐷 ) was calculated using Equation 4.5 [14]. 

 𝐾𝐷 =
𝛾𝑖

𝑀

𝛾𝑖
𝑆 ×

∑ 𝑥𝑖
𝑀𝑣0𝑗

∑ 𝑥𝑖
𝑆𝑣𝑜𝑗

 (4.5) 

The equation uses a weighted sum of the molar fraction of solute i in each phase (xi) 

multiplied by the molar volumes of pure compounds (v0j), which can be found in the 

Design Institute for Physical Properties database [105]. 
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4.4 Experimental Methods 

4.4.1 Reagents and Equipment 

Pure standards (purity > 93%) of the six silymarin compounds were purchased from 

Cerrilliant (Round Rock, TX).  Silymarin extract was purchased from Sigma-Aldrich (St. 

Louis, MO).  All solvents were of HPLC grade and water was deionized in house.  N-

Heptane was purchased from Alfa Aesar (Ward Hill, MA).  Methanol was purchased from 

OmniSolv (Gibbstown, NJ).  Ethyl acetate and dichloromethane were purchased from J.T. 

Baker (Center Valley, PA).  All solvents were of HPLC grade and water was deionized in 

house.  

HPLC analyses used a Waters e2695 model and a Waters 2414 refractive index detector 

and a Waters Symmetry C18 column. 

Gas chromatography analyses were performed using an Agilent Technologies 7820A 

system combined with an Agilent Technologies 7693A auto-sampler (Agilent 

Technologies, Santa Clara, CA). 

4.4.2 Experimental Determination of Partition Coefficients 

The conventional shake flask method was used to experimentally determine the 

partition coefficients of the six silymarin compounds in heptane/ethyl 

acetate/methanol/water solvent systems.  Each solvent system was prepared to a 

volume of 10 mL and mixed using a vortex genie for 2 minutes.  50 mg of powdered 

silymarin extract was added to each tube and then mixed using a vortex genie for 3 

minute and allowed to settle for 2 hours.  From each mixture, 1 mL was removed from 

the lower phase followed by 1 mL from the upper phase, and added to separate glass 
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tubes.  Each sample was dried under nitrogen at 70°C and then reconstituted in 

methanol for HPLC analysis. 

4.4.3 HPLC Analysis 

HPLC analyses were carried out based on a method used by the Carrier group [6,85], 

using a Waters e2695 model equipped with a Waters 2414 Refractive Index Detector 

and a Waters Symmetry C18 column (150 mm, 4.6 mm, 5 μm) set at 40°C.  Solvent A 

was 80% water, 20% methanol; Solvent B was 20% water, 80% methanol.  A UV detector 

was set at 290 nm.  The mobile phase flow rate was 0.75 mL/min and the injection 

volume was 10 μL.  After six-level calibration curves were constructed with 2 injections 

per level, the samples from the shake flask method were analyzed on HPLC using this 

methodology to determine the concentration of each silymarin compound in each phase.  

The partition coefficient, KD, is the ratio of the concentration in the upper phase divided 

by the concentration in the lower phase.   

4.4.4 Gas Chromatography Analysis of Phase Composition 

As a precursor to molecular modeling, the composition of each phase of bi-phasic 

quaternary solvent systems was determined using gas chromatography.  This data is an 

input for calculation of the activity coefficient of molecules in each phase and derivation 

of the partition coefficient.  Solvent systems were made up to a volume of 10 mL, mixed 

for 3 minutes using a vortex genie, and were allowed to equilibrate for a minimum of 2 

hours.  1.5 mL of each phase was removed and added to a GC vial and analyzed using an 

Agilent HP-5 column (30 m x 0.32 mm x 0.25 µm, 7 inch cage).  The oven initial 

temperature was 45°C and increased at a rate of 20°C/min to a final temperature of 
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70°C.  The total run time was 7 minutes and the split mode was used with a split ratio of 

20:1 to avoid overloading the flame ionization detector (FID), which was held at 250°C.  

Helium was used as the carrier gas.  The GC was calibrated for heptane, ethyl acetate, 

and methanol by mixing each solvent with dichloromethane at the following volume 

percentages: 1, 2, 5, 10, 15, 25, 45, 65, 85, and 100%.  Calibration curves were created 

with two injections at each level, and the phases of the different solvent systems were 

run under these same conditions.  The heptane, ethyl acetate, and methanol calibration 

curves were used to determine the volume percent of each solvent in each phase and 

water was assumed to make up the remaining volume fraction. 

4.5 Results and Discussion 

4.5.1 Solvent System Selection 

The general procedure for selecting a solvent system for fractionation of target 

compounds using centrifugal partition chromatography is to use the “best solvent” 

approach outlined by Foucault & Chevolot [91]and used specifically by the Minceva 

group when applying COSMO-RS as a solvent screening method prior to 

experimentation [14].  This approach identifies the solvent the target compounds are 

most soluble in and then chooses a less polar solvent and a more polar solvent to create 

a biphasic system.  The development of ARIZONA solvent systems containing varying 

ratios of heptane, ethyl acetate, methanol, and water used this approach to develop a 

quaternary biphasic solvent system [92].  Previous studies on fractionation of silymarins 

using countercurrent chromatography identified methanol as the solvent silymarins are 

most soluble in, and so ratios of this solvent system based on those studies were chosen 
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for identifying a system capable of higher purification of the silymarins [6,7].  The 

previously identified best solvent system was the 1:4:3:4 heptane/ethyl 

acetate/methanol/water system [6], and so in addition to testing impacts of increasing 

heptane, the impact of varying the amount of water in the system was of interest due to 

the impact of water on polarity.  The solvent systems chosen are shown in Table 4.1, 

along with the analysis of the phase composition as determined by gas chromatography.   

Table 4.1.1.  Solvent system phase composition determined by gas chromatography. 

Volume 
Ratio 

Upper phase composition (volume %) Lower phase composition (volume %) 

Heptane EtOAc MeOH Water Heptane EtOAc MeOH Water 

1:4:3:2 29.09% 48.46% 10.94% 11.52% 1.38% 29.55% 39.15% 29.93% 

1:4:3:3 23.30% 55.23% 9.96% 11.52% 0.41% 21.55% 38.60% 39.43% 

1:4:3:4 20.48% 58.95% 8.62% 11.95% 0.12% 16.09% 36.20% 47.58% 

1:4:3:5 20.36% 61.48% 7.15% 11.01% 0.06% 13.01% 33.72% 53.22% 

1:4:3:6 20.24% 64.66% 6.12% 8.99% 0.03% 10.85% 30.72% 58.41% 

1:4:3:7 19.81% 65.17% 5.20% 9.79% 0.02% 9.65% 28.59% 61.74% 

1.2:4:3:4 23.61% 59.01% 8.59% 8.79% 0.12% 15.55% 36.70% 47.63% 

1.5:4:3:4 27.64% 55.95% 6.77% 9.64% 0.10% 14.26% 36.02% 49.61% 

2:4:3:4 33.02% 52.23% 5.50% 9.25% 0.10% 13.60% 37.34% 48.96% 

 

4.5.2 Determination of the Partition Coefficient 

After selecting the solvent systems and determining the phase composition via gas 

chromatography, the partition coefficient (KD) of each silymarin in each solvent system 

was calculated using the COSMO-RS method.  Initially, all conformations of the six 

silymarin compounds were used, and solvents were selected from the TZVP database 

available in COSMOthermX.  The phase composition was converted from volume 

fraction to mole fraction – using molecular weights and densities of the solvents – and 
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input into COSMOthermX to determine the activity of each silymarin in each phase of 

each solvent system.  These initial results were two orders of magnitude away from the 

expected range for KD values.  After confirming the gas chromatography method for 

determination of phase composition through repeated experiments and accurately 

reproducing the volume fractions of other heptane/ethyl acetate/methanol/water 

systems published by Hopmann et al. 2011 [14], as well as confirming the calculations 

leading from the activity coefficient to the partition coefficient by replicating Case Study 

4 from this same paper, the calculations being performed in COSMOthermX were 

investigated.  In a comparison of the UNIFAC group contribution method and the 

COSMO-RS model, COSMO-RS was found to have significant error in predicting 

properties of molecules in aqueous systems, because COSMO-RS takes a simplistic 

approach to modeling hydrogen bonding and does not account for the fact that only 

one hydrogen bond can be formed between two donor-acceptor sites [69].  This 

inaccuracy in hydrogen bond modeling becomes a concern when the system being 

modeled is aqueous, and in particular when other components of the system – like 

alcohols – are also capable of forming hydrogen bonds.  Based on this analysis, the 

decision was made to turn off hydrogen bonding in the COSMOthermX model.  

Additionally, COSMOtherm has an unofficial upper limit of 800 Da molecular weight for 

solute molecules, and has been found to have difficulties in dealing with larger 

molecules.  Silymarins, with a molecular weight of 482 Da, are significantly larger than 

other molecules which have been studied for comparison between COSMO-RS 

prediction of the partition coefficient and experimental results.  Studies by Hopmann et 
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al. primarily included molecules of 100-200 Da, with a few steroids of molecular weight 

300-400 studied as well [14].  In a publication on prediction of partition coefficients in 

polymers by members of COSMOlogic, it was noted that low energy conformations best 

represented the solubilized form of solutes and polymers, and so only the lowest-energy 

conformations were used for polymers.  Additionally, it was noted that the 

combinatorial contribution to chemical potential was developed for ‘molecules of small 

and moderate size’, and so for this analyses it was switched off.  Finally, by using only 

the lowest energy conformer for each silymarin, and removing the combinatorial 

contribution and hydrogen bonding, the COSMO-RS model was re-ran and values for KD 

were in a more realistic range, as shown in Figure 4.1.  Ideally, values for KD are between 

0.4 and 2.5, and values for logKD are between -0.4 and 0.4 for complete fractionation 

using CPC.   
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Figure 4.1.  logKD values of the six silymarin compounds in solvent systems of varying 
volume ratios of heptane:ethyl acetate:methanol:water.  LogKD values should be 
between -0.4 and 0.4 for high purity fractionation using CPC. 

The COSMO-RS estimation of the partition coefficient shows an increase in logKD for all 

six silymarins as the volume fraction of water is increased, and a slight decrease in logKD 

when the volume fraction of heptane is increased.  

In order to evaluate the accuracy of the COSMO-RS predictions, the partition 

coefficients were experimentally determined using the shake flask method and 

analyzing the concentration of each silymarin in each phase of each solvent system 

using HPLC.  The results of the shake flask method are shown in Figure 4.2. 
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Figure 4.2.  Partition coefficients of silymarin compounds as experimentally determined 
via the shake flask method analyzed on HPLC. 

As seen in Figure 4.2, the partition coefficients determined experimentally via the shake 

flask method have a similar trend as those determined by COSMO-RS; the relationship 

between the experimental logK and theoretical logK is further examined in Figure 4.3.  

In the experimental determination of the partition coefficients, there is much less 

variation in the partition coefficients, as they all fall between -0.8 and 0.4.  Experimental 

partition coefficients for the 1:4:3:5, 1:4:3:6, and 1.5:4:3:4 systems are not included 

because the HPLC results had very large peaks with no distinction between silychristin 

and silydianin (which have very close retention times), and in some cases no separation 

between the isosilybins.  Future work should include replicating the shake flask 
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experiments for all nine solvent systems and using a lower concentration of the 

silymarins mixture.   

 
Figure 4.3.  Qualitative overview of the relationship between experimental and 
predicted logK for each silymarin.  COSMO-RS predicted values are on the x-axis; 
experimental values are on the x-axis. 

Figure 4.3 shows the relationship between the COSMO-RS predicted logK (x-axis) and 

the shake flask experimental logK (y-axis).  If the results were equal, a trendline would 

have a slope of 1.  These trendlines have an average slope of 0.36 and an average R2 

value of 0.34, unsurprising giving the scatter in the data.  The positive relationship 

between the predicted and experimental logK values and confirms that the predictions 

for each silymarin compounds follow similar trends, which is useful information for 

beginning to assess the model accuracy.  The root-mean-square-error (RMSE) is 

calculated using Equation 4.1 to quantitatively evaluate the difference between the 
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predicted partition coefficients and experimental partition coefficients, and the results 

are shown in Table 4.2. 

𝑅𝑀𝑆𝐸 = [
1

𝑛
∑ (𝑙𝑜𝑔10(𝐾𝐷

𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙
) − 𝑙𝑜𝑔10(𝐾𝐷

𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑
))

2
𝑛

𝑖

]

1/2

 (4.1) 
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Table 4.2.  COSMO-RS predicted logKD values; experimental logKD values; the difference between the predicted and 
experimental logKD values, and the RMSE for each solvent system. 

 

  

 

Solvent

System COSMO-RS Experimental ΔlogK COSMO-RS Experimental ΔlogK COSMO-RS Experimental ΔlogK COSMO-RS Experimental ΔlogK COSMO-RS Experimental ΔlogK COSMO-RS Experimental ΔlogK RMSE

1/4/3/2 0.79 -0.70 -1.49 0.39 -0.35 -0.73 0.35 -0.30 -0.65 0.61 -0.53 -1.14 0.12 -0.60 -0.73 0.36 -0.77 -1.13 2.40

1/4/3/3 1.38 -0.45 -1.83 0.87 -0.21 -1.09 0.83 -0.19 -1.02 1.17 -0.39 -1.56 0.29 -0.16 -0.46 0.78 -0.34 -1.12 2.89

1/4/3/4 1.90 0.47 -1.43 1.31 0.38 -0.93 1.26 -0.46 -1.72 1.67 -0.21 -1.89 0.68 -0.21 -0.89 1.17 -0.28 -1.45 3.39

1/4/3/5 2.32 -0.17 -2.49 1.62 -0.20 -1.82 1.55 -0.09 -1.65 2.03 -0.19 -2.23 0.90 -0.30 -1.21 1.43 -0.21 -1.65 4.50

1.2/4/3/4 1.91 0.09 -1.82 1.27 0.46 -0.81 1.22 -0.04 -1.25 1.66 0.27 -1.39 0.54 0.22 -0.32 1.12 -0.44 -1.56 2.92

2/4/3/4 1.90 -0.21 -2.12 1.21 -0.23 -1.44 1.15 -0.11 -1.26 1.62 -0.13 -1.76 0.39 -0.33 -0.72 1.08 -0.38 -1.46 3.57

SilydianinSilybin A Silybin B Isosilybin A Isosilybin B Silychristin

 6
0
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Table 4.2 offers a quantitative look at the difference between predicted and 

experimental logKD values.  In a study of 580 compounds in heptane-water, a 

comparison between COSMO-RS predicted values and experimental values had an RMSE 

= 1.45 [108].  A value less than this can be considered an acceptable RMSE value.  That 

there is a higher RMSE for all of these solvent systems is unsurprising considering the 

much wider spread of the COSMO-RS predicted values versus the little variation in the 

experimentally determined values.  The RMSE increase seemingly corresponds to 

increased volume percent of water in the solvent system, which supports the assertion 

from the literature that COSMO-RS can fall short when modeling behavior of aqueous 

systems [69].     

Another significant difference between this study and others is the use of six nearly-

identical compounds and how they may behavior differently in the right solvent system.  

Previous studies which compare the partition coefficients predicted by COSMO-RS to 

those determined by the shake flask method or countercurrent chromatography used 

molecules of low molecular weight, such as phenols and n-alkyl benzenes [14].  This 

demonstrated the ability of COSMO-RS to distinguish between stereoisomers such as 

hydroquinone and pyrocatechol, which is useful, but does not necessarily translate to 

larger stereoisomers such as the silybins.  Additionally, analysis of a GUESS mix 

containing caffeine, estradiol, coumarin, vanillin, and other molecules showed 

successful use of COSMO-RS, but this ideal mixture contains molecules of various 

polarities, molecular weights, and other properties.  Successful modeling of the 

silymarins is challenging not only because they are large molecules in an aqueous 
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solution but also because they are naturally found together and have nearly identical 

properties.  Without significant differences between the molecules, it can be challenging 

to parameterize the model to differentiate between them.    

4.6 Conclusion  

The primary objectives of this study were to evaluate the use of COSMO-RS in predicting 

partition coefficients of the six silymarin compounds in order to quickly eliminate 

potential solvent systems and hone in on the best one.  Although the COSMO-RS 

predicted partition coefficients appear to be considerably higher than they are in 

actuality, the trends appear to be similar, which makes the program still useful in 

identifying a small group of solvent systems that can then be confirmed experimentally.  

The next steps are to confirm the best solvent system by carrying out fractionation using 

centrifugal partition chromatography.  Additional investigation into the 

parameterization of the COSMO-RS models and options available in COSMOthermX 

could lead to better modeling of large, naturally occurring molecules including 

stereoisomers, like the silymarins.  
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CHAPTER 5. CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions 

The first objective of this thesis was to use a theoretical method based on molecular 

modeling to predict partition coefficients of six silymarins in various solvent systems.  

COSMO-RS was used to predict the partition coefficients of the six silymarins in nine 

solvent systems containing varying ratios of heptane, ethyl acetate, methanol, and 

water.  Some of these solvent systems were chosen based on literature, and from there 

the amount of water in the system was altered in order to manipulate polarity and 

examine the effect of increased water in the systems.  After altering the COSMO-RS 

methodology to use only the lowest energy conformer of each silymarin, turning off the 

combinatorial term since it is based on small molecules, and eliminating hydrogen 

bonding due to COSMO-RS failure to recognize only one hydrogen bond can form 

between any donor/acceptor site, the predicted partition coefficients fell in a 

reasonable range.   

The second objective was to use COSMO-RS to speed up the solvent screening process 

and alleviate the experimental burden by honing in on the best solvent systems and 

testing only those experimentally.  Due to the unexpected changes in the COSMO-RS 

model (mentioned above), all nine solvent systems were tested using the shake flask 
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method and HPLC analysis to determine the partition coefficient.  The experimental 

results follow a similar trend to the COSMO-RS results, and so although the COSMO-RS 

results may not be accurate, they can still be useful in identifying a few solvent systems 

which are most likely to provide the best fractionation.  

The third objective was to compare the experimental and predicted results and evaluate 

the accuracy of the COSMO-RS model.  This was done quantitatively by calculating the 

root-mean-square-error of each solvent system.  Although the root-mean-square-error 

is higher than desirable, this is to be expected given the difficulty in predicting partition 

coefficients of such large and similar molecules in an aqueous system.  Further 

examination of the COSMO-RS parameters and options within COSMOthermX could 

lead to a better method for using the COSMO-RS model to predict partition coefficients 

of complex systems.     

5.2 Future Work and Centrifugal Partition Chromatography 

As was noted in the literature review, centrifugal partition chromatography has many 

applications in natural products purification, and heptane:ethyl acetate:methanol:water 

systems are commonly used in CPC.  The next step of this study is to fractionate 

silymarins using these solvent systems in CPC, and validate the model and experimental 

results.  The gap between COSMO-RS and CPC lies in the current inability of COSMO-RS 

to accurately model large, naturally occurring molecules in aqueous systems, and the 

fact that these types of molecules and solvent systems are what CPC is best used for.  By 

removing the hydrogen bonding effect in COSMOthermX, and using only the lowest 

energy conformers of the molecules, progress has been made in improving the accuracy 
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and ability of the model to predict partition coefficients of these complex molecules and 

systems.  Specifically, future work will include replicating the shake flask experiments in 

order to determine experimental partition coefficients for all six silymarins in all nine 

solvent systems.  The concentration of silymarins used in the shake flask method (50 

mg/10 mL) will be lowered to ensure lower concentrations in the HPLC analysis to avoid 

overlapping peaks between Silychristin and Silydianin, and Isosilybin A and B.  Although 

the HPLC calibration curves which included known concentrations of all six silymarins in 

one standard sample were for sufficient for this study, HPLC calibration curves will be 

constructed for each silymarin individually to improve accuracy and reduce error in the 

experimental results.  What makes this study novel is the use of COSMO-RS to quickly 

narrow down the infinite possibilities for solvent systems and identify a small range of 

solvents likely to work.  Once confirmed by experimental results using the shake flask 

method, the final step is to use CPC to fractionate the silymarins and confirm if the 

solvent system is able to produce high purity fractions of each silymarin, including high 

purity and high yield separation of the stereoisomers.  Based on the data at this point, 

the CPC would be run using the 1:4:3:2, 1:4:3:3, or 1:4:3:4 solvent systems.  The 1:4:3:4 

is the best solvent system in the literature [6,7], and the goal is to identify a solvent 

system that can achieve higher purity fractions and separation of Isosilybin A and B. 

The CPC will be operated in descending mode, using the organic upper phase (primarily 

heptane and ethyl acetate) as the stationary phase and the aqueous lower phase as the 

mobile phase.  The solvent system will be prepared in a large separation funnel, mixed, 

and then the phases separated and promptly used.  The stationary phase will be 
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introduced at 16 mL/min with the rotor set at 200 rpm.  When the rotor is completely 

filled with stationary phase, the mobile phase will be introduced at 4 mL/min with the 

rotor spinning at 1300 rpm until the column has attained equilibrium.  A sample of the 

powdered silymarin extract constituted in methanol will then be placed in the sample 

loop for injection onto the column.  A UV detector set to 290 nm will monitor the flow 

out of the column before fractions are collected in a fraction collector; fractions can be 

collected based on time or volume.  The fractions will then be dried and reconstituted in 

methanol for analysis using HPLC to determine the concentration of different silymarin 

compounds in each fraction.  
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